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Abstract

This thesis deals with design and development ahpeent magnetic gears. The goal
of this thesis is to develop knowledge and caloutesoftware for magnetic gears. They
use strong NdFeB permanent magnets and a new ntageat technology, which will
be a serious alternative to classical mechanicalsgdhe new magnetic gear will have
a high torque densityrelationship —high efficiency and are maintenafree. In this
project was manufactured two test gears which ssetk and verified with models
developed in this project.

Present technological status for magnetic gearmtieduced in a state of the art
analysis. Furthermore made an analysis for mechhmgears in order to estimate
performance characteristic compared to traditiomathanical gears was created.

Some of the gear types found at the state of theralysis are chosen for further
investigation. Analytical and numerical calculatiorodels for determination of gear
output torque from different magnetic gear typege amnalysed. These analytical
calculations models are used together with optitiwisaools in order to improve the
performance of investigated magnetic gear typepeHEmental test gears are designed
to validate the calculation models.

The first gear type is the very basic magnetic gmar, which reminds most of all of
the traditional mechanical spur gear, the diffeeeiscbasically that magnetic teeth is
replacing mechanical teeth. A magnetic versionhef $pur gear with a gearing of 1:4
will be able to reach an active torque density qpraximately 24 [Nm/I].
Corresponding mechanical spur gears examples wgkaging of 1:5 are found and
these gears have a total torque density of 16 {&Ng¥].

The second analysed gear type is the magneticoveosithe traditional cycloidal gear.
This magnetic gear type is searched and only desmeference [74] is found and that is
why the combination of a cycloidal gear and a mégngear are considered as an
innovative supplement to magnetic gear technoldgymagnetic cycloidal gear is
designed with a gearing of 1:21 and a calculatéiveatorque density of 142 [Nm/I].
Measurement from this gear has resulted in a medstatal torque density of 23
[Nm/I]. Mechanical versions of this gear type aparfd with total torque density in the
16 to 31 [Nm/l] range. The third and last gear textbgy that is investigated is a gear
that reminds of a planetary gear. Research shaatshis gear technology is also one of
better technologies regarding torque density.

! Torque density is defined on page 10.



Dansk resumé

Denne afhandling omhandler design og udvikling afgnetiske gear. Formalet med
projektet er at udvikle viden og beregningssoftwidlrenagnetiske gear. Der anvendes
steerke NdFeB magneter og en magnetiske gear teniodket vil give et serigst
alternativ til klassiske mekaniske gear. De nye metigke gear forventes blandt andet
at have et stor moment-volumen forhold, samt ateveaed hgj virkningsgrad og
vedligeholdes frie. | projektet fremstilles dertést gear, som efterfglgende testes for at
verificerer modeller udviklet i dette projekt.

Indledningsvis er der fortaget et litteratur studfenagnetiske gear, for at fa en ide om
teknologiske status for magnetiske gear. Der ewdbs foretaget en analyse af
mekaniske gear for at finde frem til hvilken pen@nce karakteristik der findes for

mekaniske gear.

Nogle af de gear typer som blev fundet i underszgelf de magnetiske gear er blevet
udvalgt til videre undersggelse. Analytiske beregai modeller til bestemmelse af

udgangsmomentet for forskellige typer af magnetigjesar er analyseret. Disse

analytiske modeller er brugt sammen med optimevissgktgjer med henblik pa at

forbedre ydelse af den aktuelle gear type. Ekspmrigile test gear er designet for at
validere beregnings modellerne. Den fgrste gear gpet helt simpelt magnet gear der
minder meget om et traditionelt tandhjuls gear, derdog den forskel at der er

magnetiske teender i stedet for mekaniske teendandgmetisk version af et traditionelt

tandhjulsgear med en gearing pa 1:4 vil kunne opmdaktiv moment densitet pa

omtrent 24 [Nm/l], hvis moment og ydre dimensioresr designet med lignende

proportioner som de eksperimentelle test gearvditnde mekaniske tandhjuls gear
eksempler med gearing pa 1:5 er fundet og disselggaen moment densitet pa 16 til

24 [Nm/1].

Den anden type som er analyseret er en magnetisiomeaf den det traditionelle cyclo
gear. Der er sggt efter denne gear type og kumlksltereference [74] er fundet, derfor
kan kombinationen af cycloid gearet og det magketgear betragtes som et innovativt
tiltag inden for magnetisk gear teknologi. Et magghkecycloid gear er designet med en
gearing pa 1:21 og en beregnet aktiv moment densité42 [Nm/I]. Malinger fra dette
gear har resulteret i en malt total moment denpde23 [Nm/I]. Mekaniske versioner af
denne type er fundet med en total moment densiatrrelsesorden 16 til 31 [Nm/I].
Tredje og sidste type som er analyseret er et nhaggae som minder meget om det
mekaniske planet gear. Forskning har vidst at deyesteknologi ogsa er en af de
bedre teknologier hvad angar moment densitet.
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Chapter 1 Introduction

1.1Project motivation

The basic idea of a gearing is to convert mechapioaer from one rotational speed
and torque to another speed and torque. Many apiplics require power input with a
high torque and low revolution speed. An example ba a conveyer belt for a
production machine. Drive shaft for the conveyelt baust pull a relative heavy load
with relative low angular velocity. Power sourc&s fmechanical systems are often
available with high speed and low torque. Examplesuch a power source can be an
electrical machine or a combustion engine. Thesghinas have a relatively low torque
and runs at high rotational speeds. The probleatitén lack of torque from the source
drives. The physical size of a direct drive eleakimachine able to drive a conveyer
belt directly will typically be too large and exm#wve. A more cost effective solution
will be to place a transmission between the convégdt and the electrical machine.
This transmission will be able to convert the eleat machine power from a low
torque to high torque on the conveyer belt with adinthe same power level.
Mechanical gears are often used for such transomgsirposes. These gears have often
a high torque capability and relatively high efficcy and that is why these
transmissions are a good choice for many applieatida magnetic gear is also a
transmission device that can transform low torgu@ lkigh rotational speed to a high
torque low rotational speed. Magnetic gears cam athieve high efficiency, but a high
torque capability can be hard to achieve unlesefaily considerations are made
regarding magnetic gear technology and design. iBhahy torque density is a major
issue for the magnetic gear technology. Cost anduamof magnetic material is also
rightly linked. Many of the known magnetic gearhtrologies are documented through
patents, and only a few of these technologies @&ledecumented in scientific papers.
One of scientific papers that have caused attemtidhe magnetic gear technology is a
paper about a high performance magnetic gear ddighn 2001 by Atallah and Howe
[1]. This gear technology will have a significantligh torque density and has therefore
increased possibility to utilize magnetic gears iiodustrial applications. Increased
interest for the magnetic gear technology has magmssible to set up funds for
magnetic gear research.



1.2Basics of magnetic and mechanical gears

A gear can be defined as a mechanism that transfeygse from one shaft to another
shaft by the use of magnets or mechanical teetmeSmechanical gears are very
similar to magnetic gears for instance the magrgiior gear. The similarity of these
two gear types is shown on Figure 1.1.

Magnetic spur gear Mechanical spur gear

Figure 1.1 A sketch of a magnetic spur gear withnament magnets and a mechanical
spur gear.

The traditional mechanical gear uses steel teathtsansfer torque. Gear wheel teeth
have physically contact with each other, and thghebe wearing on the tooth flanges.
The magnetic gear does not have the same wearydsethere is no direct contact.
Permanent magnets on the gearing wheels trangdotue between the two wheels.
Since the magnetic gear does not have direct dpritaere will be a fictive torsion
spring effect between gear wheels. The torsionngpeffect can be explained by
imaging one wheel fixed and the other wheel isteata small angle. Then there will be
a certain torque interaction between the gear wghéepending on angle displacement
of the second wheel. This phenomenon is illustrated-igure 1.2 where a magnetic
gear consisting of a driving gear wheel and a drigear wheel is shown. The torsion
spring phenomenon is similar to the well known tmrcangle characteristic effect in
synchronous machines.

Driving gearing wheel — Driven gearing wheel Torque transfered to the driven wheel
\ [ T [Nm]
Max
0 [Deg]
0
_AT
_ " 1o
Min

Figure 1.2 A magnetic gear and a torque diagranergvthe torque versus turning angle
on the driving gear wheel is shown.



A magnetic gear will have a torque limitation,.f where the gear will reach the
maximal torque. If the applied torque is increaether than this point, there will be a
problem because the gear wheels will slip. The efipct can not be allowed for most
of the known applications used for gearing purpogemagnetic gear must therefore
operate somewhat under thgyl limitation. However some applications like a spénd
machine have a mechanical fuse included in thegde3ihe torque limitation can be an
advantage in such applications where the driveesmysis protected by the torque
limitation. The torsion spring; or a magnetic gear will not be constant becatisethe
rate of change in torque divided by the angle ceahgechanical gears will often have a
backlash instead of a spring constant.

Gearing relationship Rdepends on the number of magnetgeNon the drive wheel
and Nye20n driven wheel. This relationship can be showeasation (1.1). Most gear
systems have a gearing relationshywhich is greater than one, which corresponds to
high revolutions on the input shaft and low revimos on the output shaft. Gearing
relationship equation is valid for mechanical geasd if the number of magnet poles
are replaced of number of teeth’s on each gearimeplv

N

pole2

N

" - (1.1)

polel

Torque density is a performance criterion usedhia ¢lectrical machines literature,
where a torque per unit rotor volume or torque pmel unit volume is given.
Performance criterion like this can also be applednagnetic gears. A gear with
permanent magnets has a certain amount of rotarmmland this volume versus the
maximum transferred torque is here defined as tliweatorque density (1.2). The
active torque densitg, is suitable for comparing different types of magngears with
each other. The volumeaVs in this case volume of the rotors.
P _ T (1.2)
A V,
It can be necessary to compare the torque dermitpndgnetic gears with mechanical
gears. A better torque density measure for magmetes is defined for that purpose.
This is the total torque densipy; shown in (1.3).
P _ T (1.3)
R VT
Mechanical gears have a corresponding torque gefasitor (1.4), which is calculated
from the rated nominal torquedm.

o =T (1.4)

VT
Volume Vr which is used in these equations is the total rogear volume. Since
gearboxes often have rounding and different shapgaded from the base curvature, it
can be a rather complicated calculation. That isy wielume calculation is an
approximated volume surrounding the gearbox exoldhe gear axles. A simple
gearbox illustration on Figure 1.3, shows where tibtal outer gear volume {Vis
defined.

10



Total outer gear volume

Figure 1.3 An illustration of the total outer geatume 4 surrounding a magnetic gear
used to define total torque density.

Mechanical and magnetic gears have a certain efiigi. This efficiency is defined as
the relationship between power at the output sthiaftled with the power at the input
shaft (1.5).

P (1.5)

— _ Out
,7 =_0Out

P

in

Summary

A simple magnetic gear is presented together wattiopmance criteria for such gear.
Performance criterion is comparable to mechaniearg) A state of the art analysis of
the mechanical gears is made to clarify the perdmececharacteristidor mechanical
gears regarding torque density and efficiency. Repstate of the art analysis is made
to find state of the art regarding magnetic geArsummary of these two analyses are
described in the following sections.
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1.3State of the art analysis - Summary

This report deals with a magnetic gear which bélgica a combination of two
engineering topics, namely mechanic and magnetiagridtic analysis are normally
performed by people with an electromechanicallploysics background and gears are
normally developed and analysed by people with ahaweical background. Efforts is
made to clarify the state of the art — Mechaniaadrg to introduce a reader with a
electromechanical background to mechanical geatlsaastate of the art - Magnetic
gears is made to introduce a reader from the memddabackground to the topic of
magnetic gears. A summary of these two analysgseisented in the following. The
two analyses are placed at the end of this chapter.

Summary of the state of the art - Mechanical gears

The state of the art analysis — Mechanical geasaatescription of the most common
gear types used in the industry. These gears algsad regarding torque density and
efficiency. Five different gear types are analysed these are:

* Spur gear/helical gear
* Planetary gear

* Cycloidal gear

* Harmonic drive

« Worm gear

The analysis shows that these gears have a réyattiiggh torque density. 300 [KNmAnh

is not unrealistic for the helical drive and 250Nf/m’] is obtainable for the
mechanical planetary gears if the input speedwsetahan 500 [RPM]. The analysis
also shows that there is a reduction in torqueitedswn to 210 [kNm/mj if the input
reference speed is 1500 [RPM]. The cycloidal ggae has a torque density close to the
planetary gear. Spur gears and worm gears haveatiypithe lowest torque density.
Efficiency is best for the planetary type and sgears type. These types have
efficiencies up to 98, 5% and 99% respectively.|@gal, helical and worm gears have
normally lower efficiencies. The analysis of the ama&nical gears reveal also that
planetary gears is one of the best gear choi@bidh torque density is wanted together
with high efficiency.

12



Summary of the state of the art - Magnetic gears

The state of the art analysis - Magnetic gearscatdi that there are many ideas and
concepts about magnetic gear technology. Most egehconcepts are documented in
patents, and only a minor part of them are docuetkerh scientific papers. The
analysed magnetic gears are divided in two categoramely:

* Magnetic gears with closely spaced magnets
* Flux guided magnetic gear mechanisms

The magnetic gear technology with closely spacedneis is one of the simplest
magnetic gear technologies which are similar to rtfexhanical spur gear. There are
many different types of magnetic gears with closspaced magnets, types with
different magnetisations direction, types with eiffint axis position and direction. Flux
guided magnetic gears are another magnetic gearwyych is found among patents
and papers. These magnetic gear types consisp@fmaanent magnet rotor that guides
the magnetic flux in iron segments. The other outptor is driven by this altering flux
and a magnetic gear is therefore present. Geas tgpe also found in many different
configurations. Some of these configurations haamlfel axis and other configurations
will transform a rotational motion to a linear nati Other flux guided magnetic gears
versions have similarities to the mechanical plaryegear. Common for most of the
magnetic gear publications and patents is that ireghy is written about their torque
relative to their volume, and that is one of thammmaoblems of magnetic gears. One of
the first magnetic gear publications found where thrque density is specified is a
high-performance magnetic gear [1]. This papemtathat it is possible to achieve a
torque density of approximately 100 [kNnimwhich is approximately 10 times higher
than the torque density of a traditional electrivachine.

Scientific papers use often FEM calculations toneste the torque output and these
calculations are compared with physical measuresn@mtsome cases. Analytical
models of magnetic gears is not so common amonguhbkcations; however analytical
models are often the best choice when the purgose optimise torque because they
are often less time consuming than FEM models.

13



1.4Problem statement

The project motivation describes that mechanicargeare often used for power

transmission purposes. A more unconventional wayraasmit power is to use a

magnetic gear. Characteristic for the two gear gyigeoutlined in basics of magnetic

and magnetic gears in terms of gearing relationahig torque density. With the gear
characteristic in mind a thorough investigatioregristing gear references is considered
to be fundamental in order to contribute with neagearch. Following statement is
therefore required:

1. Determine state of the art for magnetic gear teldgies, and also technologies
from traditional mechanical gears.

State of the art analysis has shown that magnetesgare rather weak compared to
traditional mechanical gears when it comes to terdgensity. Calculation tools for
predicting or optimising torque is therefore import for designing magnetic gears in
order to compete with the existing mechanical gearket. The state of the art analysis
- magnetic gears has shown that numerical FinitemEht Method (FEM) are
commonly used for magnetic gear analysis. Theseeltiogl methods are fast to
develop for new gear concepts but these models ralaively slow regarding
calculation time. Analytical models are on the othand slow to develop for new gear
concepts but fast regarding computation time. Kollg statement is then found
essential:

2. Develop analytical and numerical calculation modaispermanent magnetic
gears. The purpose of the calculation models isetable to estimate torque in
an early stage for magnetic gear design process.

An experimental test gear model is included in sahthe scientific papers from the
state of the art analysis which is used for venifythe calculated results. Efficiency
measurements and experience gathered from protolgpign are also useful for the
magnetic gear evolution. This is the reason whigtahg statement is included:

3. Develop two experimental magnetic gear models. pugose with the test
models is to compare the theoretical results wiffreemental test models and to
gain practical experience.

Visions for this project are also to develop magnegears able to fit to a wide range of
applications.

14



1.5Restrictions in the scope of this work

There are many performance parameters which caorigared for gears. However to
limit the scope of the project, following paramstare excluded:

e Speed
» Efficiency
* Power

« Moment of inertia
¢ Thrust loads
e Starts per hour

e Life time

* Ambient temperature
*  Weight

e Price

e Shock factor

e Acoustic noise

e Loss models

* Torque oscillations

Gears are used for many different applications arel driven by different power
sources. These different applications will not aisvaun smooth and the gear must
therefore be able to resist a certain level of kEhddis is the reason why the gear
designer has the possibility to specify a shockofai reduce nominal torque. A shock
factor will depend on the drive machine and thealriapplication. For instance a one-
cylinder combustion engine will result in a muclgher shock factor than an electrical
machine. Shock factor is not treated in this thesis

Another performance parameter which is not incluge@coustic noise. Mechanical
gears have sometimes problems with acoustic noidarany initiatives are often done
to prevent that. The noise and vibrations is mashidant for high loads and high
speeds.

There is found many interesting gear types in tiadesof the art analysis regarding
magnetic gear which can be modelled and build. Hew& takes time to build and
develop that kind of models and it is decided toitlithe amount of analysed gear
models.

Models developed are only useful for static analysidesign gears taking into account
maximum torque capacity. Static loss model can atslyse the power losses in gear
parts; however these models are also outside tpesuf this thesis.

Torque oscillations in magnetic gear can occur.hSascillations are from energy

conversions between rotor inertia parts and magngring’s torsion, like simple
springs and mass system. These kinds of oscilaoa not analysed in this thesis.

15



1.6Description of the individual chapters

The documentation of the research accomplishedlfib groject statements is collected
into the following 5 chapters.

Chapter 1, Introduction

Motivation and an introduction to mechanical andibanagnetic gear are presented.
State of the art analysis summaries for both machhgears and magnetic gears are
described. A problem statement describes scopeook with the project aims and
restrictions. Individual chapter descriptions dsmancluded.

Chapter 2, Magnetic spur gear

This chapter describes development of analyticaression for permanent magnetic
spur gear torque calculations. The analytical datmn is verified with a physical test
model and FEM calculations. Optimisation by whikh tinalytical expressions are used
is performed to determine an obtainable level ofue density. Test model is made and
test is performed to validate the analytical exgimss.

Chapter 3, Magnetic cycloidal gear

A new type of magnetic gear is proposed. An anad{tmodel for torque calculation is
developed for a magnetic cycloidal gear. Optimisegi are performed with analytic
models to determine obtainable level of a torquesdy. Also a test model is developed
and tested to determine the performance of a magogtloidal gear in terms of

efficiency and torque density.

Chapter 4, Planetary magnetic gear

The history of planetary magnetic gears is intr@tuwith a chronological description
of found references. Basic and improved design rthdor this gear type is also
described. 2D FEM models of planetary magnetic geaused to analyse the planetary
magnetic gear regarding maximum output torque amdarpetrical change of
segmentation duty cycle.

Chapter 5, Conclusion

A general summary together with magnetic conclusiasm completed. The main
contributions of this thesis are identified andgesgions for future work are given.
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1.7 State of the art -Mechanical gears

Mechanical gears have been used for centuries amd therefore gone through a
development ever since. There exist many differgear technologies, and these
technologies are used for many different appliceiarhis section introduces common
technologies and their performance regarding todpresity and efficiency. A simple

investigation is made to find the torque density feechanical gears. Data for the
different gear types is mainly found from a seawsohthe internet. It was originally the

idea to search gears with low middle and high gearelationship, and search for
minimum three gears manufactured by different mactufres. The found data will

represent an approximate part of the existing nachhgear market. In the search for
gears is the gearing interval of 1-15 defined asldlv gearing relationship. Middle and
high gearing in the interval of 16-30 and 31-158pextively are also searched. All of
the mechanical gears is picked out of random chts®ue sizes. It is not possible to
find three gears of every gear types; however #selts of this analysis will still be

used to give an insight into mechanical gears peidoce. There are also problems
finding all gear types with gearing in these exgarings limits. This must be noted in
the final mechanical gear type comparison, whiatteiscribed at the end of this section.

Torque density:

Specific gear types are picked out from data sheeis it is the purpose to calculate a
torque density for different gearing, from informoat about torque and dimensions
used. An example of torque density calculation aoldme estimation on the basis of
dimensions is shown on Figure 1.4. This exampteaanechanical spur gear type (C11
2P-4.9-P90) [2]. Output torque for this spur geafiom 48 [Nm]. The overall torque
density for this gear is estimated in (1.6) to appmately 16 [kNm/n].
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Volume and torque densities for the other gear dypee estimated with similar
approach, where a primitive volume replaces thenofather complicated volume part.
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Figure 1.4 a) Sketch with physical dimensions in.niwnSketch, where an estimated
gear volume is illustrated with blue colour.
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Efficiency

The total efficiency of a gear is calculated by gwsver ratio between the output shaft
and the input shaft. Precise mechanical gear effty is not possible to calculate.
However there exist rules of thumb for estimatingptal theoretical gear efficiency,
which depends on power losses in bearings, sedlscétion and gearing in it self. The
total theoretical gear efficiency is estimated hyitiplying theoretically efficiencies for
each gearing stage. The theoretical gear efficiendgss accurate than a measurement
and does not include any information about rotaispeed, which means that it can
only be thought of as a theoretical efficiency ammal speed and torque. Gear
manufacturers should inform about measured geaesfty instead of a theoretically
estimated efficiency in the data sheet. Efficierscg competitive parameter and that is
the reason why efficiencies from datasheets areagg to be optimistic.
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1.7.1 Mechanical spur gear and the helical gear

The mechanical spur gear type is one of the mogplsi gear topologies. A sketch of
this gear type is illustrated on Figure 1.5 a). theo variant of this technology is the
helical gear type Figure 1.5 b). The two gear tebétgies are often used in mechanical
gear boxes.

Figure 1.5 a) A mechanical spur gear. b) A Mechalrelical gear.

The gearing for helical and spur gears are notfemdarger than 6 [3], because the
large wheel will become unnecessary large if largearing is chosen. The torque

density is calculated for the helical gears anddhta are gathered from 3 different
manufacturers. Different gearing intervals are enosith different gear torque ratings.

Some of the best gears are picked out of the metwita data sheets regarding torque
density. The results from helical gears are showthé following Table 1.

Type Ref. | Ry T Speed | Stage | pr n

[-] [no] |[] [Nm] |[RPM] |[] [Nm/I] [[%]
C11 2P-4.9-P90 [2] 1:4.9 48 1400 2 16 95
C11 2P-20,6 P80 [2] 1:20.6 82 1400 2 27 95
C41 2P-44,8-P90 [2] 1:44.8 500 1400 2 51 95
C100 3P-150,4-P132| [2] 1:150.4 12000 1400 3 83 93
12,8 R17 CT71D [4] 1:5.09 51 [] 2 17 -
12,8 R17 CT71D [4] 1:19.71 85 [-] 2 28 -
12,13 R67 CT 71D [4] 1:28.13 540 [] 2 56 -
12,13 R67 Ct71D [4] 1:158,14 600 [] 3 63 -
RD02 [5] 1:5.276 38 1400 2 24 96
RD02 [5] 1:21.533 51 1400 2 33 96
RD02 [5] 1:48.667 35 1400 2 23 96
RDO03 [5] 1:324.444 | 36 1400 3 23 94

Table 1 Torque density and efficiency comparisomethanical helical gears.

The gearing power loss from a single stage spur geahelical spur gear can be
calculated from general gear efficiencies knowmirthe mechanical literature [6]. A
mechanical spur gear will have a gear efficienc@®& to 99% if the gear friction is
taken into account. Another variant is helical gddrese gears have a force reacting on
the axial bearings and therefore a lower efficientypical about 96% to 98%.
Advantages for the helical gear are lower noiserenteeth are active at the same time
and this type can carry higher load than a corneding spur gear.
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1.7.2 Mechanical planetary gear

The mechanical planetary gear is another commaoah gisar technology. This gear type
has 2 degrees of freedom (2-DOF), while two inpars needed to obtain a single
output, unlike the previous described spur geae tyjgh only 1-DOF [6]. An exploded
view of a planetary gear is illustrated on Figuré.1The gear technology consist
primary of an inputs shaft, a ring part and an oughaft. The gear becomes 1-DOF if
one of the three parts is fixed; in this shown eplenthe ring is held stationary.
Working principle for this gear is to rotate thg@in shaft and hereby rotate planet gear
wheels, which are connected to a driven outputtshaf

Planet wheels

Ring (stationary)

Figure 1.6 Mechanical planetary gear (exploded view

The torque density is calculated for planetary giélaam 3 different manufacturers. The
results are shown in Table 2.

Type Ref. | Ry T Speed | Stage | py n

[] [no.] | [ [Nm] [[RPM] |[] [Nm/I] |[%]
PLS90 HP [7] 1.5 220 500 1 265 98
PLS90 HP, 2 stage [7] 1:20 220 2000 2 189 95
PLS60 HP, 2 stage [7] 1:64 120 5000 2 103 95
SP +100, 1 Stage [8] 1:5 105 4500 1 48 98,5
SP +100, 2 Stage [8] 1:20 105 4500 2 60 96,5
SP +100, 2 Stage [8] 1:100 65 4500 2 37 96,5
P501SPN0050 [9] 1.5 200 2000 1 92 95-97
P812SPN0200 [9] 1:20 743 2000 2 119 95-97
P812SPN1000 [9] 1:100 800 2000 2 128 95-97

Table 2 Torque density and efficiency comparisomethanical planetary gears.

Torque density is extremely high for the “PLS90 Hi¥ar type and the theoretical
efficiency for this gear type is also noticeablghiThe torque density seems to vary a
lot for different gear types and also for differem&anufacturers. The reason for this can
be that the gear housing is made in different saesb in order to limit the gear box
manufacturers costs, there might be compromiseaosing a big gearbox house where
a smaller model can fitted in.
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1.7.3 Mechanical cycloidal gear

The mechanical cycloidal gear is another 2-DOF .g€his gear consists of an input
shaft with an eccentric Figure 1.7. An eccentrilgyudrives the mover and it has an
outer toothed rim shape connected to the ring. €ction point between the toothed
rim and the mover will move when the eccentric @ulls rotated. There is different

number of teeth on the mover and ring. If the défeee of number of teeth between
mover teeth and ring teeth is larger than one,ntoer will be indexed backward

relative to the stationary ring, each time the ate pulley has moved one revolution.
The output shaft is driven by the mover by a nundfeolumns. These columns have a
tangential connection to the 3 holes in the mowdich will rotate the output shatft.

Input shaft

Figure 1.7 Mechanical cycloidal gear (exploded yiew

The torque density is calculated for 3 differentloidal gear manufacturers with
different gearing and gear sizes. The resultstaoess in Table 3.

Type Ref. | Ry T Speed | Stage |pr n

[] [no] | [] [Nm] |[[RPM] |[1] [Nm/]|[]
Servo 110-Series [10]] 1:11 132 1500 1 111

Servo 110-Series [10]] 1:29 200 1500 1 168

Servo 110-Series [10]| 1:87 200 1500 1 168 -
6160 (p. A-142) [11] | 1:6 695 1450 1 76 -
6060 (p. A-140) [11]| 1:21 13 1450 1 15 -
6065 (p. A-140) [11] | 1:21 26 1450 1 31 -
6145 (p. A-142) [11] | 1:21 1450 1450 1 159 -
6145 (p. A-142) [11]| 1:87 1200 1450 1 132 -
2C115 [12] | 1:6 1920 1135 1 64 95
2D255 [12] | 1:21 10600 1165 1 173 96
2K225 [12] | 1:87 109000 1165 1 181 95

Table 3 Torque density and efficiency comparisomethanical cycloidal gears.

It can be seen that the torque density is geneladjip for cycloidal gears with high
gearing relationship and not so high at very lowargey relationships. Gears with the
same gearing relationship seem also to have diffeé@que densities. The cycloidal
gears efficiencies are specified to 95%, whiclovedr than the planetary gear.
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1.7.4 Harmonic drive

The harmonic drive is another 2-DOF gear variahe functional principle for this gear
type (Figure 1.8) is explained in the following. Asflipse is connected to the input
shaft. The ellipse is connected to a flexsplineiclviis made of a flexible material. The
flexspline is deformed to an ellipse shape bectusénput shaft ellipse part is inserted.
The flexspline is directly connected to the outpl@ft (not shown in Figure 1.8). Teeth
on the ring and flexspline are only in connectiathveach other at two points. There is
a different number of teeth’s on flexspline and ting, and this will force the flexspline
to rotate relative to the ring, when the input sinaffates. Figure 1.8 illustrate the ellipse
as a solid primitive, but for real harmonic drivesl|ler bearings are used between
ellipse and flexspline for minimise the friction.

Input shaft

Ring (stationary)

Figure 1.8 Mechanical harmonic drive (exploded yiew

The torque densities are calculated for 4 harmdriies from the same manufacturer.
The manufacturer has only gears with gearing aeiahip between 1:50 and 1:160,
which indicates that the gearing principle is natable for gearing relationships under
1:50. The torque density results are shown in Tdbldlominal torque for the 1:160
gearing relationship is not available in the datatenial and that is why the Table 4
shows gearing relationship up to 1:120.

Type Ref. | Ry T Speed | Stage |pr n
[-] [no] | [] [Nm] [[RPM] |[] [Nm/]_|[]
RGH 20 [13] | 1:50 40 500 1 188 -
RGH 20 [13] | 1:120 63 500 1 297 -
RGH 25 [13] | 1:50 62 500 1 176 -
RGH 25 [13] | 1:120 106 500 1 302 -

Table 4 Torque density comparison of mechanicahbaic drives.

The harmonic drives have a high torque density. dffieiency is not specified in the
data sheet for the current gear type. Howeverieffaes for other harmonic drive types
produced by the same producer is rated from apprabely 83% and down to 50%
efficiency. These efficiencies are also rated &B®M] input speed.
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1.7.5 Mechanical worm gear

Worm gear is also a very common gear type thaselun gear applications. Worm
gears exist in many configurations. In order tolaixpthe simple function principle for
a worm gear, there are made an illustration of dhig-igure 1.9. The gear has the input
shaft with an Archimedes spline. Spline interacith weeth’s which are on output shaft
wheel, torque are hereby transferred from the irgh#ft to the output shaft with a
certain gearing relationship.

Figure 1.9 Mechanical worm gear.

Input shaft

Output shaft

The torque density is calculated for drives produbg 3 different manufacturers and
the results are shown in Table 5. Gearing relahignsf this gear type is up to 1:100 per

stage.

Type Ref. | Ry T Speed | Stage |pr n

[-] [no] | [] [Nm] [[RPM] |[] INm/]|[]
RT28 [14] | 1:7 18 1400 1 33 -
RT70 [14] | 1:20 194 1400 1 40 -
RT150 [14] | 1:100 1120 1400 1 29 -
224B [15] | 1.5 74 1750 1 26 -
224B [15] | 1:20 127 1750 1 45 -
224B [15] | 1:100 73 1750 1 26 -
DB961 [16] | 1:5 2274 1450 1 33 96
DB961 [16] | 1:20 3386 1450 1 49 90
DB961 [16] | 1:100 2588 1450 1 38 68

Table 5 Torque density comparison of mechanicahwgears.

Worm gears have relative low torque density and éfficiency. Worm gears are often
self locking gear mechanisms, which mean that @ itype gear which can only be
forced from the input shaft side, and not from dligut side. Backlash adjustment is an
extra alternative feature for worm gears and tlggsses can be adjusted down to zero
backlash. This feature can be an advantage foraayplications.
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1.7.6 Summary

Torque density data from the different mechanieglrg are plotted in Figure 1.10 a) in
order to compare the different gear types.
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Figure 1.10 a) Calculated torque density versusingaf different mechanical gears. b)
Calculated torque density versus input speed & reift mechanical gears.

There are large differences between the differeat types. Spur gear, helical gears and
worm gears have low torque densities. Planetarysgmad cycloidal gears have higher
torque densities and harmonic drives seem to Hevighest torque density. It must be
noticed that the output torque of a mechanical gedependent on input shaft speed at
where the specific gear is rated at. For instaheddrque data for the harmonic drive is
specified for a input speed of 500 [RPM] with agiee output at 40 [Nm]. The same
gear have torque rated at 28 [Nm] and 22 [Nm] speetively 1500 [RPM] and 3000
[RPM], which will give 210 [kNm/mj] and 165 [KNm/m. Another planetary gear is
also torque rated at a speed of 500 [RPM]. This baa a rated torque density of 265
[kNm/m®] which is quite high. This gear will convert lesque if the gear is operated
at higher speed. One planetary gear producer [9] éwen included an estimation
calculation function for calculating maximum torgas a function of operating speed
(1.7) so there is a connection between torque tsitpnd input speeds. The equation
calculates the maximum output torquend at input speedn with a rated speed of
2000 [RPM] and a torque rated atyT This function is illustrated on Figure 1.10 b) in
terms of torque density.

Ton (1.7)

3 —=
2000
This equation is only directly valid for gear typiesm this specific gear producer, but
the equation might also be valid for other planetg@ar as an estimate of a torque. The
equation will have to be modified with another refece speed of 500 [RPM] instead of
2000 [RPM], if this equation is used to estimate titrque density of previous described
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gear with 265 [kKNm/f]. Such estimation will result in a torque densif 184
[kNm/m?] for a rotation speed at 1500 [RPM)]. This examipldicates that maximum
calculated torque densities are dependent of tpet inelocity. If a rule of thumb for
maximum torque densities of mechanical gears ireggrshall be deduced from this
analysis. Then it will not be likely to achieve @due density of greater than 210
[kNm/m?] for a gear with a speed of 1500 [RPM] on the inphaft. Gears limited to
500 [RPM] will probably reach a higher maximum toecpensity up to 300 [kNm/Ah

The torque density analysis must be thought of asugh method to estimate an
approximate torque density performance so that rdeder can get an idea of
approximate torque densities available for meclargears in general. These torque
densities can be compared to torque densities ghate gears, however since the
torque density of mechanical gears is a functiogedring relationship, manufacturer
and torque size it is not possible to make thismamson with only a few gear boxes to
represent all mechanical gears which are avail#@laoper torque density comparison
between magnetic gears and mechanical gears caafdteeonly be made with a larger
number of mechanical gearboxes rated at same tampispeed.

There is also a paper [17], where different medargears are compared. The paper
concludes that planetary gears are better whenortes to efficiency. Another
conclusion is that cycloidal gears are not so bletdor gearing below 1:50. Final
conclusion is that the helical gears have effidenof approximately of 80%.

Mechanical spur gear and helical gear efficien@es often very high rated in the
literature [6], sometimes as high as 99%. The giansd in this small analysis are also
rated very high. Distributors of mechanical spud &elical gears specify efficiencies in
the interval 93% to 96%. Planetary gear types taged to achieve efficiencies from
95% to 98.5%, and cycloidal gear types are statedthieve efficiencies of 95%. Worm
gears have the worst efficiency, down to 68%. Adise efficiencies can only be thought
of as guiding efficiencies, because there is tyjyicao experimental documentation
from the distributor behind these numbers. Geaicieffcies depend also on more
parameters like rotational speeds and temperasordf, gear must be compared with
each other, there must be performed experimentsathese parameters are measured.
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1.8State of the art -Magnetic gears

State of the art magnetic gears are completed enligint of a search in the library
databases and patent databases. The magnetic spaach has resulted in different
types of magnetic gear technologies. These diftetechnologies are structured into
following categories:

* Magnetic gears with closely spaced magnets
* Flux guided magnetic gear mechanisms

The technologies which are found in the searchedalure is visualised with computer-
rendered images for supporting understanding aftfon principles. Different materials
in these models are computer-rendered with diftecelour. Magnets are rendered with
blue and light grey and the meaning of this isniicate magnetic north and south pole
configuration. A yellow colour represents non-magneaterial, and the green colour
represents a magnetically conducting material siscinon.

1.8.1 Magnetic gears with closely spaced magnets

There exist many magnetic gears which can be casegbinto the category of
magnetic gears with closely spaced magnets. Tras type has typically a magnetic
interaction in between magnets on two or more aXhs. technology is with the two
magnetic gear wheels covered with magnets on thfacgs. These magnets interact
with each other and they create a driving forcalowe magnet wheel. One example is
the very simple radial magnetic spur gear, docuatkeit a couple of books, papers and
patents. Furlani, E. P. [18],[19] have developectquation for the torque of two radial
magnetised gear wheels Figure 1.11 a). The tonaqume fhe equation is compared with
a FEM model, which is based on the same assumpaen®m the torque equation.
Torque equation and the FEM analysis model shoy geod agreement.

South pole magnet

South pole magnet

North pole magnet

Output sh7

Input shaft

South poch

North pole

Iron core

North pole magnet

a) b)

Figure 1.11 a) Simple radial magnetic spur geai.[b3 Magnetic spur gear with
magnetisation in the axial direction [20].
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A magnetic gear similar to this type is found ipaper [21], where it is described how a
radial polarised magnetic spur gear can be optonieegive a maximum torque. The
optimisation is accomplished by the use of a FEMwse program. In this paper there
IS no experimental result that verifies the FEMdaions, but in a previous paper [22]
from the same authors there is a single experirm&gawhere simulated FEM results
are verified. This paper shows there is good agee¢mith the FEM calculated torque
and the experimental results. Another paper [28) dlescribes the magnetic gear types
with closely spaced magnets, where the distanogeeet the magnetic wheels versus
the output torque are analysed with an experimaetstl A related paper [24] is a
description of an experimental test with 3 radighgmetic spur gears. An analytic
expression of the output torque is one of the tesaihd this expression is compared
with measured torque values as a function of tletadce between magnetic gear
wheels. Also a patent [20] describes a magnetiac gdwel. This configuration is
different, because every single tooth in the magrmgar wheel has a north and a south
pole with axial magnetisation, which is seen onukegl.11 b). With this principle the
magnetic flux will not follow a direction, which im the same axis as the previous
discussed magnetic spur gear, but instead will gnetac flux be pointed towards the
same axes as gear wheels axes. The technology maghase the magnetic flux and
hereby increase the maximum torque for the maggeac.

South pole
North pole \

North pole

South pole
Input rotor
S

Figure 1.12 a) Spur gear with overlapping magnets$ axial aligned magnetisation
[25]. b) Axially magnetised gear wheels with off§28].

Output rotor
S
N

—-_—
b)

Output wheel Input wheel

a)

Another patent [25] describes a magnetic gear @gaipnvith magnets in which the
repulsion force is a core detail. This type of ghas all magnets turned with the
magnetisation in the same axial direction and hetriadial direction Figure 1.12 a).
Axial magnetisation will in this configuration tp keep an equal distance between
magnetic teeth. There is a mechanical contact legt\ee teeth if the torque is too high
in this configuration. Another gear with axial aried magnets is shown on Figure 1.12
b). This gear is described in a paper [26]. Thgetpf magnetic gear consists of two
rotors with permanent magnet on the outer face.plpeer has a description of a semi-
numerical method to calculate torque. The methodased on numerical integration.
Another magnetic gear with magnetisation pointingakial shaft direction is found in
[27], Figure 1.13 a). The paper describes a maggetr with a gearing relationship of
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3 and a torque of 5.5 [Nm]. The same authors hise \@ritten a paper [28], where
super conductors are used instead of permanentatsagn

Figure 1.13 a) Magnetic gear with magnetisatioeaed in axial shaft direction [27].
b) Magnetic gear similar to the mechanical beval ¢29].

There is a description of a magnetic gear simdahe mechanical bevel gear in a paper
[29]. The gear consists of two conical wheels, Wwhgcovered with shifting north and
south poles as show on Figure 1.13 b). Experimdasat are performed in the paper,
from which it can be concluded that the transfetmdue is increased as the distance
between the conical gear wheels is made smallety @rperimental results are
represented in this paper.

In a paper [30] a magnetic worm gear is descriliée. gear configuration consists of a
worm and a worm wheel, which is shown on Figuretlal. The input worm wheel is

magnetised with north and south poles and also weneel is magnetised. The paper
describes experimental results from a gearing gédwing 1:33. This gear can deliver a
maximal torque of 11.5 [Nm]. The magnetic worm géms a less complicated

geometry unlike the mechanical gear which has eabte advanced geometry and it
makes this type difficult to manufacture. Howevee magnetic worm gear is difficult

to magnetise.

Figure 1.14 a) Magnetic worm gear with simple gewyn¢30]. b) Magnetic gear
similar to the worm gear type [31].
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In paper [32] from the same author, there is amjgsm of a experimental test where
the worm gear has a gearing of 38:66 and the eamsf torque is 2.4 [Nm]. In a patent
[31] there is a description of a magnetic gear Isinto the mechanical worm gear.

The worm is formed a like an Archimedean screw migtical tooth flanges, as shown
on Figure 1.14 b). The worm gear flanks are magadtwith magnetic north and south
poles. Worm wheel teeth are also magnetised witthremd south poles. At the place
where wheels flanges interact, there is a magmetith pole against a magnetic north
pole and the magnetic south pole configurationrrarged in the same way. This
configuration will force the worm gear wheel to pimsing where there is an equal air
gap between magnetic pole tooth flanges. This typegear configuration has the
property of making contact between the flanges,nndnligh load is applied.

a) b)

Figure 1.15 a) Perpendicular axis gear [33]. b)iatde magnetic gear with two output
shafts [34].

A paper [33] describes a gearing with perpendicabees Figure 1.15 a). The gear
consists of two magnet wheels, which is radial netiged with screw magnetic north
and south poles. Influences of different desigrapeaters are investigated by the use of
a FEM software. The investigated parameters ammsangle, flux distribution, number
of poles, thickness in the magnetised directionj anerhang length. The torque
measured from an experimental setup is 0.357 [NFhge patent [34] describes a
variable magnetic gear consisting of two drivingfst and two driven shafts Figure
1.15 b), which is coupled together with PM magné&tese types of gear are originally
intended for airplane applications, with two prdg@ed outputs. Changes in gearings
relationship are conducted at the driving shafteeyl'can shift axial position, and the
gearings relationship will be changed, because ei@mand number of poles on the
driven part can hereby be changed. The gear skithanism is similar to mechanical
gearboxes with several stages.

A magnetic version of a harmonic gear is recentlyppsed in [72]. This drive is
predicted to obtain an active torque density of top 110 [KNm/ni]. Practical
implementation of this drive has similarities te ttiycloidal gear which is described in
this thesis.
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1.8.2 Flux guided magnetic gear mechanisms

The previous described magnetic gears have magwttisclose spacing so that the
magnetic flux travels from a magnet to an air gag further to another magnet. Other
gear types have iron elements included. These gaktypical operate by moving the
main flux. In a patent [35] a magnetic gear withgtial shafts is presented. The gears
consist of two shafts, which are magnetised withtmand south poles. In between
these shafts there are iron segments that guidaalg@etic flux. The basic principle for
the magnetic transmission is shown on Figure 1)16 a

Output shaft
North pole
Input shaft- North pole

a) b)

Figure 1.16 a) Flux guided magnetic gear with aiggaelationship of 1:1 [35]. b)
Flux guided magnetic gear with a gearing relatigmsii 1:n,, n,=9 [36].

In a situation, where the flux guided magnetic gesashown Figure 1.16 a), the main
magnetic flux will passes through two of the segtaenarked with B and D, and in the
other segments A and C, the magnetic flux will &ssl In another situation when the
magnetic wheels are rotated to a position wheréhraord south direction on the wheels
is vertical, then the magnetic flux will be equatlistributed in the two circuits. If the

axles are rotated further, the main magnetic fluikfallow a path that pass segment A
and C, and in the other segments the magneticWillxoe less. This design will have

gearing relationship of 1:1.

Another patent [36] describes a flux guided magngéiar, with the gearing relationship
of 1:n,, where g is the number of pole pairs on the output shaéirrd his transmission
gear also consists of two shafts with rotors, whigh guide flux through two iron
segments. Figure 1.16 b) illustrates the magnediesimission gear. This gear type has
only a single phase and for this reason there migghtoperation problems. Other
versions of magnetic gears with tooth segmentsase found [37]. This gear uses
electro magnets to create magnetic flux in iromsags Figure 1.17 a). The reason for
using electro magnets is because this gear is fhenearly days of permanent magnet
history.
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A linear version of a flux moving mechanism is afg@sented in a patent [38]. The
linearly gear is shown on Figure 1.17 b). The dgae consists of a driving shaft where
permanent magnets are fastened. Furthermore treeso@e iron segments to guide the
magnetic flux. The linear part consists of ironreegts with teeth. When the driving
shaft is rotated, will magnetic flux be forced tasp through certain iron segments, and
the resulting adjusted position between iron segsand track will be where majority
of magnetic flux passes through.

) Outer segment
Adjust segments (windings are not drawn)

Output rotor

Input rotor / Iron segments
Track

(Iron material)

Inner segment
(windings are not drawn)

a) b)

Figure 1.17 a) Flux moving gear mechanism withtetemagnets [37]. b) Linear
magnetic gear [38].

A patent [39], describes a more compact flux movmgchanism. In this patent there is
described different gearing with different configtions regarding the number of
segments and the number of permanent magnets @utjnet shaft and input shaft. The
patent is also with different shape examples ferrthddle steel segment part. One of
the gear configurations is shown on Figure 1.18 a).

Iron segment
(Stationary part)

Output shaft

Input shaft Holder for

iron segments
(Stationary part)

a) b)

Figure 1.18 a) Magnetic gear similar to the meaterplanetary gear type [39]. b) High
performance magnetic gear [1].
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In publication [1] a planetary magnetic gear désstiand an illustration of this gear is
shown on Figure 1.18 b). This gear has a similaatg mechanical planetary gear. The
basic structure of this gear type is like the prvasidescribed gear because the magnetic
fluxes are also forced to pass through certain seggnand with a certain angle. The
magnetic flux path has different shape and differeragnitude, and hereby also
different energy contents. Flux shift in shape amabnitude is driven by torque from
the input shaft. The magnetic flux will change mimstron core segments. The output
shaft will be driven by flux changes in the iroresegments. Another magnetic gear
with the function principle similar to the mechaaliplanetary gear shown on Figure 1.6
is described in [75]. Permanent magnets are regplagemechanical teeth not only on
the central input shaft but also at the outer ang planet wheels. A simulation study
has shown a relatively high active torque dendityearly 100 [kNm/rf with a relative
small air gap distance of only 0.5 mm. Estimatibthe measured active torque density
is approximately (4.4 x 3)f(x 0.047 x 0.040) = 47.6 [kNm/rf} for a configuration
type with 3 planet gear wheels, similar to the @punfation shown on Figure 1.6.

There exist many references to planetary magnete gersions and they can be found
in chapter 4 where search results from this magngéar type is presented in
chronological order.

South pole

North pole

South pole \ Short circuit flux Input shaft _ Output rotor
Short circuit flux Stationary part (iron material)

(iron material) South pole— LStationary part

a) b)

Figure 1.19 a) Ackermann’s patent with middle paaide in iron [40]. B) Ackermann’s
patent with outer part made in iron [41].

A patent [40], which most of all is similar to th@anetary magnetic gear type is
Ackermann’s patent from 1997. An outline drawingnirthe patent is shown on Figure
1.19 a). The basic mode of operation is similgprevious described high performance
magnetic gear. Ackermann’s patent gives a goodmstateling of function with a series
of pictures. This gear has a problem with shortuimng flux at the inner rotor.
However this problem is solved by a newer pateamfrAckermann [41], which is
shown on Figure 1.19 b). This patent minimisessifwert-circuiting with a steel output
rotor. But a magnetic ring with high stack is nasg to make.
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Iron segments
(stationary part)

=16 Iron segments
—Output rotor-

. }
v\S\tauonary part

Ltron ring 15 Slots

I —.
North pole nput rotor—

South pole‘/ North pole

a) b)

Figure 1.20 a) Martin’s version of the planetarygmetic gear [35]. b) Magnetic
planetary gear, with high gearing relationship [35]

Similar gear types are also described in the patEMartin Jr. T. B [35]. This gear is
shown on Figure 1.20 a). The gear is very simitathe high performance magnetic
gear described previously. The iron segments m \Rrsion are very thin. This might
increase the flux density in the iron segments lagr@by cause saturation in the iron,
however there were not developed neodymium magnel®60, which explains the
design with thin iron segments. Segments are alatively elongated here and this will
cause unnecessary long flux paths. Same patentanin35] describes a technology
which has a high gearing of 1:16. An illustratidetsh for showing function principle
is pictured on Figure 1.20 b). The gear consista 2fpoled inner magnetised rotor, an
output shaft with iron segments and an outer staty part with permanent magnets
and iron rings to guide the magnetic flux. Theistery part has iron rings with 15
segments and the output rotor has 16 iron segmémésprincipal function for this gear
works as following. If the inner rotor is rotatenl & position, where magnet north pole
direction is at “12 o clock”, it will induce thatpper half of the output shaft iron
elements to be magnetised with a north pole magatein. North pole magnetisation of
the iron elements will be attracted to the magedtisouth pole in the upper half of the
stationary part. When the rotor has rotated onedpthen the output shaft rotated the
1/16 round caused by magnetisations shift in iegngents.
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Driven rotor Stationary par
(iron rial

Output rotor
(iron material)
\\
North pole: S

Input shaft
(input rotor),

North pole ‘
South pOle South pole~ \
tor 1100 Teeth

a) b)

Figure 1.21 a) Axial version of the planetary algesar [42]. b) The patent [43]
describes a magnetic version of a harmonic drigg [4

Iron segments
(Stationary part) Drive ro

4
4102 Teeth

The flux guided principle is also found in a patf4®]. Function of principle for this
patent is similar to the magnetic planetary gepe tglescribed; however this version is
modified to operate axially. The gear is illustchia Figure 1.21 a). It consists of two
rings, which are magnetised with north and soutbgon the side of the magnetic ring.
The two rotate around the same axis and the maeertents are faced against each
other. A segmented steel plate is placed betweentwlo magnetic rings and this
segmented plate transfers the torque. This ax@e tg also described in [73] with a
predicted torque density of 70 [kNmimAnother flux moving mechanism [43] consists
of 3 parts. Two of these parts are made of ironenas and the third is made of
permanent magnet material. This gear has an inmor part which consists of a
permanent magnet and an output rotor made of iratemal Figure 1.21 b). The
stationary outer part is also an element of irod #ms element has 102 teeth on the
inside. The output rotor has 100 teeth on the detsi When one tooth from the
stationary part is aligned to a tooth on the outptar, there will also be an alignment
180 P] from this place. When zero torque is applied, tbir will ensure this precise
alignment between the output rotor and the statjopart. If the rotor north pole starts
at “12 a clock” on the stationary outer part anthtes a clockwise rotation it will result
in a rotation increment at the output shaft by étlte Because the output shaft has 100
teeth, then there will be a gearing of 50. It &textl that this type of gear principle can be
designed to achieve high gearing.
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Chapter 2 Magnetic spur gear

This chapter describes the development of an aoalyxpression for calculating the
torque of a permanent magnetic spur gear. The teellgalculation is verified with a
physical test model and FEM calculations. Optiniose with the analytical expressions
are performed to determine an obtainable levebmjue density.

2.1An existing gear theory for radial magnetisation

The radial magnetised spur gear is one of the owaimonly analysed magnetic gears.
This gear type is analysed analytically in [18]9]jland also by the use of FEM
calculation methods. The calculation time for a FEMdel is often larger than for an
analytical calculation routine. This is why the Btiaal calculation is preferred. Radial
magnetised magnets are often more expensive tofaware than parallel magnetised
magnets, so parallel magnets can be an altern&iveadial magnetised magnets.
Analytical calculation expressions for parallel-matised spur gears are searched in the
literature and appropriate literature for analysmggnetic spur gears is not found.
However these expressions will be developed orbéses of radial magnetisation gear
theory with parallel magnetisation.

2.2Improved theory for parallel magnetisation

This section describes the improved theory behindodified version of the Furlani
gear equations. Figure 2.1 shows the source mamuaetirive magnet, which is used in
the theoretical description. The explanation o tthieory is split into two parts. The
first part is where Boundary Value Problem (BVPgdty is used to obtain a free space
field solution for the source magnet. In seconauation part the drive magnets are
reduced to an equivalent current density distrdsutaind the torque is computed under
considering the current density distribution is emeéxternal influence field from the
source magnet.
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Figure 2.1 Source and drive magnet sketch for faaid parallel magnetised gear.

The free space field solution is a rather compdidagubject, which is why this topic is
explained in a separate section called “The fremcefield solution”. The essential
result from this section is to be able to expréssB-field as a function of coordinate
position. The free space solution is defined fersburce magnet. The drive magnet has
no influence on this solution i.e. the relativerpeability is assumed to be one. At the
end of “The free space field solution” section thiex a transformation of the defined B-
field into the drive magnet coordinate system, \ghtbie torque is calculated. The drive
magnet is reduced to an equivalent current dedsstyibution which is explained in the
section “Equivalent surface current density detaation”, where a permanent magnet
is substituted with a current density distributidihe current densities are present at the
outer surface of each magnet pole on the drive etagjde. Since it is a surface current
density distribution it is expressed per units ahse at the surfaces. The torque is
finally calculated in the last section “Torque exgsion”, where there is an integration
of the torque expression along the surfaces oflthe magnets. The torque integration
expression uses the B-field solution of the sounagnet and the equivalent current
density distribution of the drive magnet to calteltorque, and that is the coupling part
between source and drive magnet.

2.2.1 The free space field solution

E. P. Furlani has previously described the freeesmolution of a radial magnetised
pole pieces. Documentation for this theory is exygd in [18] and this theory is the
foundation for developing a new expression. Ingkplanation of parallel gear theory,
there is used the same terminology and approattr éise radial formulation. The new
expression describes the B-field distribution foparallel-magnetised magnetic spur
gear. Analytical calculation expressions for palathagnetised magnets with arc shape
iIs searched in the literature and there is foundallgh magnetised arc magnet
expressions, where there is included back ironhi@ s$tator and rotor [44] [45].
Intensions for these equations are that they arbetaused for electrical machines
purpose that is the reason why these expressiamsnair directly applicable for
formulation of B-field. It is therefore necessaxy develop a parallel magnetisation
expression.
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Figure 2.2 Arbitrary magnetised cylinder

One of the ideas of developing a parallel magnetisgpression is to use the
formulation of an arbitrary magnetised cylinder J[B8d “magnetise” this formulation
with a parallel magnetisation expression (2.8) eadt of a radial magnetisation
expression [18]. The first step is to develop trasallel magnetisation expression and
rewrite it so it can be used in the arbitrary folation. This expression can be written
as a vector field expression with radial and tatigeparts (2.8). The expression for the
parallel magnetisation is found in [46], where thagnetisation unit vectors exist in
both radial and tangential direction unlike in [18]

M. (r,@ =M, F+M, (2.8)

Radial magnetisation and tangential magnetisation are expresseuri@s Expressions.
The period in the Fourier expressions can not be the same for themadiaétisation
[18] and for the new parallel expressions (2.8)(2.9)(2.10) which itakbasis in [46],
because expressions in [18],[19] is defined for number of pohes,new parallel
expressions has to be modified fromg) period to another period by substituting

parallel magnetisation expressions from [46] withiN " where it is “i” in [46]
because pole pairs are used in expressions from [46].

M, (@)= 3 M,CogiiN,0)
e (2.9)
M, (@)= D M,SinZiN @)

i=135

2N, | |
M, =g =gy cos{’—TiJ—%inco T lsinéi)
d 1-(5N,)?| (N, ) 12 N, | 2

2N, [
M, = B, L1 co T sir(zij—ginsi T cosgi)
HoTT 1=(5iN ) N, 2 N,

Notice that this expression is not valid for onecfeoole pair when N= 2, because this
will give an infinite number.

(2.10)

The trigonometric Fourier functions are used targethe coefficient Pfound in [19].
This coefficient is found by inserting the magnatien M vector into the volume
charge density expressiop,, which is defined in [19]. This expression can be
understood as source term for the boundary valakl@m formulation. This procedure
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is similar to the procedure which is used for firglthe radial magnetisation expression
in [18], but the magnetisation expression is noffedent so (2.14) will not be the same
as in [18]. The substitution & sand reduction of the expression are shown in (2.13)

o, =-Fonm, (2.11)
U

Remember that divergence [19] of a vector fiel(Rid2).

qp=L00A), 108 oA (2.12)
roor r dg 0z

:_&LEO(er)+}5M¢,+aMJ:
" u\r or r dp 0z
Iom:—&E Mr+aM¢+OJ:>
ur op
03 M, sin(tiN,¢)

:_&E hd 1 i=1 ¢ 2 P 213
pm U r ;Mri COE(ZINP¢)+ aqo = ( )
o, = —%% iM,i cos(%inCO)“Li%inMai cos(%inqo)j:

i=1 i=1
1(L : ,
P :‘%F 2 (M, +%'NpM¢)C°5(%'NP¢)j

The %term disappears, because the model is a 2D mohalllyFthe expression for

D; is written as (2.14).

M +3INM, )

D,(r) = "

(2.14)

The D expression is substituted into the source termgnats, which lead to two large
expressionspand S These expressions are substituted into matrixisols (2.40).

Equation (2.14) includes the absolute permeabilfyl5) found in [19]. This
absolute permeability can be calculated from thatie permeability pand the
permeability of air g. Equation (2.15) is also used in Table 10 to aefire relative
permeability for a permanent magnet material.

p= 1, (2.15)
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The surface charge densigy® is another source term which goes into the boyndar
value problem formulation, and it must also be stldied into matrix result by a
coefficient term BY. Generally there are used the index k = 1 foritimer magnetic
field (Figure 2.2) and k = 2 for the outer magnditd and index “in” for the magnetic
material part. The surface charge density is wrillee (2.16), which is formulated by a
similar way as shown in [18], but derived with dmatmagnetisatioM:

v ® = (- EEZM 1 cod§iN @) F + > M, sintiN ¢) E‘Y’j (2.16)
i=1 .

i=1

Vo = 11 (-2)93 M, codiN g)
i=1

The radial magnetisation term is the only term Whi included in the surface charge
density, because the tangential term becomes zersed by the dot producti$ =0.

The surface current densities will give the follagi B® coefficients, which are
substituted into matrix expression.

BY = 1(-1"m (2.17)

ri

The next step is to formulate the equations usesblee the boundary value problem.
These equations take its basis in boundary comditjb8]. At media interface there are
boundary conditions for the magnetic flux den@tyand the magnetic field strength
One of these boundary conditions (2.18) describeshange rate of scalar potential in
the surface normal outward direction at the boundarface. The other boundary
conditions (2.19) describe that magnetic scalaemtal ¢," at a certain point on the
boundary surface at a radiug lRust be the same as scalar poteriid?.

a%in _ a%(k) _ " _ _ 218
H =t ==Y/ at  r=R (k=12 (2.18)
a™=g® a =R (k=12) (2.19)

The scalar potentiap, must be differentiated regarding the normal outixdirection of
the rotor. Expressions for these fields come frbm rladial magnetisation formulation
[18]. But it is necessary to correct these expogssto fit into the parallel magnetisation
description. Periodic term is modified to a permfd* iN ,”.The harmonic period for

the radial expression uses “i” instead. Howeves thinot possible in this case because
the period must follow magnetisation expression8)(@nd (2.10) these expressions has
a period defined byiN . That is the reason why, this period is modifiedthe parallel-

magnetised expression. Many of the expressions8hwill have to change the period
in order to be able to fit with the new magnetatexpressions (2.8).

@ (.9 = Y " ()sinGiN @) +U,"(r) cosgiN o) (2.20)
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0.7 (.9 = X VO ()sin@in,g) +U, % (1) cos@iN, )] (2.21)

0.2 (r, @ = ir‘%inM”(r)sin@iN 20 +U,?(r)cosgiN p<p)] (2.22)
pu(r,®) = Y [C.()SINGIN @) + D, (1) cos@iN @) (2.23)
Yo' (@) = i[Aﬁ“ SIGiN,@) + B* cosgiN )] (2.24)

Solutions written in (2.20) (2.21) (2.22) come frahe general 2D solution of a BVP
[18], but with a correction of the periodic termhel volume charge density and the
surface charge density can also be expressed agfFseries (2.23) and (2.24). These
densities can physically be understood as inputcesuo the system.

Inside of the magnet where there exists a magnagiterial. (2.25) must be solved for
this material. Following must also be solved ows{d.26). There is used a method to
separate the variables used to solve these eqgsatmahthis method is the same as used
in [18], so expressions from (2.25) to (2.39) alsanodified regarding the periodic
term.

D" =-p, (2.25)
0% =0 (k=12 (2.26)
The constants @), Di(r),A™ and B® can be determined once the magnetisatiars

specified. Following ordinary differential equatgfor the unknown coefficients;(r)
and U"(r) are found by substituting (2.20) and (2.23pi(®.25).

dzviin +£ d\/iin ~ (%le)z

Vin =—C(r (227)
dr? r dr rz ! (1)
2 'in ‘in ;'N 2 )
d U2I +£ du”  Gi zp) U™ =-D,(r) (2.28)
dr r dr r
d2f  1df (GiN,)?
d°f  1df _ ;o (2.29)
dr® rdr r2 9(r)
1iN -3iN

p

With homogeneous solutiofis(r) = r 27» andf, (r) = r

40



Solution: There is used a method of variation of parameigtls a general solution
form of (2.27) and (2.28). Where and ¢ are constants and W,(f2) =f,f,"- f "2 f; is
the Wronskian. This method is used to solve (2a2i0) (2.28).

F(r) =6, f,() +¢, F,(r) = Fy(r) Iéwf—ziﬂ)ggi(?;)d” +f, I;Wf—z(f”)?()lzf)])d” (2.30)

V() =E N+ - 1 rnl(ijz p-(gjz p}ci(n)dn (2.31)
IN, "R [\ 77 r

U, () =Rrite 4 Qi - 1 rn[(ijz p—[ﬁjz p]D.(n)dn (2:32)
|Np Ry n r

The unknown coefficients &, U® (k=1,2) and Qare determined by adding the
boundary conditions from (2.19) and (2.18). Thidl wasult in the following group of
simultaneous equations, which can be used to deterdf®, R, and Q.

—(3iN + . 4iN - : —(4iN+ 3Ny 4
20, 3N RN 1P LN R - 4 3N RN 2T g g (2.33)

R,
u®@ Rz—%in - ,?RZ%in +Q RZ-%in -5 (2.34)
Uia)Ri%in — E,Riéin +QiR1-%in (2.35)
ﬂoui(l)%inRl%in—l) _M;?%ENPRI%in—lJr I%inRl-(%inﬂ) =B® (2.36)
P | RZ_RZ%in /7%in
S=so=- () (2] ]Di (an 30
§=— Rzn[[i —(lfmp]a (7dn (2.38)
N, % 7 R,

The first term in (2.33) is a result of differenity boundary (2.18) with thé,®
expression substituted in to this equation. Thet nexms can be identified from
differentiation of¢,,", which will give a differentiated expression foyf"U2.32). The
fourth term in (2.33) is not straight forward tocognise, but it also comes from
differentiation. This differentiation process iss&st to identify on (2.30) and not on
(2.32).

Boundary conditions (2.19) are used to define (2.32.35) is also found from
boundary condition (2.19), but the last part of thguation with the integration
expression is missing because the integrationam fR, to R, so this part of the
integration becomes zero. Boundary condition (2.1i8)also used to define (2.36),
where an integration part also disappears.
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(2.33) to (2.36) can be written in matrix form. Matexpression (2.39) is used to
determine W, B and Q coefficients. A similar matrix expression can eedi to find
coefficient V¥, E and F.

i i ] 1N+ S 2B @ |
0 1 ﬁRZ'N" _H U o R, SN+t M Shi e
Ho My i Hy R, ﬂo'Np
N, _ @ in,
01 R, }N U, _ - RZZN S (2.39)
10 -1 -R™ P 0
1 0 _H ﬁRl‘”\‘p Q Rl—%inﬂ 2B, "
i Ho Ho ] i HoiN |

One of the solution for matrix expression leadsroexpression {§ (2.40), where §,
S, BY and B® must be substituted into this matrix.

U (2),num

Ui(z) Y
(2),den
Ui

Uom = R “'*luoRg“'Rl MO8 i - 2R R MR TIBR,

+ R8N |+2R2 M B R, - RVERTIGN,

- 2R, R MR ZRQ—R;“'”) ZSnNI R B,R, (2.40)
+ IR ISR 1R MREM) R SR i

+ PRIV SRNR, MR — 2R BN SR i - 4R, B R ]

U, @ = [20,R RO + 211, + R - 42

+ 12 ROPROY - Ry ()]

The solution to coefficient £3 from matrix expressions can be solved by the falg
procedure [18]: There is given a magnetisabbgr,), which can be used to determine
coefficients for the surface and volume charge inieesG(rZ, Di(r), A%, B®. After

that, D(r) and B¥ are substituted into (2.39), and(r; A®

into the corresponding

equation for coefficient ¥, E and F. Now there are two sets of decoupled equations
for the unknown coefficients¥9, B, Q and ¥, E, F. These equations are solved for
U and . These coefficients are substituted into (2.21) @22) to get the desired
field solution.
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The substitution of variables;®8 and DO(r) leads to a large expression, which can be
reduced to (2.41), which is part of the new pafraflagnetisation formulation.

, H,
i M, _2/'IO_¢M¢
L L

H, = Rub(RIMN i+ 2RIR R~ RMRI TR s
2[R RRIN - 2R R +aRER R
RO RIIR 4~ 2R R IR 41
2R 44, RMf + RuRMF N

Hy =R RN i-2/RM RR
RufRMf N+ 2R RITR 2R RFTR 4

u.® =-24 (2.41)

+ROLRITR i+ 2[RUTR M N R, + 2R, (R M
+2R (R f ~RM RITR 4N,
L =[F2 NN - 2R - 20 R (2.4)

~ RN 4 RN — 2R ) 4 R
The magnetic field strength$” andH® in the regions Y and \ at the outside the
magnet, antH™ inside the magnet can be represented in termsatdirspotentialg,"
o, anddm® . The minus gradient of these potentials will tedu magnetic field
strength vector fields which are represented b45R.Flux density vectors (2.46) in the
free space can be calculated by multiplying thesd &trengths like in [18].

Hin = _D¢m(in) H® = ¢m(k) (k=12) (2.45)

B =y, H* (k=12) (2.46)

BO(r.¢) = 4, Z%inr‘(%inﬂ @ COE(%Npi ¢7) (2.47)
i=135.

B2 =ty Y 3N, U@ siniN ig) (2.48)
i=135.

(2.47) and (2.48) are used to describe the ficlgtism for the source magnet in the (x’,
y’) coordinate system (Figure 2.1).
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The expressions (2.47) and (2.48) are renamed s$pectvely B~"(r',¢’) and
By"(r",¢) which corresponds to the prime coordinate systemsource magnets.
These field solutions are transformed into the dmate system to the drive magnet by
the use of the following transformation equatiofiis procedure is similar to the one
used in [18].

r'(r,(p)=\/r2+2rd cosfp) +d? (2.49)
, _ r sin@@)
o(r,Q= arctarE—r cost) + d) (2.50)

The source magnet field solutiop®B(r",¢’) and Ea,'e’“(r’,(p’) is transformed to act as an

external field on the drive magnet coordinate sysf&8], which result in (2.51) and
(2.52).

B.”(r,@ =B."("'(r.@.¢(, @ codgd (r, )
-B,(r'(r, 0.4, 9sin@(.9))

B,™(r.® = B.”(r'(r.9).¢ (.9 cod@ (r. )
-B,”(r'(r,@.¢(r, @ sin@(r,9))

(2.51)

(2.52)

Source field solution is used in the torque expogs$or the drive magnet, which is
explained in the torque expression section.
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2.2.2 Equivalent surface current density determination

An equivalent surface current density is a curdgrisity distribution, which will give
the same magnetic field as a permanent magnemplsiexample can be a rectangular
permanent magnet. This type of magnet can be regladth two equivalent current
densities Figure 2.3. Surface current densities adten used to model permanent
magnets. Examples where this has occurred canurel fim the following papers [47],
[48], [49], [50], [51], [52].

Permanent magnet Equivalent currents Equivalent surface current density
S N s N S N

RRIR®R®
Surface with plus curren
Surface with minus curren

Figure 2.3 Equivalent surface current for a simplgangular shape.

A permanent magnet can be replaced with a numbeuménts directed in and out of
paper direction. This is illustrated with Figure32where a number of equivalent
currents will replace a magnet at top and bottora sfirface. These equivalent currents
will create a magnetic field distribution similaw & permanent magnet. This simple
example has just few equivalent currents, but gréhare an infinite number of
equivalent currents, there will be an equivalentfamie current density. The surface
current density is per unit length. The drive mdgmieeel pole pieces can be reduced to
an equivalent current density distribution in aifamway as described previously in
[18]. The same method can be used to define aression for a parallel magnetisation.
The previous method for radial expression [18] ukesnathematic cross product of the
surface normal vector together with the radial nedigation vector M This will give
the surface current density at top surface, shawirigure 2.4. In case of a radial
magnetisation then there will be the same magnetiséor Ms and M. However for the
new parallel magnetisation formulation the magmé¢itsm M, is there needed a
projection in radial direction to give radial mageation M at top side of the magnet
shown in Figure 2.4. This projection is therefoneluded into the equations to get a
parallel expression.

Radial Parallel

. M .
A\ AN r S /r/ AN
\ \
\ N \
\ \
\ (p \
\ \
\ \
\ \
\ \
‘ : M
\ ¢ \
\ \
\ N \
\ N S |
\ \ \
\ \ \
\ \ \ I
\ \ \ i
\ \

Top surface

% /' Bottom surface

Figure 2.4 Magnetisation vectors for a radial anghrallel magnetised pole piece at top
surface.
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The current density expression for drive magnetaiog bottom surface is described by
expression (2.53). The new part of this expressdhe cross product projection which
is not necessary in [18].

- R <sr=sR,
MSCO{N%MJZ @.(p) =@+ (1+2p)

pole _ _
x ) R<r<R, P = 01.2..(Npae =1 (2.53)
_MSCO{N]Z @.(p) = @- N" (1+2p)

In(Pr.@) =

pole

pole

A current density expression is also found for ¢thieved pole piece surfaces. This is
calculated in almost the same way as for the tapbaitom surfaces. Magnetisation, M
must be projected into the tangential directionsiftated in Figure 2.5. It will result in a
tangential magnetisation MTangential magnetisation must then be crosseld thit
surface normal vector, which will result in the @ant density at curved surface. This
current density is not needed in [18], becausengetatial magnetisation is zero and a
cross product of a zero vector gives zero. So plit of the parallel magnetisation
expression formulation is also new.

///A\\\ AN
N M o
{__Inside surface

|
/

< /_Outside surface
. //4‘/—

Figure 2.5 Magnetisation vectors for a parallegmetised pole piece at the inside and
outside surfaces.

Current density for the inside and outside surfae@ then be expressed by the
following expression:

r=R,
<0< =
M_ siro)? <|>1(p)n @, (p) .
¢-Rr—ﬁ+2ms9S¢+ (1+2p)
. _ pole pole
m (.1, @8) = r=R (2.54)
—MSCOE(G)z o (pl(p)sescpz(p):;[
¢—Rr—@+2ms9sw+ (1+2p)
pole pole
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The inner radial surface is expressed in the samg Wut with an opposite sign,

because surface normal vectoiis pointed in opposite direction and that is wigss
product is directed in the opposite direction.

2.2.3 Torque expression

In order to determine drive magnet torque the tingig to do is to reduce the system to
a distribution of equivalent volume and surfacerent densitied, andj,,. The torque
expression (2.55) consists of two integrals whae\ and S are respectively volumes
and surfaces of the magnets.

T=[rx(3,(r,9)xB,rdrdgdz

\%
(2.55)
+[rx(j, xB,,)da
S

SinceJ,, =0xM =0, the first volume integration becomes zero [18§ only remaining

part is then the surface contributions to the tergupression. This expression contains
an equivalent surface current density factor fivedmagnet, which is described in the
section “Equivalent surface current density detaation”. All surface current densities
must be crossed with the exterr&ly flux density field from the source magnet to
create a torque on the drive magnet, this crosdygtois illustrated with an isometric
sketch on Figure 2.6.

Figure 2.6 lllustration of calculated torque byegrating the cross product of current
densities and B-fields at magnet boundaries.

The current in the z direction must be crossed with the sofiegé flux density B,
which results in a force acting on r. This forcdl wieate a positive torque around the z-
axis. Same current must also be crossed wjtfi, Brhich also result in a positive torque
around the z-axis. All current densities crossetth tie external field must be integrated
around the surface of the magnet. The radial iategr and tangential integration is
described in the following.

Radial surface integration

The radial integration is performed with stepsha tadial direction and this integration
is done on the plane surface of the magnet pieceew torque expression (2.56) is
derived when the current expression is substitiméol the torque expression. This
procedure is also similar with [18] so followingperssions (2.56) to (2.60) is almost
the same expressions as used in [18].
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(2.56)

N pole p=0

T(@= Mco{i} S (0] rloodunder )8, sl )
+Sin((0edge(¢! p))ByeXt(r’%dge(m p))]dr

Times 2 M. comes from integration of 2 surface current degsiht the same time. One
current density comes from the current surfacegnatiion. The second one comes from
integration of the neighbouring magnet. Magnets®tiof these surfaces are constant,
and that is why these quantities are outside tiegiation sign. The integration is
calculated along a straight line. This line lies ancertain angle in drive magnet
coordinate system, which depends on the drive ntagmeng angle, and magnetic pole
number p.

71

PP P) = P+ @+2p) (2.57)

pole

Integral can be calculated by the use of Simpsitégration method, which involves:

3 (9=0)

_)3 (q=135,...)
S(@= ; (q= 246..) (2.58)

3 (@=N,)
r=R+ (R-R) (@=012..N,) (2.59)

r

N is the radial mesh coefficient (must be an evenher).

The final radial torque expression with the use Simpson’s integration method
becomes:

pole_l N p

< 2, 2.[1)s @r(@ (2.60)
x[cos(wedge(co, 0)B.(r(0), e P))

+sin(qoedge((o, p))ByeX‘(r(q),%dge(ca p))]

2|v|sco{ N’T JL(RQ -R) |

pole

T(9=

fe)

Tangential surface integration

Tangential surface integration is performed at the radial surfaces. Torque
expression for the outer surface leads to expreqa®1), which is new for a parallel
magnetisation formulation.
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Tl = $° (1) [ sinfe)0

{CO{&H p NZ]T +¢JBXQ’“[9+ p N27T +¢J (2.61)

pole pole

+Sir£6?+p 217 +¢JByext[0+p 27T +¢J|]j0

pole pole

Once again there is used the Simpson’s method atu&e the integral, and this will
lead to the following expression.

M.LR>2 27
s RZ Npole Npole™L N, .
> > (-1)"s @)sin(6(a))

Nt p=0 q=0

2.62
{CO{H(q) +p NZ 4 +¢JBxe*‘(R2,9(q) +p N2 4 +¢J (2.62)

pole pole

+sir{e(q) +p NZ” +¢JByeX‘[Rz,e(q) +p NZ” +¢J

pole pole

T (@) =

Where:

-n , q 27
6(q) = +— (2.63)
Npole Nt Npole
A similar expression for the torque; Ts necessary to calculate along the inner radius R
of the drive magnet, but with a negative sign. Td¢telttorque from the drive can then
be calculated as the sum of surface integrations:

T(@=T(P+T.(P+T. (P (2.64)

The analytical solution part is described in (2.412.44) and (2.49) - (2.52). This part
will calculate the flux on the outside of drive mags with a complete field solution.
The same field solution can be obtained by FEM, this will require longer
computation time if the model have too many nodé® second part of the expression
is the numerical part of the integration. This par(2.60) for the radial integration and
(2.62) for one of the two tangential integratioAdl. three integrations for the torque
expressions can be written in (2.64).

The torque expressions for a parallel and a radainetised spur gear are programmed
into a software program where the algorithm ise@sand there is also a 2D FEM
calculation for verifying the results. Software gram and 2D FEM calculations are
shown in the following sections.
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2.3Software program description

The magnetic spur gear program is a software pnoglaveloped in this thesis in order
to design magnetic gears. For torque calculatibessbftware uses the radial analytical
equations defined by Furlani [18] and extended ydital equations for parallel
magnetisation. The program is built in a Borlandildr 3 environment [54]. A
screenshot from the program is shown in Figure Bh& screenshot is marked with 5
numbers, which corresponds to 5 regions explainede following section.

-l
_Eile
Material Furlani R | Cross section view

Magretization source Ms [a/m] |720000.0625
Magnetization drive Md [4/m] | 720000.0625

Separation distance d [m] a0

Inner radius source B1_s [mm] |10

Outer radius source BZ_s [mm] |20

Inmer radivs dive R1_d [mm] |15

Outer radiuz drive B2 d[mm] |20

Length L [mm] 1000
Source magnet poles [-] 4 (&
Dirive magnet poles [-] 4 X
o/

—Magretizatio FEM Lalculaton————————
) FEM Calculation
Temperature ['C] " Radl Plot FEM results
Harrmanic number Save plot
{* Parallel

: 1
Integration parameter 10 Mumber of points I

Stall karque [Mm]

Tatal P mazs [kag| Tarque Density [NmAl] | T/PMmazs [Nmdkg] |Inertia [kare] |

0,7951 001086 Calculate

Farametnc wizudhzabion—— |

' Toigue vs. position Targue versus position

™ T vs. separation dist.
T ve. polenumber

T vs. harmonic num,

E
T vs. inteqration par. =
a
=
Upper value [1] |30 =
Lawer value [1] [0
Calculations 1 =

Pazition [*]

Figure 2.7 Screenshot from the magnetic spur gexgram.

The first region of the graphical user interfacéhis design parameter input region. The
input parameters are gear dimensions, physical etegproperties and the simulation
parameters. The second region shows cross-sedtianmagnetic gear, this region is
updated when new gear dimensions is entered. Titee rbgion can perform a single
torgue calculation, at an angle where torque betweagnetic wheels is maximal. The
total permanent magnet mass, torque per unit vaoland torque per unit mass and
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inertia are also calculated. The fourth region parform a parametric visualisation of a
chosen parameter. Parameters which are possibbbdose among is torque versus
angular position, torque versus separation distdreteveen the wheels, drive wheel
pole numbers versus source pole numbers, and torgpseis pole number. The fifth
region can perform a Finite Element Model calcolatj53]. In the following section a
more detailed description of the five regions ia gnaphical user interface is done.

First region- design parameters

Permanent magnet magnetisation is one of the depayameters, used in the
calculations. Data for permanent magnet magnetisas located in a material file,
where all material parameters are stored. It isiptesto load these parameters from this
magnetisation file by picking material name whidiresponds to pre defined material
properties. Program user can modify the materiap@rties by editing material file and
add a new material. From the material file a terapee coefficient kand a magnetic
magnetisation Mis calculated. Equations for these calculatioes ar

B
M,=M,=—" 2.6
° :urluo [kt ( 5)
= 14| Jeoer [T - 20) (2.66)
‘= [100] '

A screen shot of a cross-section from the GUI @ashin Figure 2.8. The figure shows
a source magnet and a drive magnet with attacheterdiion variables. Those
dimension variables are listed in the nomenclaiatd able 19.

Source magnet Drive magnet
R1d R2.d

Figure 2.8 Gear model cross-section.

Third region - Single torque calculation
The torque transforming capability depends on dmagnet rotation angle. A plot of
the torque versus angle is approximately a sinasdichction. The highest torque point

on this function corresponds to the stall torquaglé sialorque = 7 for the stall

poleD
torque calculation is calculated from the numbepoles on the drive magnet wheel.
Stall torque is calculated at stall an@gai wrqueby the use of the analytical equations.
The total mass of permanent magnet material isutakd from the magnet volume and
magnet material density. The torque density anddfgue per unit mass are calculated
from (2.67) and (2.68) respectively. The torquesityngives an idea of magnetic gear
performance and the torque per unit mass giveslea of how efficient the magnetic

material is utilised. The last calculation in thagbe torque calculation is an inertia
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calculation. This is simply a calculation of theatioinertia converted to drive magnet
side.

T al T al
TDens = \it Il — St2|| > (267)
A TILOR +RyY)
Tmass = TStaII - TStaII (268)

Moy Py TILOR, - R+ Ryy” ~R,’)

Fourth region - Parametric visualisation
The parametric visualisation region has 5 options:

» Torque versus position

» Torque versus separation distance
e Torque versus pole number

e Torque versus harmonic number

* Torque versus integration number

It is possible to make a torque versus angulartiposicalculation when specifying
angular position interval and the number of caltates. The software program can plot
torque versus angular position in a graph by catoud several torque values at
different angles.

Stall torque are calculated for different distaf@#ween magnet wheels, this is the
torque versus separation distance calculation. eTfespecified a separation distance
interval and torque plot is made step by step tiincainumber of calculations.

Gearing relationship Nis normally specified as a number in the mechanjesr
terminology. Gearing from a high revolution axleadow revolution axle is the most
common gearing type used for mechanical gears. tJpes of gear will have a gearing
relationship N, which is equal to the number of mechanical temihthe large gear
wheel divided by the number of teeth on the smedirgvheel. This number is greater
than 1 when gear input speed is higher than gegubspeed. The terminology from
mechanical gears is adapted to the magnetic gadreereby gearing relationship from
(2.69).

N, = Nepoo (2.69)
NPoIeS

Gearing relationship is normally known by gear desr. That is why this gearing
relationship number must be typed into the progirathe field beside the text “Gearing
N [-]”.When the gearing is fixed and when it is grer or equal to one is it possible to
do a parametrical sweeping through different palefigurations and keep the gearing
relationship constant. But not every pole numbenrfigorations are valid, that is why
different drive pole numbers are tried out. Torqussvalid drive pole numbers
configurations are calculated. The torque versus pomber procedure is used to find
the amount of poles for the current configuratibmst of all, there must be specified a
gearing relationship as mentioned before. Diarsefi@r source and drive wheel must
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also be chosen and somehow be scaled so that dies reelationship between the
source wheel and the drive wheel are close to #aigg relationship, because highest
torgue is often obtained for this parameter refegiop. The torque versus pole number
calculation will calculate the torque at differgmle numbers and the gear designer can
then choose pole configurations that give the hsgtarque.

Torque versus harmonic number is a calculation lcinddch will show if there is used

enough harmonic components in the description @BHield. It is important to ensure
that an appropriate harmonic number is chosen. \dise can be found by sweeping
through torque versus harmonic calculation. Torgukk be calculated at different

harmonic numbers. The sensible harmonic numberbeafound where the calculated
torque seems to converge to a constant value.

Torque versus integration number is a calculatioeck, which is performed to ensure

that the number of torque integrations is enoudte rque is calculated for different

integration numbers, and when the torque convetges constant value, a reasonable
integration number is found.

Fifth region — FEM calculation

The fifth region is the FEM calculation procedurkieh will activate a FEM calculation

programme called FEMM [53]. The FEM calculation ggdure is used together with
torque versus angular position calculation procedurd this will also calculate torque
versus position and plot results with a numberah{s. Input parameters for the FEM
model are similar to parameters used for the aicalytalculation method and this is the
way the FEM calculation is verified with the anad@l expression. The calculated
values can be compared after the “plot FEM resyltstedure is activated, which will

plot the FEM results together with previous anaBfticalculated results. It is also
possible to save the verification plot by choosiBgve plot”.

The developed software program can be used tolatdctorque for radial and parallel
magnetised spur gears with different parametriatiparameters.
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2.4Magnetic spur gear optimisation

An analytical expression is developed for the tergcalculation of a parallel
magnetisation. And this expression is programméual time previous described software
program, where the torque can be calculated fderdifit input parameters. The radial
magnetisation expression is also programmed iné shftware program and these
expressions are used to “semi” optimise the spar gegarding the torque density.
Different input parameters are chosen and the @iglcalculated in many operation
points. Final dimension parameters are chosen whenhighest torque density is
obtained. Radial magnetisation expression is fis&ld to semi optimise a magnetic spur
gear torque, because parallel magnetisation expresas not finally developed at that
point of time when the prototype was designed. IRdrenagnetisation expression is
later used in the computerised optimisation pracéssth optimisations are also
described in this chapter.

Semi optimisation

There is used a trial and error method to finditigal design for a magnetic spur gear
test model. The radial magnetisation algorithm [E8lised to calculate torque density
with different input parameters. A gearing relatibip of 1:4 is chosen for this design.
Approach for choosing the input parameters is dbyesetting some variables to
constant values and then try to change other Masaihe approach is continued until
calculated design results indicate that optimaligiess reached. The result of semi
optimisation procedure gave the following designalae lengths:

Ros = 29010°[m]; Rys = 160107 [m|; Rog = 10000°%[m]; Rig = 9010°°[m];N,=10 [-]
Npole: 40 [-].

These design variables gave the best results iosé&mi optimisation procedure.

Computerised optimisation process

The computerised optimisation is formulated as aeg# optimisation problem [55]
with a cost function (2.70), equality constrains/(@, inequality constrains (2.72), and a
number of constants, shown in Table 6. The cogttfon is set up as the torque density
of magnetic spur gear with torque calculation frparallel magnetisation expressions
developed in this chapter (2.64), and volume wiscket to the entire area of two gear
wheel times a constant length. The optimisationcgdare routine is a minimisation
routine and the torque function TARR1s R2g, Rig) is set up with a negative sign in the
cost function. It is also necessary to have an légueonstrain for limitation of
permanent magnet material used. Permanent mageetcanstrain is setup to be the
same area as for semi optimisation. Inequality tams is also included for
minimisation routine. The outer radius has to beatgr than the inner radius in and
g2. The smallest radius for the gear wheels has tgreater than a certain value in g
and g.
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fF(X) = F(X,%5..0,X,) =

~T(Ry Ris: Rog . Rig) (2.70)
{(Ryp R R Ry ) =1 et e s R
L7T(Rys" + Ryy”)
h. (X) = (X, X,,..X,) =0 =
i (9 = (X1 %o, X,) o o (2.71)
hy (Ryss R Rog 1 Rig) =0.0078-1(Ry,” —Ri" + Ryy” =Ry ") =0
g (%) =0 (%, %,.X,) <0 =
0:(Rys, Ri) = R ~ R, #50107° <0
92(Ro:Rg) =Ry =Ry <0 (2.72)
0s(Ryg) =20010° - R, <0
9,(R.) =2010° -R, <0
The following constants are used for the computerigptimisation procedure.
Symbol Optimisation constants
Description Size Units
g Air gap between magnet wheels | 1103 [m]
L Length/height of the magnets 2010° [m]
B, Remanence flux 1.183 [T]
Hc.= Ms | Coercivity 936892 [A/m]
[ Harmonic parameter, max value. 11 []
N =N Torque integration parameter 10 [-]
Ho Permability for air regions A0’ [Tm/A]
u= B/H. | Absolut permability, magnets 12.6310° [Tm/A]
U= W | Relative permability, magnets 1.0048 [-]
Np Number of source magnets 10 [-]
Npole Number of drive magnets 40 [-]
0] Angle for the maximum torque 4.5 [Deg.]

Table 6 Constants used for the computer optimisgirocedure.

A constrained non linear minimisation routine isrfpemed to find the optimal
dimensions for the magnetic spur gear. The minitimsaroutine gives the following
result:

Ros = 24010°[m|; Rys = 7.3010°[m|; Rog = 78.510°[m]; Ryq = 64.8107%[m|
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Comparison of semi and computerised optimisation

Semi optimisation is originally optimised with tih@dial magnetisation algorithm. The
result from this optimisation would give a torquendity of 24.4 [kNm/r. If
computerised optimisation with parallel magnetmatalgorithm is used then it will
result in 26.7 [kNm/rf] which is a little bit higher. The dimensions fbe two types are
shown in Figure 2.9 with two illustrations for vadising size changes using a semi
optimisation approach a) and a computerised apprbac

a) ) b

Figure 2.9 a) lllustration sketch of the semi opgieal gear b) lllustration sketch of the
computerised optimisation.

The optimisation routine will try to optimise maditcegear torque density and it will
use the specified amount of material at the bessipte way for the given degrees of
freedom available. The amount of permanent magmétnmal for the two optimisations
is the same for both. But the computerised optiiaedinds a better way to utilise the
volume by choosing a small diameter on the smatirrdaThe gear is changed in size
downwards which results in a reduced overall volland hereby also a higher torque
density. However this optimisation is only perfodngith a 10:40 pole number
combination and other combinations are also availdli:4 gearing relationship are to
be investigated. Then other pole combinations ds® @ptimised with previous
described algorithm and even higher torque densigbtained. The results from this
optimisation are shown in Table 7.

Source Drive Turn Area Radius Torque
poles poles angle constrain | constrain density
N p Npole 0] A const Ris PaA

[-] [-] [Deg.] [m?] [m] [kNm/m”]
12 48 3.75 78110% | 2110° 23.41

10 40 4.5 78110° | 2110° 26.70

8 32 5.63 78110% | 2110° 31.05

6 24 7.5 78110% | 2110° 37.31

4 16 11.25 78110% | 2110° 47.47

Table 7 Results from the computer optimisation pssowith different pole numbers.

The optimisation shows that pole number combinatiba:16 will give a much higher
torgue density. And a 2:8 pole configuration mighén result in higher torque however
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it is not possible to use the developed algoritbmaf lower pole number than 4 because
this will give numerical problems for the developadorithm so configurations with
lower pole numbers than 4 on a source magnet avéonot analysed.

The very promising 4:16 pole configuration hasftiilowing dimension results:
Ros = 19.6710°°[m]; Rys = 2.00.0°°[m]; Ryg = 55.5010°[m]; Ryg = 31.310[m]

a) b)

Figure 2.10 a) lllustration sketch of the optimis&d6 configuration. b) lIllustration
sketch of the optimised 4:16 configuration with@[dihm] R;s inequality constraint.

4:16 pole configuration Figure 2.10 a) must havery small shaft radius on the source
magnet rotor. This shaft radius R1s is equal tonth] for optimised result. And this
dimension is equal to the inequality constrainisehe optimisation routine (2.72). But
a shaft with 2 [mm] radius will not be strong enbum support bearing load at axle
ends. That is the reason why another optimisatigh & larger limitation on the inner
radius R1s for source wheel shaft is performeds Tédius inequality constraint is set to

16 [mm] for second optimisation analysis, showiT a@ble 8.

Source Drive Turn Area Radius Opt. Torque
poles poles angle constrain constrain density

N p N pole 0] A const Ris Pa

[-] [-] [Deg] [m?] [m] [kNm/m?]

12 48 3.75 78110* 16(10° 23.0944

10 40 4.5 78110* 16(10° 25.5878

8 32 5.625 | 7810 16(10° 28.3967

6 24 7.5 78110* 16(10° 31.3594

4 16 11.25 | 7810® 16(10° 34.6383

Table 8 Result table for optimising with differenagnet pole combinations.

Magnetic configuration with 4:16 magnetic poles amidh a 16[mm] Rs inequality
constraint radius has the following size resultsiclv is illustrated on Figure 2.10 b):

Ros = 28.2010°%[m]; Rys= 16.0010°[m|; Ry = 67.5107°[m|; Ryg = 51.110°%[m]
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Influence from calculations with different amounf magnetic material is also
investigated in this analysis. This analysis is yomerformed with 4:16 pole

configuration. The result of this analysis is shawiTable 9.

Source Drive Turn Area Radius Torque
poles poles angle constrain constrain density
Np Npole (0] A const Ris Pa

[-] [-] [Deg] [m?] [m] [kNm/m°]
4 16 11.25 30110* 16/10° 20.60
4 16 11.25 60010 1610° 31.00
4 16 11.25 90110 1610° 36.46
4 16 11.25 12010* 1610° 39.80
4 16 11.25 15010* 1610° 42.05
4 16 11.25 180110* 1610° 43.67
4 16 11.25 21010* 1610° 44.89
4 16 11.25 24010 1610° 45.84

Table 9 Results from an optimisation with differan¢a constrains.

Tendency illustration on Figure 2.11 shows thaimal torque density is increased if

more magnetic material is put into the magnet wéeel
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Figure 2.11 Torque densities versus area constrains

Connection between the amounts of used magnetierialaversus optimal obtainable
torque density is not linear. So adding extra niatéor large gear will not necessarily
result in same torque density effect as addingaextaterial on small gear. There is
therefore a saturation tendency in terms of areastcaint and torque density
performance.
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Summary for the optimisation

A magnetic gear is optimised with a manual semiinoigation method and a
computerised optimisation method. The results fommputerised method seem to be a
very powerful tool for optimising magnetic spur geaA torque density of 34.6
[kNm/m? is calculated for a magnetic gear with the saingitation on magnetic
material and another limitation on the inner radifishe small gear wheel. Result from
the computerised optimisation is slightly largearthsemi optimisation routine which
only is 24.4 [kNm/n].

Higher torque density is possible to reach if mmiaerial are used for gear and higher
torque density might be possible to obtain if loyete number is used on the source
wheel. Adding a larger amount of magnetic matendl not necessarily result in an

increase in torque density even though the geampsmised by a computer

optimisation. There will also be a dependency & #bsolute amount of magnetic
material used for the chosen design. A gear wigmall amount of magnetic material

will therefore get a relatively large increase orque density while a gear with a
relatively large amount of magnetic material wiktga relatively small increase in

torque density, when the same amount of magnetienahis added to optimisation

calculation routine. Magnetic spur gear functiormesl not allow lower pole number

than 4 so there is a limitation for possible padnbinations. Gear configurations with

lower magnetic pole number than 4 are not perfortnecause of the limitations in

magnetic spur gear functions. Further investigatioan be done in this area in order to
optimise the torque density performance.
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2.52D FEM model

Magnetic spur gear is modelled in FEM software [5SBje FEM program can run a
script code used for creating the model of the ifipegroblem. Parameters similar to
those used in analytical calculations are autonptiked in the script code. Definition
of all physical parameter and dimensions occurragqam start. The next part of the
script code model describes the source magnet @oldsthese poles are split into
smaller pieces, and this property is used to madgiseudo magnetisation. Drive
magnets are modelled in a similar way as the somagnets; however these magnets
can be rotated, which corresponds to a certain &oayle. There are placed circles on
the outside of the magnets. These circles are fasezhlculating the torque at the drive
magnet. Maxwell stress tensor is used for torqueutation in these circles. Figure 2.12
shows the content in the FEM model. The FEM modssufurthermore a boundary
condition with two circles. The left circle showm ¢igure 2.12 contains the magnet
wheels, and the magnetic field potential at theleiperiphery is equal to the magnetic
field potential at the circle periphery in rightae. This boundary condition at circle
periphery will give a more accurate solution beeatiee surroundings will be almost
infinity. The way this is done is called the Keltnansform.

Figuré 2.12 Screenshot from A 2D FEM model.

The torque calculation is made with a program twall post processor, when the solver
has calculated the B-field for the entire systerhe Ttorque can automatically be
calculated for different angle rotations of drivagnets, which means the torque can be
expressed as a function of the angle rotationferdrive magnet.

Information about model content is listed in: Table
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Symbol Dimensions for models

Description Size Units
Ros Outer radius, source magnets 29103 [m]
Ris Inner radius, source magnets 160103 [m]
Rag Outer radius, drive magnets 100103 [m]
Rig Inner radius, drive magnets 9010° [m]
d Distance between center points | 130110° [m]
L Length/height of the magnets 2010° [m]
B, Remanence flux 1.183 [m]
Hc.= Ms | Coercivity 936892 [A/m]
[ Harmonic parameter, max value. 19 [-]
N =N Torque integration parameter 10 [-]
Ho Permability for air regions A0’ [Tm/A]
U= B/H. Absolut permability, magnets 12.6310" [Tm/A]
W= W | Relative permability, magnets 1.0048 [-]
Np Number of source magnets 10 []
Npole Number of drive magnets 40 [-]

Table 10 FEM calculation and analytical calculatp@rameter list.

The magnetisation values for the source and driagmets are specified in a datasheet
from the supplier [62]. The relative permeabilioy Source magnets is calculated (2.73)
from the supplier data sheet.

B

(2.73)

The mesh size depends on the problem size. Farga [@oblem, there will be large
mesh elements. The number of elements will depantie specific problem.
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2.63D FEM model

3D magnetic spur gear model is modelled in ordeclaoify 3D end effect influences
relative to 2D FEM model results. The 3D model &d@in opera [56]. A screenshot of
the Opera model is shown on Figure 2.13.

Figure 2.13 B-field vector plot from the 3D magoetpur gar model.

The 3D model consists of permanent magnets, ansbaioundings. Parameters for the
3D model are similar to the parameters used in2lbemodel. These parameters are
listed in Table 10. Output torque for the 3D modetalculated with the Maxwell stress
tensor method which is similar to 2D calculationtihoel. 3D Maxwell stress tensor
method integrates around a circular path just datdhe rotor where a torque is

calculated.
14
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Figure 2.14 Torque results from the 3D spur geadeho

Torque results show that the maximum torque is@pprately 13.3 [Nm] from the 3D
magnetic spur gear model.
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2.7Experimental test model

Experimental test model Figure 2.15 of a magneiar gear is designed in order to
verify theoretical results. Test model design isdemaith two aluminium rotors where
neodymium magnets are embedded inside. Rotor metnufzg is done in several steps.
Custom-made neodymium magnets are glued on alumimaiors and an aluminium
ring is pressed over for covering magnets and al fmanufacturing procedure is
performed on outer rotor surface. Model parts far dther test model parts are primary
made of aluminium except bolts. The small rotopleced on a moveable unit in order
to be able to adjust the separation distance. fif$teest made is a static test where the
small rotor is blocked and the other rotor is fak¢e rotate in small steps. Torque is
calculated for every step made. Torque transdplaiced between drive unit and the
large gear wheel.

Figure 2.15 Magnetic spur gear test model andrig$br static test.

The torque transducer is calibrated with statiogivein order to give accurate measured
results. First measurement is performed with ars¢ijpa distance of 1 [mm] between
wheel magnets. The measurement results are showigore 2.16.
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Figure 2.16 Torque versus rotation position aasgon distance of 1[mm)].

The maximum torque does not seem to vary very nfioicthe different poles shown in
the graph except for 4 poles, where the lowestev&du12.76 [Nm]. This low value is
probably caused by a small radial displacementfeflamagnets.
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2.8Verification and comparison of results

There are several magnetic spur gear models. Thedels are analytical models of the
parallel and radial magnetised magnetic spur géa2b FEM model, a 3D model, and
finally an experimental prototype model of a paathagnetised spur gear is presented.
Models with the same number of dimensions shoule ghe same results so it is
possible to compare and verify these models with edgher. The 2D FEM models can
therefore be verified with a 2D analytical modelhigh is shown in 2.8.1. The
experimental test model is a 3D model. This expental test model is not possible to
compare and verify with 2D analytical model withoubdel differences. However these
two models are compared in order to estimate diffees and this is done in 2.8.8, and
finally a comparison of all 3 models is done in.9.8

2.8.1 Verification of the analytical models with 2D FEMogtels

The analytical parallel and radial magnetisationdele are verified with the FEM

models. Model verification is accomplished withfeient input parameters regarding
dimensions and pole numbers. Input parameterseamifierently in 5 different cases in
order to compare models at different input paramsetéwo kinds of instances are
chosen regarding dimensions and pole numbers.

First dimensional case is set to similar dimendiggaaameters as the magnetic spur
gear example modelled by E. P. Furlani. The secmdl third cases have the same
dimensions as the final prototype. Fourth and ftitises have similar dimensions as the
example modelled by E. P. Furlani.

The purpose in verifying the analytical model witifferent input parameters is partly
to verify and partly to visualise some of modellitignitations regarding material
permeability. The different calculation cases @&t in following list:

1. Calculation example verified by E. P. Furlani

2. Prototype example with parallel magnetisation

3. Prototype example with radial magnetisation

4. E. P. Furlani example with parallel magnetisation

5. E. P. Furlani example with high permeability in s@rce magnet

These cases are described in the following sections

65



2.8.2 Calculation example verified by E. P. Furlani

E. P. Furlani formulated the analytical calculatimethod [18] for radial magnetised
spur gear. These expressions are verified by EuHani with a FEM program and
there are found good agreement in the results. Samag/tical expressions are also
implemented in software program and they are \egtifivith the FEM software. The
result of this analysis is shown in Figure 2.17.

Torque versus position
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s 4 [ \
> 1 :
4
:V Jrosermm s i : \
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Figure 2.17 Radial magnetisation equations verivigth FEM (Same example as E. P.
Furlani used [18]).

The graph on Figure 2.17 describes calculated &ragrsus rotation angle for drive
magnet when the analytical expressions are usedved FEMM program calculates
the torque. There is a good agreement between taa@lyexpression and FEM

calculation for this example. The maximum torqu®.5 [Nm] and this is equal to the
results obtained by E. P. Furlani. From these tesitlis concluded that the equation for
the radial magnetisation are correct implementethénsoftware program and it is also
concluded that the FEM model is correct modelled.
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2.8.3 Prototype example with parallel magnetisation

There is a laboratory prototype of a magnetic sgear with parallel magnetised
magnets Figure 2.15. In section 2.2 there is d@eslcan analytical torque expression
for this parallel magnetised spur gear type. Thefigation result for this example is
shown in Figure 2.18. Material parameters specifdthis verification is obtained
from the material supplier. The harmonic numbedusehis case is 15.
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Figure 2.18 Verification results from the prototygemple with parallel magnetisation.

The magnetic spur gear prototype dimensions aneé poimbers is analysed with
parallel magnetisation expression and there areeagents between the analytical
calculated result and the FEM calculated result.

2.8.4 Prototype example with radial magnetisation

The magnetic prototype is also calculated withdialanagnetisation. These results are
shown in Figure 2.19. The harmonic number usedhisrmodel is 35.
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Figure 2.19 Verification results from the protogygxample with radial magnetisation.

This calculation shows also good agreement betwlezanalytical model and the FEM
calculation.
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2.8.5 E. P. Furlani example with parallel magnetisation

Another example with parallel magnetisation andilsindesign variables as the Furlani
example is calculated in order to visualise théugrice of high relative permeability on

the source magnet.
= Analytic
n FEM

Torque versus position
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Figure 2.20 Parallel magnetisation for Furlanirapée with twice the permeabilify, =
2 on source and, = 1 on drive magnet.

Analytical parallel magnetisation expression seemtsalculate the same torque value as
FEM model, when the relative permeability is sefite= 1 at the drive magnet. Even if
relative permeability is increased to 10 or 100tfer source there will still be equality
between analytical and FEM model. This is showfigure 2.21 fonu, = 10 at source
magnet.

2.8.6 E. P. Furlani example with high permeability in 8wrce magnet
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Figure 2.21 Parallel magnetisation for Furlanirapée with ten times permeability =
10 on source and, = 1 on drive magnet.
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This result verifies that relative permeabilityimeluded for the source magnet model
since there is a good agreement between analytialulated torque and FEM
calculated torque. The relative permeability iscuse (2.15) which is part of the free
space field solution for the source magnet. Theedmagnet model is represented by
equivalent surface current density. This type afiegjent surface current density model
representation is possible with = 1 i.e. a solution in free space. Permanent ntagne
material can have different permeabiljty# 1 and in this case the equivalent surface
current density distribution will not be an equisal representation of the drive magnet.
Analytical methods are verified with FEM models ahdre is a good agreement when
the permeability is low on the drive magnet rotBut models show different results
when the permeability is high on the drive magsetthis is a limitation for this model.

2.8.7 Summary of verification and comparison

The torque expressions for the parallel magnetesdl radial magnetised spur gear,
seems to match the FEM calculations, when theivelgtermeabilityy, = 1. However
there will be a difference between the two caléatamethods if the permeability; >

1. The hypothesis is that calculated B-field foure@ magnets is only a function jaf
from source magnet, so drive magnet does not affiietiield solution. However there
is a dependency qf. > 1 for drive and source magnets in the FEM mostethere will
be a difference between the two models. Severatrgaprite about surface currents
[47], [48], [49], [50], [51], [52]. And a linear¢ = 1 isotropic magnetisation, can be
represented as a distribution of equivalent voluamel surface current densities.
Equivalent surface current densities are useddridigue expression and for that reason
is this part of the calculation not consistent witie results obtained from the FEM
calculations.

If the two models are supposed to show the sam#tseshen there must be the exact
same permeability properties for source and driagmet in the analytical model and in
the FEM model. The permeability in the FEM model eéasy to change so the
permeability is set tp, = 1 on the drive magnet apgd= 2 on the source magnet. These
results should give an exact match. This configomais verified in 2.8.5 with parallel
magnetisation.
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2.8.8 Comparison of the analytical model and the FEM rhode

Measured torque for a half period is compared wlith analytical calculated torque
Figure 2.22. The material used for the analytictwated expression is data sheet
values of the prototype material, and the separatistance for this analysis is 1 [mm]
between the gear wheels
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Figure 2.22 Measured torque compared with analytalculated torque at different
angles.

The shape of these curves is similar, but the nageiis different. The percentage

difference at peak torque is 38%. It is assumeti3bBaeffects can explain the relatively

large difference between the results. The 3D effadll cause flux to leak at both ends

of the rotors and these effects are not modelletthénanalytical expressions. The end
leakage flux will be increased if the air gap bedwéehe wheels is increased and if the
leakage is increased there will be larger 3D effe€here is made an extra experiment
to verify this assumption. The peak torque is mesbat different separation distance
starting at 1 [mm] and ending with 10 [mm]. And thés also made analytical torque

calculations in that interval. The result from thigalysis is shown in Figure 2.23.

—o— Analytical|,
| | | | * Measured
| | | |

Torque [Nm]
B P

Air gap [mm]
Figure 2.23 Measured peak torque compared witlyéeel calculated peak torque for
different air gap distances.
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Measured torques will decrease when the distantvecka the gear wheels is increased

and the same will happen for analytical calculdtedue. The percentage error between
the analytical and measured results is shown inrgig.24.
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Figure 2.24 Percentage error between the andlgimhmeasured results.

The percentage error between analytical and medsesilt is increasing when the
distance between the gear wheels is increased3Dledfects should also increase when
the distance between the gearwheels are incre@sedhe basis of the 2D analytical
calculated results and measured results, it islasion that 3D effects are one of the

main causes of the differences between measureccandlated results. Also these
effects are quite large.
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2.8.9 Spur gear model comparisons

The results from the Analytical, 2D FEM, 3D FEM amdest model are compared. The
torque transferring capability against drive magogation are plotted in Figure 2.25.
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Figure 2.25 Measured torque compared with anallytalculated torque for different
angle positions.

Torque from analytical calculation seems to folltke results from the 2D FEM

analysis. These model results come from 2D modadsase therefore not comparable
with 3D models or experimental models becauserefaive short axial distance which
is chosen for the experimental test model.

The results from the 3D FEM model shows higher uerghan measured from the
experimental test. The small error between the oredsand 3D calculated results can
be caused by material variations, model dimensimacduracies and measurement
inaccuracies. However it can still be seen thatethe a difference between the 2D and
the 3D models which indicates that there are |&Qeend effects for this gear with a
small axial length.
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2.9Summary

An analytical expression for the torque of a patathagnetised spur gear is developed.
The development of this expression takes its bas& radial magnetised spur gear.
Mathematical expressions from this theory are medifto be valid for parallel
magnetised spur gear. Modifications involve redafijna solution matrix and solving
this with new symbolic expressions, defining anotheagnetisation expression,
defining new surface current expressions and torgupressions. The analytical
expressions for radial and parallel-magnetised re@gare implemented in a software
program, and there is developed a FEM model. Thgtsefrom the FEM model and the
analytical models show good agreement.

The measured peak torque is 12 [Nm], and the doalytalculated torque is 16.6 [Nm]
at a separation distance of 1 [mm]. It is assunmed & 3D effect seems to cause the
difference between the calculations. The analyticatiel is only a 2D model, so there
will be end effects at the gear wheels ends, whgot included in the model.
Measurements and calculations shows that the batwveen measured and calculated
values will increase if the separation distancen&le larger. It is the same case for the
end effects. If the separation distance is increbagesre will be larger end effects. It is
therefore concluded that 3D end effects will cadgterence between the analytical
calculated torque and measured torque.

3D FEM calculations from the opera software progsdraws the gear has a maximum
torque of 13.27 [Nm]. These calculation results alogained with the Maxwell stress
tensor. An extra 3D model in the program Comsolthblsics [57] is also modelled to
verify the results. This model results in a caltedatorque of 12.59 [Nm], which
indicates that there might be some inaccuracy @sehmodels as well which might
converge if the models are meshed finer mesh arattodelling parameter is changed.
However the timeframe for modelling these 3D modelsot enlarged, so the obtained
calculation results are accepted. The convergedevaf the 3D FEM calculation is
close to 13 [Nm] and there will still be an 8% ditnce between the measured result
and calculation results from the 3D programs.

The 3D FEM results and 2D FEM results shows thateths large 3D end effect for the
given configuration. This will result in higher calated torque than the real measured
torque values. This is especially the case fordhesen prototype with a very short
axial distance related to the outer dimension.
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Chapter 3 Cycloidal magnetic gear

The magnetic cycloidal gear technology represeiethis thesis is similar to the
mechanical cycloidal gear technology. Magnets a®duo transfer torque instead of
mechanical teeth. An analytical model of the maignejcloidal gear is described and
this analytical model is used for optimisation pasp. 2D FEM calculations and
measured results are obtained from an experiméesalmodel in order to compare
results.

3.1Analytical model of the magnetic cycloidal gear

A magnetic spur gear is analysed in the previouspteh. This spur gear is not so
effective regarding torque density. One of the mamoblems for this gear
configuration is that the magnetic material is ns¢d very efficiently. Because a lot of
magnets are ineffective while just a few of the metg are carrying the entire load
Figure 3.1a). This problem gives new ideas for tiag a gear with a high expected
torque density. The idea is originally from an inmeagnetic spur gear Figure 3.1 b).
The transferred torque from two magnetic gear wheddced inside each other have
better torque performance because more magnegctwve, and the small gear does not
take up volume. But there is a problem with thaidkof inside gearing, because a high
gearing relationship is not possible with that gegartype. But this problem can be
solved by using the gearing principle from cycldigears where the inner part of the
orbits in a circular path Figure 3.2.

Figure 3.1 a) Magnetic spur gear. b) Inner spur gétd high magnetic interaction.
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An example of a cycloidal gear movement princigellustrated with two magnetic

rotors. The inner rotor has fixed orientation. Tiwtor is moved along a circular path. 9
illustrations show how the inner rotor is moved ander rotor is rotated. The outer
rotor will follow a rotational motion because matjadorces acting between the rotors.

Gearing relationship depends on configuration dred iumber of poles on the inner
rotor and outer rotor.

Figure 3.2 Rotor movement principle for a magneyicloidal gear.

75



3.1.1 Gear relationship for the cycloidal magnetic ggaet

The mechanical cycloidal gear is a 2DOF system dikdanetary gear. These gearing
systems have two rotational inputs and a thirdtieaaoutput or one input and two

outputs. One of the two inputs can be held fixeghrding rotation. Such a system will

act like a 1 DOF system where a certain input imtal speed on an input shaft
corresponds to another rotational speed on an bshatt.

A magnetic version of the cycloidal gear configioatis also a 2DOF system.
lllustration models of a cycloidal magnetic geag ahow on Figure 3.3. The difference
between a cycloidal mechanical and a magnetic @al@ear is the magnetic forces
acting between two moving parts instead of direshtact forces on mechanical
elements. 4 main components are part of this magmgtloidal gear. Cylindrical
components/axles A, B and C are aligned along dingescentre axis and some of these
components can rotate around this axis. Componesif@med as a ring with magnets
attached inside. These magnets are magneticallpleduo another inner movable
cylindrical main component with magnets and thetreeaxis for this component is
displaced relative to the other centre axis. Aneatric on shaft B ensures the
displacement of the inner moving component. Thelimomponent is exemplified with
3 holes where cylindrical columns from part A amedrted to ensure torque transfer to
A. Magnets on inner moving component will interagth the magnets on “C”, however
there will be a point where the two magnetic rihgse an increased flux density, and
that is where the air gap between the rotors arallsimhree different cycloidal gear
configuration types are illustrated, where diffdrexxles are fixed. A fixed shaft is
visualised with an attached ground symbol, and nppiarts are shown with arrows.

Figure 3.3 Different type of configurations focycloidal gear.

The different configurations are named a), b) antiypge. Type a) configuration have

the “A” shaft output fastened against rotation,type the “B” shaft fastened against

rotation and c type the “C” shaft fastened agaioition. The three types are described
in the following sub sections.
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a) Type

Type a) configuration with the “A” shaft is fixedjainst rotation has the input shaft “B”
and the output shaft “C”. The input shaft “B” hasexcentric. When the input shaft “B”
rotates then it will change point of increased fldxsingle rotation round of the shaft
“B” will force the flux contact point between “C’nal “A” to accomplish one round.
The difference between pole numbers on shaft “@’ simaft “A” will be the number of
poles that indexes the “C” shaft forward or bacldgarGear angular velocity equation
for the a) type configuration can be written (3.74%earing relationship is often
specified as a positive number which indicates many times the input shaft runs
faster than the output shaft. Gearing relationsbipghe “A” type is (3.75). The torque
on the output shaft is equal to the input shafjuer multiplied by gearing relationship
(3.76). The resultant torque on shaft “A” can bieglated by (3.77).

-p 3.74

W, =W, F—2 (3.74)
C

R =% _ P. (3.75)

* W Pc - PA
P 3.76
TC =TB []# ( )
P. - P,
P 3.77
T, = TB+TC=—TB+TBE|#=TBEIP7A ( )
Pc - PA c Fa

b) Type — internal gear

Type b) configuration has “B” shaft fixed againetation. The “C” shaft is the output
shaft and the “A” shaft is the input shaft. The @@t point between “A” and “B” will
be fixed relative to a fixed “B” axle. The systenillvfunction similar to an internal
gearing, with a gearing relationship equal to twe pole numbers divided with each
other. This gearing relationship is (3.78) . Gegnialationship is shown in (3.79). The
output torque and torque on the stationary shadt strown in (3.80) and (3.81)
respectively.

3.78
. 278)
I:)C
w, P (3.79)
Ry == =2~
(o] A
3.80
TC =TA c ( )
I:)A
E - 3.81
T =-T,+T.=-T,+T, PC =T, CP B (3:81)
A A
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c) Type — cycloidal

Type c) configuration has the “C” shaft fixed agdirnotation and the “A” shaft can be
the output shaft. The “B” shaft will therefore beetinput shaft for the system. The
contact point for this configuration will changetiife input shaft “B” is rotated. When
the input shaft has rotated one revolution themethvell be a relative rotation of the
output rotor “A”. The difference between pole numhen the “A” shaft and the “B”
shaft are the number of poles shaft “A” is indexath each time shaft “B” has rotated
one round. An angular velocity relationship (3.82an be expressed. Gearing
relationship is shown in (3.83). The two torque resgions are shown in (3.84) and
(3.85).

E - 3.82
W, =Wy AP Fe ( )
A

R, _Ws _ Py (3.83)
? w, Py—-F

3.84

TA :TB [:_IpiA ( )
P,—P.

3.85

To=-T,-T, =T, Hipc ( )
P. -P,

This type of configuration is named the cycloidglé because cycloidal gears are often
made with this type of configuration. However tygemight also be called a cycloidal
gear type.

Torque equations for different configurations ah®wsn. These torque equations are
used to calculate nominal torque between indivighaats.
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3.1.2 Spur gear expressions used to calculate torquieeocytloidal gear

The simplest way to calculate torque for a magneyicloidal gear is to modify the

torque calculation equations from the magnetic gar. Magnetic spur gear has two
rotors. A source rotor and one drive rotor Figuré &). The two rotors have different
coordinate system centres. The source rotor isfixed coordinate system position and
fixed angular rotation position. The drive rotoratso in a fixed coordinate system
position and the torque is calculated for differestor positions by rotating the drive
magnet rotor coordinate system. These equationsbeameused by changing the
distance “d” between the two gear wheels to théotyal gear eccentricity distance.

Source Drive Source and drive

Figure 3.4 a) Spur gear coordinate system and nsdneCycloidal gear coordinate
system and magnets.

Source and drive magnet are placed inside each atite the torque is calculated at
outer drive magnet. Such a system will be equivaieman internal magnetic spur gear.
Torque equations from the b) type — internal geafigurations is used to calculate the
corresponding output torque of a c) type — geafigaration. Torque transformation is
written in (3.86).

rem s (369
A

T,=T¢ EF—A:>
I:)C

-

Tcyc = int. Pc
Torque Ty for a internal gear calculation is known and thigjue is transformed to the
output shaft torque . for the c) type gear configuration.

Semi-optimisation of magnetic cycloidal gear isfpaned. Torque is calculated with
analytical equations developed for the spur gehes& equations are therefore reused
for the cycloidal gear torque calculations. Diseabetween the magnet wheels is set to
cycloidal gear eccentricity. Input parameters dranged until a high torque density is
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achieved. Since relative high torque density isalatble it is decided to build a
magnetic cycloidal gear prototype. Final parametershe analytical calculations are
shown in Table 11.

Symbol Dimensions for models

Description Size Units
Ros Outer radius, source magnets 53.5 [mm]
Ris Inner radius, source magnets 48.5 [mm]
Rag Outer radius, drive magnets 61.5 [mm]
Rig Inner radius, drive magnets 56.5 [mm]
d Distance between center points 2.5 [mm]
L Length/height of the magnets 26 [mm]
B, Remanence flux 1.21 [T]
Hc.= Ms | Coercivity 915000 [A/m]
[ Harmonic parameter, max value. 4 [-]
N =N Torque integration parameter 10 [-]
Ho Permability for air regions Am0’ [Tm/A]
u= B/H. | Absolut permability, magnets 13.2210° [Tm/A]
U= W | Relative permability, magnets 1.0523 [-]
Np Number of source magnets 42 []
Npole Number of drive magnets 44 [-]
Omax Max. torque calculation angle 4.09 [Deg.]

Table 11 Dimensions and physical parameters focyomidal gear model.

Rated torque for an internal magnetic gear conéigon calculated with these
parameters will result in 46[Nm] on outer rotor.iglorque can be converted to a
torgue on a cycloidal gear configuration with (3,88hd corresponding torque for such
a cycloidal gear will be 482/44 = 43.9 [Nm]. This will result in following tque
density, if the analytical calculated torque isa®the maximum rated torque.

T T _ 439 (3.87)

—_  Mmax — max
Pa

Vi R, L rile1.500°%) 26010°

=1420[kNm/ m’]

These calculations will apply for two magnet ringgh parallel magnetised magnets.
However such magnets are difficult to manufacturettere is expected to be used
rectangular magnets in the experimental prototystead. These magnets are placed in
stator and rotor yokes made of iron. Calculatiorthoé for the purposed design is a
reuse of the previous analytical equations forgaerallel magnetic spur gear and these
equations will only represent permanent magnetsramdron yokes. But if the method
of imaging is used, then it is possible to cal@ifarque using an approximated model.
An approximated model of a magnet with iron yokae therefore be modelled as a
magnet ring with double height [58], [59], [19]. ifhmeans that 5 [mm] magnets in the
analytical calculation should be equivalent to frim] magnets attached to an iron
yoke.
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3.2Magnetic cycloidal gear optimisation

An experimental cycloidal gear test model is sitredit rectangular shaped magnets
[60] because these magnets do not have to be custade for specific gear.
Rectangular shaped magnets do not perform as amedhmagnets however there is
still used a magnetic arc shape model for the eyalggear calculations. But the arc is
not that big so the error by using rectangular reégiris not huge. The parallel
magnetisation expressions developed for the magsetir gear type are used. These
expressions are first used in a semi optimisatimtgss and later in a computerised
optimisation process.

Semi optimisation

Rectangular magnet dimensions for the Magneticaigal gear is chosen and also a
gearing relationship. Cycloidal gear gearing relaship is chosen to be 1:21 and this is
the same gearing relationship as SauerDanfoss 8¢S in one of their mechanical

cycloidal gears. A mechanical cycloidal gear frormu&Danfoss A/S is used as
inspiration for the magnetic gear design. Rectaargumagnets size is chosen from a
catalogue [60]. Fixed gearing relationship andftked magnet shape is sketched in a
drawing in order to find appropriate radius dimensi for the magnetic cycloidal gear.

Magnetic spur gear torque expressions are usdgkiegmi optimisation of the magnetic
cycloidal gear. Different eccentricity and radiaménsions are tried out with the

expressions to find best nominal dimensions forntagnetic cycloidal gear. Result of

the semi optimisation procedure gave the followdegign parameter results:

Ros= 53.5010°%[m|; Ris= 48.5010°[m|; Ryg= 61.510°[m]; Ryg= 56.510°[m];
d= 2.510%[m|

These parameters gave the best performance ofg@imiisation procedure regarding
the torque density, which is 142.0 [kNn?]m

Computerised optimisation process

The computerised optimisation is formulated as gdraptimisation problem [55] with

a cost function (2.88), equality constrains (2.88gquality constrains (2.90), and a
number of constants, shown in Table 12. The cogttion is set up as the torque
density of magnetic spur gear with torque calcatatfrom parallel magnetisation
expressions developed in Chapter 2 and volumeedr® ghe drive magnet wheel area
times a constant length. The optimisation procedawtine is a minimisation routine,
so the torque function TERR1s Rog Ri1g, -d) is set up with a negative distance between
the magnet wheels in torque calculation routinés HIso necessary to have an equality
constraint for permanent magnet material limitatiBermanent magnet area constraint
is setup to be the same area that can be calcuiaiedthe semi optimisation results
variables. Inequality constrains are set for th@imisation routine. The outer radius
must be greater than the inner radius inagd g. Largest radius of the drive wheel
radius has to be less than a certain valuesinTdne smallest radius for the inner gear
wheel will have to be greater than a certain vafuey. Eccentric distance does also
have a limitation in gand g.
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f(X) = f(X,X%,....X,) = (2.88)

T(st’ Rls' de ] Rld '_d) B Np
Ln(Rde) NPoIe

F(Rys, Ris, Rog, Ry d) =

h; (X) = (X, X5,..%,) =0 = (2.89)

hl(RZS’R:Ls’RZd’R:Ld) = Abonst_n(stz _R:LSZ + R2d2 _Rle) =0
h, (R, Ry,d) =Ry -d-g-R, =0

9 () =9 (X, %,..%,) <0 = (2.90)

0, (R, R) =R~ R, +4[10° <0
9,(Ry,Ry) =R, -R,, +410°<0
0,(R,y) =-615M0° +R,, <0
9,(R,) =48510°-R <0

0s(d) =-2010°%+d <0
0,(d)=1M10°-d <0

The following constants are used for the computdrigptimisation procedure.

Symbol Optimisation constants

Description Size Units
g Air gap between magnet wheels | 0.5103 [m]
L Length/height of the magnets 2610° [m]
Aconst Area of permanent magnets 3510* [m?]
B, Remanence flux 1.21 [T]
Hc.= Mg | Coercivity 915000 [A/m]
[ Harmonic parameter, max value. 4 []
Ny =N; Torque integration parameter 10 [-]
Ho Permability for air regions Am0’ [Tm/A]
u= B/H. | Absolut permability, magnets 13.2210° [Tm/A]
U= Wy | Relative permability, magnets 1.0523 []
Np Number of source magnets 42 [-]
Npole Number of drive magnets 44 []
[0) Angle for the maximum torque 4.09 [Deg.]

Table 12 Constants for the optimisation.

A constrained nonlinear minimisation routine is fpemed to find the optimal
dimensions for the magnetic spur gear. The minitiwisaroutine resulted in 142.5

[kNm/m?] and following parameters:

Ros= 53.810°[m|; Ris=  48.510%[m|; Ryg= 61.410°[m|; Rig= 56.710%[m]

d = 2.40°%m;
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Comparison of semi and computerised optimisation

The semi optimised solution is very close to thepoter optimised solution. The semi
optimised solution is 142.0 [kNmfnand the computer optimised solution is 142.5
[kNm/m?). The reason why the results are so close to et is mainly caused by the
limited freedom for the computerised model. The patarised model is locked by area
limitation hy radius sizes must also be within limited valuekisTmeans that this
computerised optimisation will be close to the septimisation solution for the current
case.

The chosen gearing 1:21 is not necessarily the rmopstnal gearing relationship
configuration. That is why other pole number couafgions is calculated with the same

constraints. Results from this optimisation arevaine Table 13.

Source | Drive | Turn Area Radius Radius Torque
poles | poles | angle | constrain | constrain | constrain density

N p N pole Q A const Rog Ris Pa
[-] [-] [Ded] [m?] [m] [m] [kKNm/m®]

42 44 4.09 |3510° 61.510° | 48.510° | 1425

52 54 2.22 | 3510° 61.510° | 48.510° |157.6

62 64 2.81 | 3510* 61.510° | 48.510° | 1724

70 72 2.5 3510* 61.510° | 48.510° |173.8

72 74 2.43 | 3510* 61.510° | 48.510° |173.9

74 76 2.37 | 3510° 61.510° | 48.510° |173.9

76 78 2.31 | 3510* 61.510° | 48.510° |173.8

Table 13 Optimisation results from pole number @umrition change.

Result from optimisation with different pole configitions shows that a higher number
of poles will be better for the given configuratidnis also found that the highest torque
density is reached with a magnetic pole configoratof 72 and 74 for the given
optimisation. This magnetic pole configuration vgile a gearing relationship of 1:36.
The very promising magnetic pole configuration hag following dimensional
parameters:

Ros = 55.310°°[m|; Rys = 49.610°%[m]; Ry = 61.510°°[m|; Ryg = 57.310°[m|

d = 1.510°[m|

There is obviously an optimal number of magnettep for the given dimensional
configuration, and that is why it is interesting ¢ee if there is optimal dimension
parameters for a given magnetic pole number. Magpete number is set to 42/44 and
the outer drive wheel radius limitation is changedess the 140[mm] and the inner
radius of the source wheel is limited to minimum[dBn]. This optimisation will result
in a torque density of 158.04 [kNmnand dimension parameters are:

Ros = 42.510°°[m|; Rys = 34.610°%[m]; Ryq = 50.100°°[m]; Ryg = 45.0010[m|
d = 1.910°[m]
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Gear dimension sizes for the two gears are sketdmedrigure 3.5 to get visual
impression of an optimal computerised solution arsg@mi optimised solution.

It is to be noticed that the amount of magneticenal for the two gears are the same.
Material costs for the two gears are expected tdheeequal and higher torque is
expected from the semi optimised gear but the oditerension is smaller for the

computer optimised gear shown on Figure 3.5 b) thiglthe main purpose for this

optimisation although the permanent magnet materiabt best utilised.

a) b)

Figure 3.5 a) lllustration sketch of the semi opdmal gear with a torque density of
142.0 [kNm/ni]. b) lllustration sketch of the computerised opsation which results in
a torque density of 158 [kNmAn

The influence of adding different amount of magnetiaterial to the rotors is also
investigated in this analysis. This analysis isfqened with the 42 and 44 pole
configuration and wide boundary on radius constsaiithe result of this analysis is
shown in Table 14. A tendency shows that the optim@ue density is increased if
more magnetic material is put into the magnetia.gBat the torque density seems to
saturate when a bigger amount of material is adol¢ige optimisation procedure.

Source | Drive | Turn Area Radius Radius Torque
poles | poles | angle | constrain | constrain constrain density
Np Npole () A const R2d Ris Pa
[-] [-] [Deg] [m?] [m] [m] [kNm/m°]
42 44 4.09 30010 140103 15.q10° 155.4
42 44 4.09 60(10* 14010° 15.q10° 167.2
42 44 4.09 |9010* 14010° 15.010° 172.8
42 44 4.09 12010% 14010° 15.q10° 176.3
42 44 4.09 15010* 14010° 15.q10° 178.7
42 44 4.09 |18010* | 14010° 15.010° 180.5
42 44 4.09 |21010* | 14010° 15.010° 181.9
42 44 4.09 24010* 14010° 15.q10° 183.0

Table 14 Optimisation results from the increase @onstrain.
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The last optimisation resulted in a torque deneftyl83 [kNm/ni] and the following
dimensions are optimal:

Ros = 105.100°%[m]; Rys = 81.000°%[m|; R = 123.910°%[m|; Ry = 110.4207%[m]
d = 4.810°m|

Sub conclusion

The cycloidal magnetic gear is optimised with a paterised method and a semi
optimisation method. The computer optimisation radthesulted in a torque density at
142.5 [kNm/ni] and it is possible to reach 142.0 [kNniJrwith the semi optimisation
method. There is initially chosen a gearing rel&lop of 1:21 for the computer
optimisation. This gearing relationship is changgdchanging magnetic pole numbers
for magnetic gear wheels and keep original area eamlus constraints. The
optimisation resulted in the highest torque denaitygearing relationship 1:36. This
gearing relationship resulted in a torque densityl 3.9 [kNm/nf] with the same
optimisation constraints. These optimisations iatiichat there are an optimum number
of poles for a specific dimension configuration, th@re must also be an optimal
dimension for a given number of poles and a spetifize of magnetic material. This
hypothesis is tested in another optimisation wh#re limitations of inequality
constrains is larger. The solution to this optimi@wawill give a result where the volume
is utilised better than the computer optimised satuwith limited inequality constrains
and gearing relationship 1:21. The torque dengitynasation with large limitations is
optimised to 158 [kNm/rj.

It will also be possible to use a bigger amountaignetic material for the optimisation
procedure to see if torque density will increaskisTinvestigation is done in another
optimisation procedure where the amount of magnetaterial is changed from
30EL0‘4[m2J to 24010‘4[m2]. The biggest torque density is 183[kNmifmat biggest
amount of magnetic material.

It can be concluded that larger amount of magnmatterial will give a higher torque
density and a higher gearing relationship will afgee higher torque density but it
saturates. The best optimisation result obtainethisanalysis is 183 [kNm/thfor a
magnetic cycloidal gear.

The optimisation models are a general tool to fopdimal torque density for given

design parameter limitations. This will help thegnatic gear designer to find optimal
design solutions.
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3.32D FEM calculations

A FEM model of a magnetic cycloidal gear is modkle verify results from the
analytical model. The 2D FEM model is modelled witle same dimensions as the
analytical model consisting of two permanent maignengs. A screenshot from the
program is shown in Figure 3.6. The two magnetigsiare placed inside each other
similar to an internal gearing. Torque is calcudatdgth Maxwell stress tensor method
in the air gap between the two magnetic rings. tbhgue is calculated close to the outer
ring and the centre point of the torque calculai®mlso the centre of the outer ring.
The outer magnet ring is rotated and modelled fferdint angle positions. Torque is
also calculated for different angle positions. Ti@galculated from this configuration
will be equivalent to an internal gearing torqudcgktion. This torque result is
multiplied with a factor for transforming the calated torque to a cycloidal gear
configuration.

Figure 3.6 Screenshot from the FEM model.

Maximum torque calculated from 2D FEM model is 4JMim]. This torque is
multiplied by a factor for converting the resulta@ycloidal gear configuration. Torque
from a corresponding cycloidal gear will then be54id2/44 = 45.35 [Nm]. The torque
density of this configuration is calculated in (8.9

T, T, 4539N
pA —_Mmax — max —_ q m]

Vi 7R, rifp1.510°) 2600°m’|
This calculated density is close to result fromahalytical model.

=146gknm/n] 9D
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3.4Experimental test model

A test model of the magnetic cycloidal gear is gesd. A test model is made with
rectangular shaped magnets. These magnets aral aceon yokes Figure 3.7. The
design outline is adapted to rectangular magneisesh The input shaft is placed at the
centre of the gear box which has an eccentric hisdis mechanically linked to inner
iron yoke. Circular motion of the input shaft wiirce the inner yoke to move in orbit
motion consisting of rotation and translation motitnner yoke magnets will perform a
cycloidal motion. Strong magnetic flux paths betwdle inner and outer yokes will
induce torque at the output shaft. This outputtsisatonnected to the inner yoke with
three cylindrical columns with eccentrics. Theseceatrics can compensate for
misalignment between inner yoke and output shdfes€ cylindrical columns will act

like mechanical coupling to ensure torque transféfrom the inner yoke to the output
shaft.
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Figure 3.7 Outer and inner yoke for the cycloidzhg(plane view).

Two outer and inner yokes are manufactured and @neynounted with magnets, and
placed as illustrated in Figure 3.8.
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Figure 3.8 Cycloidal gear design (rendered view).

The rotor yokes are placed on the eccentric inpaftsThe eccentricity is created by a
central bushing. This central brushing has two eitms with 180 degree phase shift
which will assist to outbalance the radial magné&irces. 12 extra needle bearings are
also included in design together with 6 supporeattcs. Their function is to ensure a
parallel motion of the inner rotors relative to thtput shaft reference. The purposed
design will therefore have 18 bearings total.

The total magnetic gear volume can be smaller mposimg a round design and there
might also be saved space by choosing smallerig=arirhe space between the two
iron yokes can also be made smaller to save volttoeever 3D analysis is required

to investigate the interference between magnetigpoments.
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3.5Measured results

The cycloidal gear is tested in two situations. @hthe situations is a static torque test,
where the maximum torque is measured on the outpaft. The maximum torque is
measured to 33 [Nm]. The total torque density of thagnetic cycloidal gear is
calculated in (3.92). Outer experimental cycloigaar test model dimensions are used
to calculate total volume.

T T 33Nm|

— max — max

pr =

. = = 227fknme] 892
V; W, [H,[L, 013001013001008§m’|

The cycloidal gear is also dynamically tested imleorto measure magnetic gear
efficiency. This test is done in a test bench dkadcin Figure 3.9. The test bench has
two torque transducers an input drive to drivertiegnetic gear and a load drive where
different torque loads can be applied to the magrmgtar while running at a specified

speed.

B) Load test setup
- (High speed shaft) Torque transducer Input drive

Torque transducer Magentic gear
Load drive \ \

ﬂmﬁ . [ —

Figure 3.9 Sketch of dynamic test bench.

Torgue and angular velocity is measured on magmgar output shaft and input
shaft. The input and output power is calculated effetiency is calculated by
(3.93).

(3.93)

ut

n==

n
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Results from the dynamic cycloidal magnetic gesar &ee shown in Figure 3.10.
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Figure 3.10 Measured efficiency results for thelaigal magnetic gear.
Efficiencies are measured at 1500, 500 and 50 [RIPiighest efficiencies are generally

obtained at low speed and high torque. The bestaféaiency measured at 50 [RPM]
is 94 [%]. At 500 and 1500 [RPM] the efficiencies 83[%] and 92 [%] respectively.
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3.6Verification and comparison of results

Torque results from analytical model and FEM moded compared with measured
result from the prototype. These results are shiovgure 3.11.
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Figure 3.11 Torque versus rotation angle for aradltmodel and 2D FEM model.
Measured maximum torque is also shown.

The analytical model and the 2D FEM model showsoainthe same results; however
there is a small difference between the two resullsch is mainly caused by missing
relative permeability of the drive magnet in thealgtical model. Extra calculations
with relative permeability set to one are also @enfed and these calculations give
results that converge towards the same valueshfdytacal model and 2D FEM model.

Maximum torque of the magnetic cycloidal gear i¢yomeasured a single operating
point on the torque curve which results in 33 [Nom]the output shaft. Measured result
is much lower than the results from the 2D modé&lsere are many factors that can
cause this difference. A 3D end effect is one & tdauses that will make large
differences between calculated results and FEMiteegur the magnetic spur gear. The
3D end effects might also cause large differenoeshe cycloidal gear type, because
each modelled yoke have a relative small axialtleng

Model differences will also cause additional diffieces between the measured and the
simulated results.
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3.7 Summary

A magnetic cycloidal gear is mainly analysed regaydjearing relationship and torque
density performance. Different gearing configunasiaof a cycloidal gear is analysed
and gearing relationship for these different tyjgefound. Torque relationships on the
individual parts are also found. Analytical express for the magnetic spur gear torque
are used to calculate torque of a magnetic cydigdar with an added modification for
the current gear configuration design. Analyticgbressions is used to semi optimise
magnetic cycloidal gear experimental test modehljincal expressions are also used in
an optimisation process where a theoretical tordemsity will be 183 [kNm/r] for
certain optimisation constrains. 2D FEM calculasiare also performed for the semi
optimised cycloidal gear design. These FEM caloutatshows almost the same results
as the analytical algorithms; however there is alkdifference because of permeability
influence on the analytical model. An experimendt model of a cycloidal gear is
designed and manufactured partly to confirm thémaktesults obtained from analytical
model and FEM model, and partly to get experiendd whe design process for a
magnetic cycloidal gear. The cycloidal gear expental model will have a total torque
density of approximately 22.7 [kNmfin This torque density is much lower than the
predicted torque density from the analytical maated the FEM model. The reason why
there are so big differences between predicteduomensity and measured torque
density is caused by many factors such as 3D drdtethe use of rectangular magnets
instead of arc shaped magnets, modelling with aagencurrent theory instead of
magnetic material model. Another major factor is tise of axial machine length. The
proposed prototype is only using 26 [mm] activegténout of 86 [mm] total gear
length. It is therefore obvious that a better usthis total length will increase the total
torque density. A better utilisation of this lengthight be possible with only one
eccentric rotor instead of two rotors. But this ngaye unbalance both mechanically
and magnetically. The two rotor configuration igyochosen because this configuration
will outbalance some of the added centripetal naassmagnetic forces; however these
forces might also be possible to decrease withtiingtaounterbalance on the rotating
shatft.

The experimental test model is tested dynamicallyneasure efficiency performance
which is approximately 92 [%] for 1500 [RPM] inpspeed and 94 [%] at a input speed
of 50 [RPM]. These efficiencies might also be fertlncreased by choosing a single
rotor configuration because this will decrease mtlenber of bearings for the gear
design.

Cycloidal magnetic gear will have an advantage elbere is required a high gearing
relationship, because this gear type shows inargasirque density performance with
increasing gearing relationship. This is normallgrablem for a traditional mechanical
gear, because increased gearing relationship wolimally result in decreased
efficiency. However this is possibly not the casethis magnetic cycloidal gear type.
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Chapter 4 Magnetic planetary gear

References from magnetic planetary gears and basation principle are described.
Design choice for iron segments and variation ahgmitted torque is explained.
Improved design theory is described regarding ggarelationship. 2D FEM analysis
and optimisation is performed on an example gedr coice of iron segments duty
cycle is also described.

4.1History of magnetic planetary gear

One of the early patents [35] regarding planetaagmetic gears can be dated back to
1968. This patent describes magnetic transmissiodsone of the gear technology’s is
similar to the one described in this chapter. Otpatents [39], [38], [40] with
comparable technology are published in 1972, 19987 respectively.

An important milestone paper [1] about planetarygn&ic gears is published by K.
Atallah and D. Howe in 2001. This paper is uniguehe sence that they with help of
FEA calculations predict a theoretical torque dgngiat will exceed 100 [kNm/fh
However theoretical predicted torque from a 2D neagrstatic model will not be of
same intensity as the measured torque value frpnotatype. So the theoretical torque
of 100 [KNm/ni] corresponds to a less measured torque densitgor€tical and
measured torques are investigated in a paper [68¢hwis published in 2003. It is
possible to obtain an active torque density atk®8/m’] from test measurements and
92 [kNm/nt] from a 2D magneto static calculation. Anothergra1] from K. Atallah
and D. Howe, published in 2004, the measured putlltorque is 60 [Nm] and this
torque is approximately 30% lower than the predidteque per unit stack length at a
level of 1800 [Nm/m]. This information will resulh a calculated active torque density
at 78 [kNm/m] when stack length and outer diameter are 50 [ramj 140 [mm]
respectively. This planetary magnetic gear is i highest torque density ever built.
A paper [69] published in 2007 describes a 3D aisilyf a gear similar to the planetary
magnetic gear. It is found that an integral equrstimethod is suitable together with a
fast multipole method. Dimensions and measuremenhat available in this paper so
torque density is not possible to calculate fos tiear.

Year | Reference| Torque density Torque density
2D analysis Measured
2001 | [1] 100 [KNm/mj
2003 [65] 92 [kNm/m 55 [kKNm/nT]
2004 | [61] 78 [KNm/n
2009 [68] 53 [kNm/mj

Table 15 Torque density values for stand alonegtéay magnetic gears.
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Papers [64] and [67] with integrated motor and etary magnetic gear are proposed in
2007. Calculated theoretical active torque denSity this device is 87 [KNm/fi.
However prototype seems to be build to verify thkewation. Another paper [63] with
integrated motor and planetary gear is presentedOb8. The overall active torque
density is 60 [kNm/fj which is less than a stand alone planetary magryar.
Transient torque analysis of a planetary magnedar s analysed in a paper [66] from
2008. Another paper [68] from the same departmenpublished in 2009 where a
proposed planetary magnetic gear is designed wittaled interior-magnet outer-rotor
structure. This stand alone permanent magnetic lyggama measured torque density of
53 [KNm/nT]. The percentage difference between calculatedusrand measured
torque is less than 5%. This accuracy is obtainethe use of a 3D-FEM calculation
method. Another paper [70] with integrated motod glanetary magnetic gear is
purposed in 2009. Expected active torque densin fthis drive is 130 [kKNm/f
which is the highest predicted torque density amamggrated motor planetary
magnetic gear drives. This paper also includesnaastigation of chosen dimensions
for the planetary magnetic gear.

Year | Reference| Torque density Torque density
2D analysis Measured
2007 | [64],[67] | 87 [KNm/m
2008 [63] ~ 60 [kNm/nj
2009 | [70] 130 [KNm/m|

Table 16 Integrated motor planetary magnetic gaaue density.

Analytical approach for calculating the magnetieldi distribution in a planetary
magnetic gear is presented in a paper [71] from©2@D analytical expressions are
compared with saturated and unsaturated FEM modelsaturated FEM model results
show good agreement with the analytical model tes@alculated output torque, or an
example are not presented in the paper, only magihet density is shown.

Summary

Planetary magnetic gear principle can be dated ttatR68. A predicted torque density
is 100 [KNm/mi] which is investigated in research paper [1] fr&A01. Best
performance for a stand alone magnetic planetaay [§d] is 78 [kNm/mi. Integrated
motor planetary magnetic gear drives are a resemed which have had an increased
interest ever since 2007. The drive with best perémce is measured to a torque
density at 60 [kNm/A}. Most promising drive is predicted to have a t@glensity of
130 [kNm/n].
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4.2Basic design theory

Magnetic planetary gear consists of two permanesgmat rotors and one rotor with
iron segments Figure 4.1 a). The inner rotor ishiigh speed rotor and the outer rotor is
the low speed rotor in this example. Flux paththeiron parts are illustrated on Figure
4.1 b). This illustration is fixed in an instant &re there is no load applied to the rotors.
The iron segments are mechanically fixed and magfieix paths in these segments
have the freedom to rotate as input shaft rotdtes. main flux path directions in iron
segments are illustrated with bold arrow in Figdre b). The individual main flux path
directions in the iron segments will rotate courtiecckwise as the inner rotor is driven
clockwise and the outer rotor is driven countecklise. The nominal angular velocity
of outer rotor is 5.5 times lower than the nomimalocity at inner rotor. This gear
example is therefore a reduction gear with a ggamtationship of 5.5 when the input
shaft is connected to the inner rotor and the digpaft connected to the outer rotor.

Outer rotor
Iron segmented rotor

Inner rotor

Figure 4.1 a) Exploded view of the magnetic planeigear b) Cross section of a
planetary magnetic gear.
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4.2.1 Choice of iron segments

The magnetic planetary gear configuration is presiy analysed regarding pole
number configuration and torque density [1][61].eTpreviously analysed gears have
focus on space harmonics radial flux densitiehendir gap which is adjacent to high
speed rotor and adjacent to low speed rotor. Tiebeu of pole pairs in space harmonic
flux density distribution is given by (4.94)[1][61]

P =|Mp+kny| (4.94)
m= 135,...,
k=0,+1+2+3.. .t

The analysis of the radial flux has shown thatehiera certain relationship between
pole numbers at high speed and low speed rotorsttechumber of iron segments
which must fulfilled in order to have similar fura principle as the described example
in Figure 4.1. This certain pole relationship isactcterized by the m=1 and k=-1
constants in (4.94). Pole constants are typed(th@b) together with the number of PM
pole pairs on the high speed rotor p = 4 and thelbeu of iron segments;a 26 for an
example shown in Figure 4.1, to clarify how the memof pole pairs in the space
harmonic flux density distribution can be calcutate

P = |Mp+kn| =102+ (-1) (2§ = 22 (4.95)

The calculation shows that 4 permanent magnetgaileon high speed rotor will create
a radial flux harmonic density content adjacent the low speed rotor which
corresponds to 22 pole pair. Radial flux distribaticontent is therefore transformed
from 4 pole pair harmonics to 22 pole pair harmsnizough 26 iron segments. Chosen
pole pair at exactly 22 permanent magnets on logedpotor will give synchronism
between the previous described 22 pole pair harrfbn density.

This is an explanation of how the 4 pole pair maggees harmonic flux density

content at 22 poles in the air gap which is adjatefow speed rotor. It is also possible
to calculate the harmonic of a radial flux densityich is coming from a 22 pole pair
low speed rotor in an air gap adjacent to high dpetor (4.96).

Pmi = |Mp+kn| =122+ (-1) (2§ = 4 (4.96)

The result of this calculation shows that 22 peramanmagnet pole pairs on the low
speed rotor will give a space harmonic flux densitych is equal to 4 pole pairs in the
air gap which is adjacent to high speed rotor.
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A general equation (4.97) for choosing number ajnsents can be rewritten from
(4.94) where pole relationship constants are set tol and k = -1 and pole pair space
harmonic flux density distribution numbey, pis analysed for the number of pole pairs
on low speed rotor and pole pair number p is seutober of pole pairs on high speed
rotor.

P = |1Eph +(-1) ms| = (4.97)
ng=p,—-p for p,-n,>0
ng=p,+p for p,-n <0

The number of iron segments for all examples in] [6dn be calculated by (4.97)
because m =1 and k = -1.

4.2.2 Variation of transmitted torque

Torque transmitted through a magnetic gear can leaverque ripple. This ripple
depends on many parameters. Transmitted torquatigariis previously analysed in
[61] and there is shown that the pole number chbainfluence on transmitted torque
variation. This paper suggest a configuration with= 4, p = 23 and p= 27 to
minimise torque ripple. Such a configuration wiie a lower torque variation than the
pr =4, p= 22 and p= 26 configuration.
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4.3Improved design theory

4.3.1 Planetary magnetic gearing relationship

The planetary magnetic gear is two degree of freedgstems (DOF), where 2 inputs
are needed to get one output. The 2 DOF gear ixeedto 1 DOF when one of the gear
components are fixed. Figure 4.2 a), b) and apttates 3 planetary gear types with
one degree of freedom fixed. The 3 combinationfsxefl degrees of freedom result in 3
different gearing. The example shown on Figureh&2e 22 pole pair on outer rotor, 4
pole pair on inner rotor and 26 iron segments. &hagsle combinations and fixed
degree of freedom results in relative nominal aaguklocities which are indicated on
Figure 4.2.

Figure 4.2 Exploded view of the magnetic planegegr in 3 different configurations:
a) Iron segmented rotor fixed. b) Outer rotor fixedinner rotor fixed.

Iron segmented rotor fixed

Gearing relationship for the magnetic planetaryrgea described in [61]. These
equations are valid for the configuration with then segmented rotor fixed, which is
shown on Figure 4.2 a).

_n,-p (4.98)
p

The example shown on Figure 4.2 a) haye @6 iron segments and p = 4 pole pair on
high speed rotor. This combination result in a mearelationship of G = 5.5. This
gearing relationship equation expresses the alesohltie of gearing relationship and
does not take account for rotation direction sHifte nominal angular velocity can be
calculated from (4.99). Where is angular velocity on low speed rotor aad is
angular velocity on high speed rotor. Angular véloequation takes into account for
rotational direction shift.
1 4.99
- (4.99)
ra

The nominal torque relationship for this configiuwat can be calculated from a
consideration of constant power, if the magnetiargsonfiguration is operating at a
constant angular velocity and there is no loss. toted mechanical power of the system

G

ra
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must be equal to zero and nominal angular velacitiee defined in (4.99) . When
angular velocity of iron segmented rotor is zerd this result in (4.100).

P+R+R, =0 (4.100)
T +T, (g +T, 2, =0

T B +0+T, By, =0

TI = Gra EI_h

Outer rotor fixed (low speed rotor)
Gearing relationship for a magnetic planetary gegin the outer rotor fixed is also
described in [61].

(4.101)

This gearing relationship from Figure 4.2 b) exaenm@sult in a gearing aty>= 6.5.
The nominal angular velocity relationship betweemer rotor and iron segmented rotor
can be formulated by (4.102).

1
Grb m)n

Mechanical power consideration is again appliedcadculating torque relationships in
(4.103).

T 0y +T, g +T, [, = 0
0+T 0 @ +T, 2y, =0

rb

T.=-G, O,

o - (4.102)

Inner rotor fixed (high speed rotor fixed)

Gearing relationship for fixed inner rotor is na&sdribed in the paper [61]. This gearing
relationship can be derived. Equation (4.100) ahd(03) are used to find the torque
relationship between iron segmented rotor and ljoged rotor in (4.104).

Ti = —Grb [Th (4.104)
T ="Co
G

ra

There are used a constant power equation to c#dctila angular velocity relationship
between iron segmented rotor and low speed rot@t. iD5).
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T g +T Ly +T, [eg, =0
_Grb

T g +- 2, g +0=0
G
w=—=
. GrbDM

Gearing relationship Gfor the configuration shown on Figure 4.2 c) canchlculated
from either (4.104) or (4.105), which results inl@o6).

ng (4.106)
G = ﬂ - Grk:a — pl - ns
* w Gra Ns— B n,—p
P

Gearing relationship from Figure 4.2 c) exampld vesult in a gearing at,&= 26/(26-
4) =1.1818.

A single torque vector diagram for the three gearfigurations is drawn to illustrate
action and reaction torque for magnetic gear coraptm

Outer rotor Iron segments  Inner rotor

Figure 4.3 Torque vector diagrams of planetary retigrgear.

Magnetic gear torque vectors for magnetic gearcarsistent with the three torque
relationship equations (4.100), (4.103) and (4.¥84arding torque directions.

The shown gearing relationship equations can b&lut® magnetic planetary gears
with pole relationship constants of k = -1 and ni.=Gearing relationship in shown
example [61] can be improved from a factor of 5056t5 by the use of another
configuration than the purposed. The torque densitlytherefore also be increased
proportional to the gearing ratio.
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4.42D FEM calculation

Previous analyses of planetary magnetic gear owlerc simple influence from
parametric dimension changes [61]. One of paramelrange in [61] is iron segments
radial thickness. Gear example withs4 pole pair on the low speed rotor anég 22
pole pair on high speed rotor and 26 iron segmse¢sns to be the best one of best
performing planetary magnetic gears of its kindardghg torque per unit length.
Optimal thickness for the current design in [61%mm radial iron segment thickness. A
model of a similar planetary magnetic gear is miedein 2D FEM in order to have a
point of reference for a parametric dimensionalimation analysis. A sketch of
planetary magnetic gear is shown on Figure 4.4damensions and physical data are
listed in Table 17. Notice that some of the dimensi are found from relative
measurement from drawings in [61].

Figure 4.4 Sketch of a planetary magnetic gearairto an example in [61].

Symbol Dimensions for models

Description Size Units
top Thickness, outer back iron 7.0 [mm]
tip Thickness, outer back iron 16.5 [mm]
Ros Outer radius, source magnets 50.0 [mm]
Ris Inner radius, source magnets 43.5 [mm]
Rag Outer radius, drive magnets 63.0 [mm]
Rid Inner radius, drive magnets 57.0 [mm]
g Air gap 1.0 [mm]
L Length/height of the magnets 50 [mm]
B, Remanence flux density 1.25 [T]
Hc.= Ms | Coercivity 947350 [A/m]
N =N Torque integration parameter 14 [-]
Ho Permability for air regions Am0’ [Tm/A]
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Symbol

Dimensions for models

u= B/H. | Absolut permability, magnets 13.19510° [Tm/A]

U= W | Relative permability, magnets 1.05 [-]

Np Number of source magnets 8 [-]

Npole Number of drive magnets 44 []

Nseg Number of iron segments 26 [-]

Omax Max. torque calculation angle 4.09 [Deg.]
Silicon steel type (ANSI standard M-19 []

Table 17 Dimensions for similar model as [61].

A 2D nonlinear model of the planetary magnetic gsamodelled in the program
FEMM. Maxwell stress tensor method is used to dateuthe output torque from the
outer rotor. The output torque is calculated tQxlen = 90.2 [Nm], which corresponds
to a torque density of 117 [kNmjror a torque per unit length of 1804 [Nm/m]. Axlu

density visualization of the model is shown in Feyd.5.

Figure 4.5 Flux density plot of the FEM model withrque calculated with Maxwell

stress tensor.

The maximum obtainable torque stated in the [6]epas about 1800 [Nm/m] for a 5
[mm] radial thickness of the iron segments. Thaltefrom this nonlinear analysis are

therefore close to the results in [61].
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4.50ptimisation with FEM

An analysis of a planetary magnetic gear is maderder to be able to design an
improved gear regarding torque density. So famethe only made analysis where the
radial thickness of the iron segments is changeatl targue is calculated [61]. This
analysis shows only one parametric change and dimeeplanetary magnetic gear
configuration can have several dimensions chartbese might be a better choice for
the design. Dimensional design parameters are shmwirigure 4.6. Many design
parameters can be changed, for example thickneébe ohagnetsxxand %, thickness of
the iron segments plus air gap thickness of the back irom and %. Optimisation
with many variables is very time consuming thawisy some design parameters is held
constant for the optimisation namely the outeruad®,;, back iron thicknesssand the
air gap thickness g.

Figure 4.6 Sketch for a planetary magnetic gedn wéiriable parameter dimensions.

The goal for the optimisation is to find dimensibrelationship that result in a higher
torque density than for initial dimensions. The lpemn is formulated as a general
optimisation problem with object function (4.10®8quality constrains (4.108) and
inequality constrains (4.109). The optimisationoailhm is a large scale optimisation
with approximation of hessian using finite diffeces.
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f(X) = F(X,X%5...,X,) = (4.107)
T(Xv X5, X3, X4)

(X0, %g0 %5, %5) =

LRy, )
h; (%) = (X, %,,..%,) =0 = (4.108)
h(X,,%,) =X, +X, —0.0125=0
g, (%) = (%, %,,..%X,) =0 = (4.109)

g,(x) =-1200° +x, <0
g,(x)=1500°-x <0
Os(X,) =-12010° +x, <0
0,(x,) =15M10°-x, <0
0:(x;) =-12[10° +x, <0
gs(x,) =310°-x,<0
g,(x,) =-1200° +x, <0
gs(x,) =15010° -x, <0

The object function is set to magnetic gear tordaesity, which is calculated for an
angle position relative to the other two rotorsgwhthe transferred torque to low speed
rotor is at its maximum. An equality constraint 9stup for keeping total magnet
thickness constant. This limitation is set in ortefind best possible thickness sharing
of permanent magnet material on low and high spetels. Inequality functions are set
to limit the optimisation solution space. Optimisatresulted in a torque density of 151
[kNm/m? and following dimensional thickness values:

X1 = 2.210%[m], xo= 4.100°3%[m], X3 = 7.310%[m], x4 = 8.410°[m]
Torque increase is 29 % with a magnetic materiatease of 7%. The amount of

magnetic material has increased for the optimiséation because radii of the magnetic
material are increased and the total magnet thgskisekept constant.
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Figure 4.7 a) lllustration of original gear b) Blwmation of the optimised gear.

The result of this optimisation will be an optindEsign for obtaining highest possible
torque density within optimisation limitations. Hewer this optimal design can be a
local optimal design and not global optimum desighat is why the result must be

considered as torque density improvement and naessarily as absolute best
obtainable torque performance. It is also possiblechange the limitations of the

optimisation in order to get better performancer fap thickness is one of the

limitations that have a major influence on the tmrgdensity result and the total

thickness of the permanent magnets has also irdtuefhese limitations are primary

chosen to be in the same size order as the iniéigign. The optimisation shows that
more permanent magnet material thickness mustdieldited on low speed rotor than
high speed rotor. The thickness of the iron segmenist be bigger than the low speed
rotor magnets and smaller than the high speed nmgddack iron thickness on the low

speed rotor must be smaller than the low speed roémnets when high speed rotor
back iron thickness is held constant.

Similar observed fact regarding magnet relationghipkness is also found in [70]

where high speed rotor magnet thickness is thitkan low speed rotor magnets.
Relationships for back iron yoke thickness is asalysed in [70] and it is found that
high speed rotor yoke thickness does not have mafluence on the torque

performance. This discovery is not covered in thegnaisation analysis since high speed
rotor yoke thickness is held constant for the ojsation.

It is found that it is possible to improve theocati torque density performance by
changing dimensional design parameters. Howevegradlesign parameters are also
found important for the design and that is ironnsegtation duty cycle which is
described in the following section.
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4.6Parametrical change of segmentation duty cycle

The distribution between iron and air in the ir@gmmented rotor is also a variable
parameter that can be changed. The relationshipeleatiron and air can be described
with a duty cycle factord

Figure 4.8 Sketch drawing of iron segmented rotbere angles for duty cycle factor
are specified.

This duty cycle factor has also an influence onttirgue transmission ability for the

magnetic gear. The example modelled in the FEMyaisahas initially a duty cycle of
0.5, i.e. 50% steel and 50% air. The duty cyclédiad. can be calculated by (4.110).

Oy (4.110)

This relationship is not optimal for the given exgen The best duty cycle for the given
example is around 0.54 duty cycle i.e. 54% iron 4686 air. The optimal duty cycle
factor for the given example is plotted in Figur8.4
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Duty cycle [-]

Figure 4.9 Torque versus duty cycle factor.

0.6 with steeps of 0.01. An iron segmentation dutyle factor of 0.54 performs best.

The best duty cycle factor is dependent of dimerssiparameters and pole number

The best duty cycle factor for this configuratisrinvestigated in an interval from 0.4 to
configuration.
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4.7Summary

Analysis has shown that it is possible to increahseorque density of the planetary gear
type even further than previous studies have shgwcbanging configuration
dimension. It is especially magnetic material disttion that has influence on the
output torque. The best configuration is where npestnanent material is placed on the
high speed rotor. Back iron thickness on low spe¢dr and iron segments must also
have a specific size in order to obtain optimalqt@r density. An optimisation is
performed to find the best material thickness ifistron. The optimisation is limited
regarding air gap thickness, outer dimensions,riyo&e for high speed magnets and
total permanent magnet thickness. These limitatewasset to values that are considered
to be physical possible to implement in a prototyfiee air gap thickness can be made
smaller in order to get higher output torque, hosvethis air gap must have a certain
thickness to be sure that a prototype is possmdnufacture. Higher torque density
can be expected with a narrow air gap. It is atsssjble to obtain higher torque density
with larger outer diameter however this relatiopskinot covered in this analysis.

Iron segmentation duty cycle factor is also a cleabte parameter. An initial
investigation of a simple example has shown thaju® is dependent on this parameter
also and there is an optimal duty cycle factorthos specific example. This parameter
is therefore also worth changing when designingngtiary magnetic gears. Also the
physical layout of the segment could be investidjiaed have segments like teeth in a
machine. However this is left for further research.
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Chapter 5 Conclusion

Patents about magnetic gears can be dated bacgl® [B7] where electro magnets
were used, because permanent magnets at that géneevery weak. Permanent magnets
have become stronger since that time and thatasobthe main reasons why magnetic
gear research has become in focus. Many magnedictgaes are described in patents
and only few papers are written about magneticgydaacts about torque performance
for different gear technologies are not statedatepts as they are in scientific papers,
which make it difficult to estimate the performanicetween each technology. This
thesis focuses on 3 technologies which are expectdse most common for future
machinery.

5.1Thesis summary

The thesis starts with an introduction to mechdnpmaver conversion, which is the
fundamental reason to use a gear in a machinanplsimagnetic gear is described and
performance characteristic are defined for the reagrgear. State of the art analysis
summaries are also briefly described.

The state of the art analyses are considered &s&ential to be able to contribute with
new research. Torque density characteristic forniliagnetic gear technology is weak
compared to the traditional mechanical gear teduyywl This torque density
characteristic is considered to be and importamarpater to improve in order to
compete with the traditional mechanical gear tetdmo Scientific papers from the
state of the art analysis has shown that theotetadaulation models and physical test
modes is an accepted way to improve the magnetar ¢echnology. Following
statements are therefore fundamental for magne#tc iggsearch.

Problem statement

1. Determine state of the art for magnetic gear teldgies, and also technologies
from traditional mechanical gears.

2. Develop analytical and numerical calculation modaispermanent magnetic
gears. The purpose of the calculation models Isetable to estimate torque in
an early stage for magnetic gear design process.

3. Develop two experimental magnetic gear models. pugose with the test
models is to compare the theoretical results wiffreemental test models and to
gain practical experience.

Solutions to problem statements are summarisdukeifailowing sections.
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5.1.1 Performance from existing mechanical gears

State of the art analysis of existing mechanicargés introduced to review mechanical
gear types and find a rough estimate for expectrtbpnance level in terms of total
torque density and efficiency. The expected tavadjue density performance level is
dependent on gear type, gearing and input speeedstigated harmonic drive gears can
reach a total torque density up to 300 [Nm/I], hearethese gears have a low efficiency
sometimes down to 50%. Mechanical planetary gears lave a high total torque
density up to 265 [Nm/I] and a high efficiency up98% at 500[RPM] and a gearing
relationship at 5. Another planetary gear is radedn to 37 [Nm/I], which indicates
that the torque density variation is high amongrtteehanical gears. A cautious rule of
thumb for torque densities in mechanical gears bal15 [Nm/I] to 190 [Nm/I] for
planetary and cycloidal gear types in the geanmgrval of 20 to 90. Spur gears can be
expected to reach torque densities up to 83 [NMAg large variation in torque density
for the mechanical gears makes it difficult to cemg with magnetic gear types.
Comparison between magnetic torque density and amécdl torque density can
therefore best be performed for a specific casereviseveral mechanical gear
alternatives are compared with a specific magrysar.

5.1.2 Existing analysed magnetic gears and gears froenfmat

A search for the magnetic gears in various pubbaoat resulted in many different
magnetic gear technologies. Most relevant searstlteefrom the literature are from
scientific paper, because it is possible to qugntfque performance. One of the most
promising technologies is the magnetic version plametary gear [1]. FEM models are
used in [1] to analyse this type of gear technoldyis technology has a high torque
density. This is the reason why focus is directedard this technology in chapter 4 and
in section 5.1.5 Magnetic planetary gear. A var@the planetary gear type is found in
[75]. This type is modelled with FEA. The radial gnetised gear is another known
magnetic gear technology. This type of gear is ym®al analytically in [18], [19].
Another analytical model of a magnetic spur geanaelled with some mathematical
assumptions in [24]. Finite element analysis isdu® model a radial magnetised spur
gear in [21] and [22]. Axially magnetised versiarfsspur gears are analysed using a
semi-analytical calculation and numerical methoag26] and [28] respectively. A
perpendicular axis gear is also modelled with FE®thads in [33]. A magnetic version
of a harmonic gear is proposed in [72] and torcemsity is predicted to 110 [kNm/in

A torque calculation method is not described iradlébr this scientific paper. Practical
implementation of the proposed gear type has siitida to the magnetic cycloidal gear
described in chapter 3 and 5.1.4 Magnetic cyclog#ar. Other gear technologies are
found in patents. Not all of these technologiesmaoelelled in theory and it is therefore
not possible to quantify torque performance.

5.1.3 Magnetic spur gear

Radial magnetised spur gear is analysed in [18] d®]. Appropriate analytical
calculation methods are not found in the literaforeparallel magnetised gears even so
parallel magnetised magnets are cheaper to manwufadhan radial magnetised
magnets. A parallel magnetisation model is devaldpe a parallel magnetised gear on
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the basis of radial magnetisation theory. Thisudek new magnetisation functions and
solutions. Other equivalent current models for peremt magnets and torque
integration procedures are also introduced. Theallghmagnetisation model and the
radial magnetisation model are programmed in t@m@mpeterised software program,
where dimensions and physical properties can bmeatkfoy the user. User of this
program can estimate torque performance beforeofyye design. A part of the
program is able to start a FEM calculation routiigere the analytical model and a
FEM model are compared. Experience from this théwms shown that torque
calculation procedures are the key to design maggetars with better performance.
However calculation must be verified with experitamest models and this is done for
a magnetic spur gear with parallel magnetisationclvhs designed with a gearing
relationship of 1:4. The experimental test modahmsasured to a maximum torque of
12.0 [Nm], while theoretical analytical 2D resuisowed 16.6 [Nm]. The theoretical
analytical calculate result corresponds to an actorque density of 24.4 [KNmAn
while measured torque density performance fromstmae gear only is 17.6 [kKNmim
There are found matching mechanical spur gars wvgéaring relationship of
approximately 1:5 with a total torque density oftb624 [kNm/ni]. It can therefore be
concluded that the magnetic spur gear has a ptieedorque density compared to the
existing traditional mechanical gear technologytive torque density of the magnetic
spur gear is almost comparable with the total tergiensity of a corresponding
mechanical gear. The designer of magnetic spusgaast therefore be aware that it is
important to optimise torque density and total terglensity.

5.1.4 Magnetic cycloidal gear

The magnetic cycloidal gear is a new magnetic ggamology and this gear type is not
found among scientific papers although this geapingciple seems to be promising in
terms of torque density performance. This gearneldyy has a clear and obvious
benefit in making use of better magnetic interacti@tween rotor elements compared
to the magnetic spur gear principle. Magnetic otare also placed inside each other,
which will give a better space utilisation. It i@ possible to configure the magnetic
cycloidal gear in different configurations. Gearirglationship equations and torque
equations is defined for the different configuraso The analytical parallel
magnetisation expressions from the spur gear a@ tascalculate torque of a cycloidal
magnetic gear. A magnetic cycloidal gear test madetlesigned and tested. This
cycloidal gear is semi optimised to a analyticalcaiated torque density of 142.0
[kNm/m?]. A FEM model is also used to verify this calcidatwhich resulted in 146.8
[KNm/m®]. Maximum test gear torque is 33 [Nm], which résial an active torque
density of 33 / 1t x 0.0615 x 0.026) = 106.8 [KNm/fj. The relationship between
analytical calculated torque density and activeguerdensity is 106.8 /142.0 = 0.75.
The measured total torque density for this gearbel33 / (0.13 x 0.13 x 0.086) = 22.7
[kNm/m®. Corresponding mechanical gears with the sameirgpaelationship are
found with a total torque density of 15 to 173 [kiMmi. It is concluded that the
designed test model have difficulties to reach sheme level of performance as the
traditional mechanical gears. Optimisation procedsrused to optimise torque density
performance of the magnetic cycloidal gear. Impdot@que density results at 173.9
[KNm/m® can be obtained with another pole number confijon and the same
dimensional constrains, which will change gearinglationship to 1:36. The
optimisation shows that there are an optimal nundfemagnetic poles for given
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dimensions. Another optimisation procedure is geimth other dimension limits and
with a 42 — 44 pole configuration. Optimisationuksd in a torque density of 158
[kNm/m?]. This optimisation showed that dimensions of gheen pole configuration is
possible to scale down in order to reach bettequirdensity performance. More
magnetic material can also increase the torqueitggrerformance. This is discovered
by increasing the area limitation in another opsimion procedure, where the best result
is 183 [kNm/mi] with larger volume and specific torque. Betterqiee density is
expected if area limitation is increased more. ghhieached torque density level makes
this gear technology perform well compared to othwgnetic gear technologies.
However it is important to utilise the high obtdiatorque density level together with
a gear design where a great part of gear lenglisagithis high torque density unlike
the cycloidal gear test model where the only 26 [noot of 86 [mm] total length is
utilised. Available predicted active torque densitiensity is for now 183 [kNm/rh for
the cycloidal gear. It is impossible to predicteamive torque density without building a
test model with the decided design dimensions. @dijgtion for the active torque
density will however be around 0.75x183 = 137 [kNrf}/ A total measured torque
density for such a gear will most likely be arour87x22.7 / (106.8) = 29 [kNm/fhor
higher depending on how well the design is utilis&étie magnetic cycloidal gear
efficiency is measured to 94% at 50 [RPM] and 92%5©0 [RPM] on the input shatft.
Efficiency of the test model is a little lower thafficiency from example gears found
for corresponding mechanical gear types where tha@eacy is 95 %. Test model is
designed with 18 bearings which can have creatdrh dxiction compared to the
mechanical gear. Mechanical cycloidal gear andnthgnetic cycloidal gear include a
torque transferring device where torque is tramsterthrough parts with oscillating
motion. It is assumed that the torque transferdagice is responsible for a major part
of the friction in the magnetic cycloidal gear,@@this device consist of many rotating
mechanical parts.
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5.1.5 Magnetic planetary gear

The planetary magnetic gear technology is previodgscribed in scientific papers
[1][61]. Performance of this gear type is promislgrause a torque density up to 100
[kNm/m?] is predicted. 78 [kNm/f} is measured which makes this gear the most torque
dense stand alone planetary magnetic gear. Thedigatific papers describe principles
of operation with a focus on space harmonics irgap, variation of torque and torque
performance. Less attention is focused on possbtdiguration types. However an
explanation of another improved configuration iswh in this thesis and this example
shows an increased gearing relationship from 5.6.50 The torque performance will
also be improved by a configuration change andithahy the configuration type is an
important issue. A computer optimisation methodstarch for optimal solutions
regarding torque density is not used in scienpfipers about planetary magnetic gears.
This approach is used where the torque densitalsulated from a 2D FEM model.
Initial dimensions for the 2D model are similar ttee design used in [1] and [61].
Results from the optimisation shows a 29% torquesiti increase with only 7% more
permanent magnet material used. A part of the deargn includes iron segments.
These segments are placed in a circular patternvéhda certain air gap between them.
The relationship between air thickness and segtiécikness can be changed in order
to reach better torque performance. This discoigefgund by changing the relationship
between air gaps and iron segments for a magnetac modelled with FEM. The
example shows that the best relationship betweengap and iron segments is
dependent of dimension parameters and pole coatigar The discovery is important
to consider for obtaining an optimal magnetic gdasign. Integrated motor with
planetary gear drive is becoming more common ansmentific papers since 2007.
Torque density performance from this drive typeradicted to attain 130 [kNm/Ain

a scientific paper [70]. This performance is higbmpared to prediction of 100
[kKNm/m® for previous described stand alone planetary refigngears. Inside
cylindrical space located in the planetary magngéiar centre part is not utilized in the
stand alone magnetic gear. However this is utilimef70] which make the planetary
magnetic gear especially suitable for motor incoaion in centre part.
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5.1.6 Conclusion

It is the author’s opinion that results from thigesis cover the problem statement.
Relevant references for determining state of thetechnology foundation within
magnetic gears and mechanical gears are analybedthgsis will improve the existing
technology by improved analysis methods for anedyticalculated magnetic field
solutions combined with numerical integration irder to quantify and semi optimise
magnetic gear torque transferring capabilities. Pheposed analytical methods are
programmed in a software program which is verifigth traditional FEM methods.
Prototype of a traditional magnetic spur gear isiglteed and later analysed with the
proposed calculation methods. A new developed @@lanagnetic gear prototype is
also designed and later analysed with modified geed analysis method. Analysis
results from the new cycloidal magnetic gear te&bmp are better than the existing
magnetic gear technologies. A conventional magr@taoetary gear is also analysed
with FEM methods and torque density is improvedibg of optimisation tools.

Torque density lack can in some cases be the tiontdor that the magnetic gear can
not replace a traditional mechanical gear. Thiselkeved to be the main disadvantage
for magnetic gears in general. Boundary for obtitegque density is moved with the

results of this thesis and this will increase paiisy of using magnetic gears. Most

important advantage of using magnetic gear teclyyoi® that it is considered to have

mechanical wear free property for internal mechanigarts. Magnetic gears are

therefore expected to be incorporated in machimérgre this advantage is weighted
high.

Magnetic gear Analytical | 2D FEM | 3D FEM | Measured | Measured Unit
(Active) (Active) (Active) (Active) (Total)
Spur gear 16.6 16.7 13 12 - [Nm]
Test model 24.4 24.5 19.1 17.6 - [ knm/nr]
Spur gear 11.6 [Nm]
Optimised 34.6 [KNm/m’]
Cycloidal gear 43.9 45.4 33 33 | [Nm]
Test model 142.0 146.8 106.7 22.7 | [kNm/m’]
Cycloidal gear [Nm]
Optimised 183.0 [KNm/m’]
Planetary gear [Nm]
Optimised 151 [KNm/m’]

Table 18 Torque and torque density for analysedsgea
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5.1.7 Future work

Working with magnetic gears will generate ideasféure possible research work to be
done within the subject of magnetic gears. Futupeeted research are described in the
following.

* Dynamic models

* Losses and loss distribution

* Promising gear types

* Better magnetisation pattern

» Linear magnetic gears

* Devices with medium separation or other unique athges

» Technology reliability tests

Dynamic models of a magnetic planetary gear ardys@ea in [66]. More research is
expected in this field in order to ensure that nedigngears performs according to
expected specifications. Dynamic model simulatiodynamic test is necessary if the
gear is supposed to run with variation loads argedr slip effect is not accepted. Such
dynamic models are useful to determine a suitatnigue reduction factordg which
will be used in equation (1.3) to reducg.ito the nominal torque.

Losses and loss distributions has not been covbyethis thesis. This is also an
important theme to investigate in order to predaegnetic gear efficiency which is a
competitive factor. Loss distribution theory fromisting electromagnetic systems is
expected be useful for calculating magnetic los&=aring losses will also have
influence on the magnetic gear efficiency and thiesses can be estimated from
general bearing loss theory. Efficiency measuremareg helpful for verification of loss
models. However this will often require high acayaeasurement equipment because
magnetic gears have a high efficiency in generalo@neters can be used if more
accurate loss measurement must be performed.

The magnetic cycloidal gear and the planetary magmear are the most promising
gear types at current time. Magnetic cycolidal geame of most promising gear types
in regards to torque density. Advantage for thiarggpe is to obtain high gearing
relationship in a single gearing stage. One ofdisadvantages for this gear type is the
high number of mechanical parts in the presentgdesiew simplified designs types
with less mechanical parts is expected within m#agneycloidal gear technology.
Planetary magnetic gear is especially suitablarfotor integration [70]. More research
iIs expected within these integrated drive typesabse a high total torque density is
reachable.

Improved magnetisation patterns are also expeoabvedthie future magnetic gears.
Magnetisation pattern like halbach array is onghef known magnetisation patterns
which have a focusing effect. Strong flux fieldsdse obtained by using this pattern.

A linear magnetic gear is patented in [38] and otkérences can be found. However

this linear gear type is only mentioned brieflytins thesis. Linear magnetic gear types
are also expected to go through a evolution likerttagnetic gear because magnets is
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becoming stronger and better simulation tools dse Aecoming better for analysis
studies.

Application devices such as integrated magneti@luog with water pump are state of
the art within pump applications. The unique alibig device type is that magnets have
the ability to separate mediums from each otheis Expected that other mechanical
devices will be integrated with magnetic gears wheredium separation ability is
utilised or other unique advantages like torquetétion is utilised.

Optimisation methods are expected to be used irergerior optimising magnetic
devices in the future. An example is the analytisalution of magnetic fields in a
planetary magnetic gear proposed in [71]. Thesatisols will be useful for future gear
optimisation.

Magnetic gear technology is still considered toabelatively new technology and not
proven technology. That is probably the reason wdwipanies hesitate with implement
magnetic gear technology in their products. Moeddfitests with permanent magnet
gear equipment are expected in the future to ptiogeeliability of this new emerging
technology.
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Nomenclature list:

Symbol Description Unit

0 Angular tangential vector [-]

r Radial normal vector [-]

n Efficiency of the magnetic gear [-]

H Absolute permeability [Tm/A]

Ho Permeability for free space [Tm/A]

Hr Relative permeability [-]

() Angle used in source and drive coordinate systems Rad]
Integration variable used to integrate a radius [m]

n Efficiency [-]

Yo Surface charge density [T]

Odp, Gradient of the magnet scalar potential [A/m]

Odm® Gradient of the in and outside air scalar potential [A/m]

0(q) Discrete angular integration variable [Rad]

Oa Angle for iron segment [Rad]

05 Angle from one segment to the next segment [Rad

a’ Angular constantt” = 172 for the magnetisation [Rad]

d1 Start angle for the surface integration [Rad]

d2 End angle for the surface integration [Rad]

Wa Angular velocity of part A [Rad/s]

W Angular velocity of part B [Rad/s]

W Angular velocity of part C [Rad/s]

o, Angular velocity of high speed rotor [Rad/s]

W Angular velocity of iron segments [Rad/s]

W Angular velocity of low speed rotor [Rad/s]

bedge Integration angle for the radial integration [Rad]

Pm Equivalent volume charge density [T]

bm ™ Scalar potential of the magnet [A/m]

by ™ Scalar potential of the inside and outside airargi [A/m]
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PA Active torque density [Nm/I]

pr Torque density of the total used gear volume [Nm/I]
pr Torque density of total gear box [Nm/I]
AW Sinus Fourier coefficient for the volume chargeslen|  []

B Flux density field vector for the magnet material T
B™® Flux density field vector for in and outside air 1T
B® Cosine Fourier coefficient for the surface chargesd []

B, Remanence flux density [T]

Ci Sinus Fourier coefficient for the volume chargegen []

dc Duty cycle factor for segment distribution []

D Distance between centre of the magnetic wheels [m]

D Cosine Fourier coefficient for the surface chargesd [-]

f() Optimisation object function [*]

g Air gap thickness [m]

a0 General inequality constrain optimisation fuoati [*]

Gra Gearing relationship — configuration a) [-]

G Gearing relationship — configuration b) []

Grc Gearing relationship — configuration c) []

H Magnetic field vector for the magnet material [A/m]
H® Magnetic field vector for in and outside air [A/m]
hi() General equality constrain optimisation function [*]

Hr Total height of gear box [m]

I Counter for Fourier coefficients []

jm Surface current density [A/m]
k Constant used in [1],[61] []

Kq Temperature coefficient [-]

Kq Torsion spring coefficient [Nm/Deg.|
Kred Torque reduction factor [-]

L Length/ depth of the active magnet [m]
Lt Total length of gear box [m]

m Constant used in [1],[61] [-]

M pu Mass of the permanent magnet material [kg]
Mg Tangential component of the magnetisation vectd 1|i [A/m]
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M i Tangential Fourier coefficients for the magnetsati [-]

Mg Magnetisation of drive magnet [Am]
M, Radial component of the magnetisation vector field [A/m]
My Radial Fourier coefficients for the magnetisation -1
Ms Magnetisation vector field [A/m]
Ms Magnetisation of source magnet [A/m]
Ny Speed of the input shaft [RPM]
Ns Number of segments [-]

Np Number of poles, for drive and source magnet [-]
Npole2 Number of poles on second gear wheel [-]
Npole2 Number of poles on first gear wheel [
NpoleD Number of poles for the drive magnet [-]
Npoles Number of poles for the source magnet [-]
Ny = N Integration parameter for the number of integration [-]

p Pole pairs [-]

Ph Pole pairs for high speed rotor []

o] Pole pairs for low speed rotor [-]

P Counter for pole number in the torque integration [-]

Pa Number of magnetic poles of part A [

Pc Number of magnetic poles of part C [

P Solutions constant for the cosine terms of the imatr [-]

P Input power of the magnetic gear [W]
P Power input [W]

Pk Number of pole pairs in space harmonic flux [-]
Pout Output power of the magnetic gear [W]
Pout Power output [W]

Qi Solutions constant for the cosine terms of the imatr [-]

R Radius variable for both coordinate systems [m]
R(q) Discrete radius integration variable [m]
R Radius in the source magnet coordinate system ] [m
R1 Inner radius of the magnet [m]
Rid Inner radius of the drive magnet [m]
Ris Inner radius of the source magnet [m]
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R, Outer radius of the magnet [m]
Rag Outer radius of the drive magnet [m]
Ros Outer radius of the source magnet [m]
Ry Gearing relationship [-]

Rga) Nominal gearing relationship of configuration a) 1 [
Rgb) Nominal gearing relationship of configuration b) ] [-
Rye) Nominal gearing relationship of configuration c) 1 [-

Rk Boundary radius for magnetic material [m]
Rout Outer radius for planetary gear [m]
S(q) Simpson’s integration number [-]

T Calculated torque from the integrations [Nm]
T: Permanent magnet temperature [°C]
T() Torque function for parallel magnetisation [Nm]
Ton Maximum torque rated at input shaft speed [Nm]
Tonx Maximum torque rated at another input shaft speed Nm][
Ta Nominal torque on part A [Nm]
Ts Nominal torque on part B [Nm]

Tc Nominal torque on part C [Nm]
Teoeff - Temperature coefficient [%T/K]
Teye. Nominal torque from a cycloidal gear [Nm]
Tbens Torque density [Nm/I]
Tint. Nominal torque from a internal spur gear [Nm]
TwMass Calculated stall torque per permanent magnet mass Nm/ig]
Tmax Maximal torque of the magnetic gear [Nm]
Tmax Maximal torque performance [Nm]
Thom Nominal torque performance [Nm]
T, Torque contribution from the radial integrations niN
Tstall Torque at stall position [Nm]
Tu Torque contribution from the inner tangential intdg [Nm]
Te Torque contribution from the outer tangential im&dg [Nm]
U™ Fourier coefficients for the magnet (cosines terms) [-]

u;® Fourier coefficients for the air region (cosinestts) [-]

Vv Volume of the two gear wheels fin
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Va Volume of the active magnetic material Im
Va Volume of active magnet material in
v;(m Fourier coefficients for the magnet (sinus terms) 110
v, Fourier coefficients for the air (sinus terms) []
V Outside volume of the magnetic gear *[m
Vr Total gear box volume [m?]
W+ Total wide of gear box [m]

X1 Outer yoke thickness [m]

X2 Low speed magnet thickness [m]
X3 Segment thickness including air gaps [m]
X4 High speed magnet thickness [m]
Xs Inner yoke thickness [m]

[*] represent different unity values. [-] represenmtumerical number.

Table 19 Nomenclature list.
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