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Preface

In 2009-2010, my master project was about building a Motor Integrated Permanent
Magnet Gear (MIPMG) prototype for automotive applications and compose a sensor-
less control [1]. This project initiated my interest for magnetic gears. After finishing
the master project, my fellow master student Kasper Køtter Jensen and I stayed at the
university to design a new MIPMG as a part of an electric vehicle conversion project,
where an old Audi A8 was to be transformed into an electric vehicle.
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MIPMG v.2, for traction of the converted Audi. The work composing the content of
this PhD thesis was initiated together with my college and my supervisor, and we
worked together for about one and a half year. Thereafter, I have worked with the
subject alone in cooperation with my supervisor.

Approximately half of the work documented in this thesis has been conducted as
a part of the electric vehicle project, which was financially supported by the European
Regional Development Fund. The other half has been supported by the Department
of Energy Technology, Aalborg University, Denmark, and Dacs A/S. The work could
not had been finalized without the support from the head of the Department of Energy
Technology, John K. Pedersen. Thank you John for believing in the technology and
support of the PhD project.

The work with magnetic gears presented in this PhD thesis could not have been
realized without the financial support mentioned above, but it would never have been
initialized without my committed and very passionate supervisor. I would like to ex-
press my deepest gratitude to my supervisor Peter Omand Rasmussen for his valuable
guidance, support, understanding, and help to overcome different barriers in my re-
search work as well as personal life. Thank you Peter for all your crazy ideas, enthusi-
asm, consistent encouragement, and faith in the work.

Special acknowledgments go to my colleagues Nick Ilsø Berg and Rasmus Kold-
borg Holm for their readiness to help, their comments and discussions both on work
and private related topics, and I am grateful to have been able to gain a little insight
into their interesting projects as well.

I would like to express my sincere thanks to my former fellow student and
coworker Kasper Køtter Jensen. We have had many fun hours both during and outside
working hours, and we have had a great teamwork on the design of the MIPMG v.2
prototype in the first third of the PhD project.

Thank you to all the colleagues from the Department of Energy Technology for
their support and willingness to help. Especially, thanks to the staff in the workshop
for their forbearance to me in the workshop and their help to manufacture parts for the
prototypes and test set-ups.

Regarding prototypes and test set-ups, I will like to thank Sintex for supplying mag-
nets and help with magnetization, Grundfos for providing the special laminations and
general support, FJ Sintermetal for making SMC components, Elektro Isola for spon-
soring composite parts, and Dacs for their collaboration concerning magnetic gears
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Finally, gratitude goes to my wife and kids for standing by me, when I had to sit
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Abstract

A Magnetic Gear (MG) has some unique qualities when compared to a mechanical
gear such as: reduced acoustic noise and vibration, inherent overload protection, no
lubrication, no backlash, no power transfer through mechanical contact and thereby
improved reliability and minimal maintenance. These qualities make the MG attractive
to use in many applications.

With use of strong permanent magnets containing rare earth materials, a torque
density above 150 [kNm/m3] can be obtained with a MG and when an electrical machine
is integrated with a MG it should be possible to obtain a kind of Direct Drive (DD)
machine with a similar torque density and very low copper losses.

In more than a decade, the interest of MGs in the academic world has been increas-
ing, and the industry is slowly starting to be aware of the potentials of the MG with
and without an integrated electrical machine.

This thesis treats subjects related to design and prototyping of a Motor Integrated
Permanent Magnet Gear (MIPMG). The work is conducted to gain experience with
the technology, to make an improved design possible, and is mainly founded on two
MIPMG prototypes. The basic theory and functionality of MGs are outlined, and the
project is limited to investigate and improve the design of the MG type categorized as
a coaxial flux modulating MG. The main part of the thesis focus on a MG integrated
with an inner and decoupled permanent magnet machine, i.e. a MIPMG, however the
possibility to use a MG together with an induction machine has been studied as well.

The first MIPMG prototype investigated in this thesis (MIPMG v.1) had the highest
published experimentally validated torque density of a combined permanent magnet
gear/motor unit, when it was presented (92 [kNm/m3]). Efficiencies above 80% were
measured, however the prototype had very large rotational losses and was therefore
only operational at a motor speeds below 3500 [rpm], while the actual design speed
was 14000 [rpm].

The MIPMG v.1 served as a proof of concept prototype, and a lot of work has been
put in investigating the possibilities for improvements of the design. In particular the
high rotational losses was examined extensively, before the design of the MIPMG v.2
was initiated.

Design details of the MIPMG v.2 are elaborated and the prototype is presented.
Compared to the MIPMG v.1, an impressive reduction of the measured rotational
losses has been achieved, which lead to in a measured efficiency above 93% , mean-
while a high torque density of 99.2 [kNm/m3] is maintained.

The MIPMG v.2 prototype has been modified several times in an attempt to reduce
the rotational losses even further. The result has been a reduced maximum build factor,
the ratio between the measured and calculated losses that is, from above 2.3 to below
1.8, which naturally induce an increased efficiency.

Some magnets in the MIPMG v.2 prototype have most likely been partly demagne-
tized, and consequently the measured slip torque is significantly lower than predicted
by the calculations performed via Finite Element Method (FEM). The MIPMG v.2 has
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been theoretical redesigned, where the demagnetization and an optimization regard-
ing the consumption of magnet material are taken into account. When the redesign
is compared to the original MIPMG v.2 design, the use of magnet material is reduced
with 44%, the slip torque is expected to increase with 15%, which induces the torque
per kilo magnet used in the gear to increase with 224%. An estimate of an achievable
peak efficiency in a prototype is above 96% for the redesign.

If the MG should be used as a substitute to the mechanical gear in the industry,
the combination of a MG and a grid connected Induction Machine (IM), is highly rele-
vant. No previous work has examined the possibility of using a MG together with an
IM. It was found that the high starting and breakdown torque of a grid connected IM
could cause the MG to slip during start-up. A solution to this start problem has been
investigated by simulation and tests in the lab. It was concluded that the most effec-
tive measure to avoid the MG to slip is to slow down the IM by increasing the mass
moment of inertia on the HS side of the gear.
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Dansk Resumé

Et Magnet Gear (MG) har nogle unikke egenskaber når det sammenlignes med et
mekanisk gear, såsom: reduceret akustisk støj og vibrationer, indbygget overlast
beskyttelse, ingen smøring, ingen backlash og ingen effektoverførsel via mekanisk
kontakt, hvilket øger pålideligheden og minimere vedligehold. Disse egenskaber gør
det attraktivt at bruge et MG i mange applikationer.

Ved brug af stærke permanent magneter, som indeholder sjældne jordarter, kan
en momenttæthed over 150 [kNm/m3] opnås med et MG, og når en elektrisk maskine
integreres med et MG, burde det være muligt at opnå en slags Direkte Drevet (DD)
maskine med en lignende momenttæthed og meget lave kobbertab.

I mere end et årti er interessen for MG i den akademiske verden steget, og langsomt
er industrien begyndt at blive opmærksom på potentialerne ved brug af MG med og
uden en integreret elektrisk maskine.

Denne afhandling behandler emner, der relater til design og prototype fremstill-
ing af et Motor Integreret Permanent Magnet Gear (MIPMG). Arbejdet er udført for at
opnå erfaring med teknologien, for at blive i stand til at lave et forbedret design, og er
hovedsageligt funderet på to MIPMG prototyper. Den grundlæggende teori og funk-
tionalitet af MG er opsummeret, og projektet er begrænset til at udforske og forbedre
designet af MG typen, der bliver kategoriseret som et koaksiale flux modulerende MG.
Hovedparten af afhandlingen fokuserer på MG integreret med en indre og afkoblet
permanent magnet maskine, dvs. et MIPMG, men muligheden for at bruge et MG
sammen med en induktions motor er også blevet undersøgt.

Den første prototype der undersøges i denne afhandling (MIPMG v.1) havde den
største publicerede og eksperimentelle validerede momenttæthed af en kombineret
permanent magnet gear/motor enhed, da den blev præsenteret. Virkningsgrader over
80% blev målt, men prototypen havde meget store rotationstab og var derfor kun op-
erationsdygtig ved motor hastigheder under 3500 [rpm], hvor designhastigheden reelt
var 14000 [rpm].

MIPMG v.1 fungerede som en proof of concept prototype og en masse arbejde er
lagt i at udforske mulighederne for forbedringer af designet, hvor især de høje rota-
tionstab er blevet grundigt undersøgt, før designet af MIPMG v.2 blev igangsat.

Design detaljer af MIPMG v.2 er uddybet og prototypen er præsenteret. Sammen-
lignet med MIPMG v.1 er der opnået en imponerende reduktion i de målte rotation-
stab, hvilket har medført målte virkningsgrader over 93%, imens der er bibeholdt en
høj momenttæthed på 99,2 [kNm/m3].

MIPMG v.2 prototypen er blevet modificeret af flere omgange i et forsøg på at re-
ducere rotationstabene yderligere. Resultatet blev en reduceret maksimum byggefak-
tor, dvs. forholdstallet mellem de målte og beregnede tab, fra over 2,3 til under 1,8,
hvilket naturligvis medfører en forøget virkningsgrad.

Nogen af magneterne i MIPMG v.2 prototypen er højst sandsynlig blevet delvis af-
magnetiseret, og som konsekvens heraf er det målte slipmoment væsentlig lavere end
det var forventet ud fra beregninger udført via Finite Element Metoden (FEM). MIPMG
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v.2 er blevet teoretisk redesignet, hvor der er blevet taget hensyn til afmagnetisering,
og optimeret på forbruget af magnetmateriale. Når redesignet sammenlignes med det
originale MIPMG v.2 design, er forbruget af magnet materiale reduceret med 44%, slip-
momentet forventes at stige med 15%, hvilket medfører at momentet per kilo magnet
brugt i gearet forøges med 224%. Et estimat af en opnåelig maksimal virkningsgrad er
over 96% for redesignet.

Hvis et MG skal bruges som en erstatning til det mekaniske gear i industrien, er
kombinationen af et MG og en net tilsluttet induktionsmaskine meget relevant. Mu-
ligheden for at bruge et MG sammen med en induktionsmaskine er blevet undersøgt,
hvilket ikke tidligere er gjort. Der blev fundet ud af, at det høje start- og breakdown
moment fra en net tilsluttet induktionsmaskine, kan medføre at magnet gearet slipper
ved opstart. En løsning til dette problem er blevet undersøgt ved simulering og forsøg
i laboratoriet. Det blev konkluderet at den mest effektive måde at undgå at magnet-
gearet slipper, er ved at bremse induktionsmaskinen ved at øge inerti massen på HS
siden af gearet.
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Chapter 1

Introduction

This thesis treats the subject, design and prototyping of a permanent magnet gear com-
bined with an electrical machine. The first known patent of a magnetic gear device was
applied more than a century ago in September 1900 and granted in November 1901 [2].

Since then a lot of patents regarding magnetic gears have been applied and some
granted [3–28], but it is only in the last couple of decades the Magnetic Gear (MG)
has attracted significant attention as a possible replacement for the mechanical gear.
To obtain a torque density of interest with a MG, when compared to the mechanical
gears, the utilization of rare earth magnets is essential. The strong NdFeB magnet was
discovered in 1982 by General Motors and Sumitomo Special Metals [29]. However, it
was the decrease in the rare earth magnets prices in the 90’s, caused by the mining in
China [30], and the milestone paper [31] from 2001 that theoretically showed the pos-
sibility to obtain a torque density in the range of 100 [kNm/m3], which initiated the still
increasing interest of MGs in the academic world. At present, the industry is slowly
starting to open their eyes and see the potentials of the MG, yet still no commercial
products are available.

The MG has several potential advantages compared to a mechanical gear such as;
reduced acoustic noise and vibration; peak torque transmission capability, i.e. inherent
overload protection; no lubrication; no mechanical contact except the bearings, thus
minimal fatigue and wear which entails reduced maintenance and improved reliabil-
ity; and no backlash but instead a built-in torsion spring exist between the rotors.

Numerous of papers concerning MGs have been published where various topolo-
gies have been proposed, and many prototypes have been made and design details
have been investigated [31–76]. In recent years, a massive increase in the number of
published papers regarding MGs has happened, cf. Figure 1.1, and MGs are designed
with impressive torque densities, thus resulting in a measured torque density in a pro-
totype above 150 [kNm/m3] [73]. No significant commercial MGs have emerged, but it
is believed that in time MGs will appear in distinctive applications, where the advan-
tages of the MG will be utilized, in the same way as the magnetic coupling has been
adopted in relevant applications.

When an electrical machine is build together with a MG, it is possible to design
a very compact machine/gear solution. As a natural consequence of the increasing
interest of the MG, a parallel increasing interest for the Motor Integrated Permanent
Magnet Gear (MIPMG) has taken place in the last decade. Many theoretical papers
about integrating an electrical machine with a MG have been presented. The majority
are based on radial versions of MGs [77–96] and only a few on axial [97, 98] versions.

The first known patent for an electrical machine combined with a magnetic gear
was granted back in 1933 [99], and within the last two decades many more patents
concerning MIPMGs have been applied [100–107]. At current time, knowledge of only
two axial prototypes is obtained [108, 109], whereas several prototypes of the radial
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Chapter 1. Introduction

Figure 1.1: Title search of papers in Scopus on “magnetic gear” and “magnet gear”. The in-
crease in number of papers when the NdFeB magnets was discovered is distinct
as well as the increased slope after the mile stone paper [31] in 2001.

type have been built [110–122].
The coaxial and radial flux modulating MIPMG, which can be compared to a me-

chanical planetary gear, is the most documented version of the MIPMG designs. It is
by the author considered the most promising design to successful realize a functional
machine, seen from a mechanical point of view, when compared to axial and other ec-
centric radial designs, consequently the only design treated in this thesis. A profound
description of the coaxial flux modulating MIPMG design is given in Section 1.2-1.3.

1.1 Basics of Magnetic Gears

The most simple magnetic gear is a design equivalent to the mechanical spur gear.
Here the teeth of the gear wheels are simply replaced with magnets cf. Figure 1.2. The
magnetic coupling between the magnets of the two gear wheels means that when one
wheel is rotated, the other will follow the rotation like with the mechanical spur gear.
However, the MG distinguishes in a couple of areas. The MG transfer the torque with-
out physical contact between the rotors, thus no mechanical friction and no backlash
like in the mechanical gear, but instead the magnetic torque transfer induce a well-
defined torsion spring characteristic between the two rotors.

The gear ratio of the mechanical spur gear can be described as the ratio between the
number of teeth on the Low Speed (LS) and the High Speed (HS) gear wheel, and again
the teeth can be replaced with magnets and the gear ratio for the MG is calculated in
the same manner, i.e. as the ratio between the number of poles or pole pairs on the two
gear wheels.

i = − NteethLS

NteethHS

= − NpolesLS

NpolesHS

= − pLS

pHS
(1.1)
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1.1. Basics of Magnetic Gears

(a) Mechanical spur gear. (b) Magnetic spur gear.

Figure 1.2: Comparison of mechanical and magnetic spur gear.

Where i is the gear ratio, NteethLS and NteethHS are the number of teeth on the LS and
HS gear wheel of the mechanical spur gear respectively, NpolesLS and NpolesHS are the
number of poles on the LS and HS gear wheel of the magnetic spur gear respectively,
and pLS and pHS are the number of pole pairs on the LS and HS rotor. The minus is
due to the opposite rotation direction of the rotors.

In Figure 1.2b, the two gear rotors are in neutral position, i.e. no torque is applied
the gear, whereas in Figure 1.3 the HS wheel is fixed, and the LS wheel is turned θLS.
When θLS equals the arc of half a LS magnet, it induces the maximum torque the gear
is cable to transfer, the slip torque, i.e. the torque where the gear will begin to slip also
known as the stall torque or pullout torque. In this load scenario the MG is in a unstable
position, i.e. if the torque is increased just a little, the gear will slip, hence the inherent
overload protection. In normal operation the load torque should be somewhat lower
than the slip torque of the MG to avoid slipping.

Figure 1.3: Magnetic spur gear illustrated in full load position.
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Chapter 1. Introduction

The load torque of a MG can be approximated as a sine function of the relative
angular displacement between the low and high speed rotor of the MG, where the
peak amplitude is the slip torque of the gear, cf. Figure 1.4.

Figure 1.4: The load torque of a magnetic gear described by a sine curve as a function of
the relative angle displacement between the rotors.

In Figure 1.4, the relation between the load torque and the relative angular displace-
ment between the rotors of the spur gear in Figure 1.3 is illustrated, where the torque
load function is defined from the LS side of the gear. I.e. the relative angle displacement
between the rotors is seen from the LS side and defined as:

∆θ = θLS − θHS ·
1
i

(1.2)

From Equation 1.2 it is evident that the mechanical rotation of LS rotor has a higher
impact of the relative angle between the rotors than a rotation of the HS rotor. This
can also be derived by looking at Figure 1.3. Here the slip torque is achieved when
the LS rotor is fixed, and the HS rotor is rotated θHS corresponding to the arc of half
a HS magnet or a mechanical rotation of θHS = 360◦/16 = 22.5◦, whereas the LS
rotor only needs to be rotated the arc of half a LS magnet or a mechanical rotation of
θLS = 360◦/40 = 9◦, to obtain the slip torque, when the HS rotor is fixed. The torque
of the LS side of the MG is expressed as:

τLS = sin (∆θ · pLS) · τslip (1.3)

When the maximum load of the MG is set with a reasonable buffer to the slip torque,
the torque will in- or decrease almost linearly as a function of the relative angle like
illustrated with the red line in Figure 1.4. The torsion spring constant is defined as the
slope of this line and is identified as the derivative of Equation 1.3 when ∆θ = 0:

KLS = pLS · τslip (1.4)
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1.2. Planetary Magnetic Gear

From Equation 1.4 it is clear that for each combination of slip torque and pole num-
ber a specific torsion spring constant will exist, and if a stiff torque transfer is required
the pole number and/or slip torque should be high. The relative angle displacement
in Equation 1.2, the torque function in Equation 1.3, and torque constant in Equation
1.4 can of cause be defined from the high speed side as well, but in this thesis focus is
put on LS side as output, and consequently they are defined from the LS side.

The spur MG is a great demonstrator to get a better understanding of the coupling
between the mechanical and magnetic gear, but it is a very poor gear design, when it
comes unbalanced forces and torque transfer capability. Only a few magnets interact at
the same time, i.e. the magnet material is poorly exploited, which induce a low torque
density and makes it far too expensive to be an appealing substitute for the mechanical
gear.

1.2 Planetary Magnetic Gear

To obtain a reasonable torque density with a MG, the magnet material should be better
utilized than with the magnetic spur gear. A simple and easy comprehensible design,
which have more magnets interacting at the same time, is a copy of the mechanical
planetary gear, cf. Figure 1.5. In this design the torque transfer capabilities will be
much higher than the spur gear design, but the drawback of this design is a lot of
moving parts, and the layout is not ideal when it is intended to integrate an electrical
machine with the MG.

Figure 1.5: The mechanical and magnetic planetary gear designs are compared.

Many different MG designs have been proposed throughout time, where an ex-
cellent state of the art is presented in [123]. However, most published work with MGs
focus on the coaxial flux modulating MG. The coaxial flux modulating MG is also com-
parable to a mechanical planetary gear, but it has less moveable parts than the direct
copy of the mechanical planetary MG presented in Figure 1.5, and it supposedly has a
better utilization of the magnets.
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Chapter 1. Introduction

The flux modulating MG has a flux modulating steel part, which couples the flux
between the HS and LS side magnets. The working principle of this type of gear can
be illustrated by the single phase MG version presented in Figure 1.6.

High speed rotor
(4 poles)

Low speed rotor
(20 poles)

Steel part

Steel segments

Simpel_PM_Gear
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Figure 1.6: Simple multipole magnetic gear.

The working principle behind this gear was patented back in 1916 using electro-
magnets [3] and later in 1994 with permanent magnets [15]. When Figure 1.6 is stud-
ied, it is easy to imagine that if the HS rotor is rotated one pole, equivalent to 1

4 rotation,
the flux polarity is switched in the steel parts, and due to the steel teeth/segments the
LS rotor will also rotate one pole, which is equivalent to 1

20 rotation, thus a gear ratio
of 5 between the rotors. However, because this is a single phase design, the LS rotor
has a direction and rotation problem when the HS rotor change polarity. The LS rotor
will need an external force before it will rotate or else it will be in an unstable position
corresponding to the ∆θ = ± π

pLS
position of the sine curve in Figure 1.4, and it will not

have a preferred rotation direction.
In Figure 1.7, a coaxial flux modulating MG is presented. The working principle

of this gear can be compared to the gear in Figure 1.6, only that the HS rotor is placed
inside the LS rotor. Between the rotors an array of fixed steel segments is placed, repre-
senting the steel parts and segments from the gear in Figure 1.6, and thereby magnets
distributed around the entire periphery of the rotors are utilized. If the number of steel
segments equals the number of pole pairs on the LS rotor the gear will perform as the
single phase and unstable gear, but if the segments are chosen as:

nseg = pLS ± pHS (1.5)

The gear will work as a multi-phased version of the gear in Figure 1.6, where the
number of steel segments decide the rotation direction of the LS rotor. If the number
of steel segments equals the sum of LS and HS pole pairs, the LS rotor will rotated
opposite the HS rotor, but if the number of HS pole pairs is subtracted the number of
LS pole pairs, the rotors will rotate in the same direction. The MG in Figure 1.7 has 8
HS poles, 40 LS poles, and 24 steel segments and as long as the steel segments are fixed
Equation 1.1 applies for this gear design as well, thus a gear ratio of −5 when the LS
rotor will rotate in the opposite direction of the HS rotor.
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1.2. Planetary Magnetic Gear

Figure 1.7: Coaxial flux modulating MG.

The steel segments modulates the flux in the LS air gap creating a common funda-
mental harmonic radial flux, and the rotors will react as if they had the same number of
pole pairs, only a little shifted, and thereby force the direction of the rotation. In Figure
1.8, the radial flux density in the two air gaps of the MG in Figure 1.7 are presented
together with their fundamental harmonic found by a Fast Fourier Transform (FFT).
Due to the steel segments the radial flux density from the 40 poles in the LS air gap are
modulated into the same fundamental waveform as the flux density in the HS air gap,
which is created by the 8 HS poles.

Figure 1.8: Radial flux density in the HS and LS air-gap with 24 steel segments.
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Chapter 1. Introduction

The flux density curves in Figure 1.8 are depicted with 24 steel segments and in Fig-
ure 1.9 the corresponding curves are presented with the number of segments changed
to 16 instead, i.e. the HS pole pair number subtracted the number of LS pole pairs. The
radial flux density of the 40 poles in the LS air gap are also here modulated into the
same fundamental wave form as the flux density of the 8 poled HS air gap, but here
the fundamental wave of the LS air gap is shifted to lag the HS fundamental, whereas
it was leading with 24 steel segments between the rotors.

(a) HS air-gap. (b) LS air-gap.

Figure 1.9: Radial flux density in center of HS and LS air-gap with 16 steel segments.

In Figure 1.10a, the fundamental wave of the radial flux in the HS and LS air gaps
from Figure 1.8 with 24 steel segments between the rotors are compared, and from this
it is clear that the LS fundamental is lagging the HS fundamental. This lag functions
as small pre-rotation of the LS rotor forcing it to start to rotate opposite the HS rotor,
and by doing so eliminate the single phase problem of the simple gear in Figure 1.6.
In Figure 1.10b, the fundamental wave of the radial flux in the HS and LS air gaps
from Figure 1.9 with 16 steel segments between the rotors are compared, and here
the LS fundamental is shifted to lead the HS fundamental. The lead will create a pre-
rotation on the LS rotor forcing it to rotate the same direction as the HS rotor. If the high
number of steel segments is chosen, the gear will be able to transfer the highest torque,
as the width of the steel segments and the LS magnets can be better matched, and
thereby the magnets are better utilized, which becomes evident when the amplitude
of the fundamental flux densities in Figure 1.10 are compared, thus this is the common
configuration.

1.2.1 Rotation and Gear Ratio

As mentioned in the Section 1.2 the coaxial flux modulating MG can be compared to
a mechanical planetary gear. The HS rotor can be compared to the sun gear, the steel
segments act as the planet carrier, and the LS rotor is comparable to the ring gear of the
mechanical planetary gear. In Figure 1.11, the coaxial flux modulating MG from Figure
1.7 is compared to a mechanical planetary gear.

So far the steel segments of the coaxial flux modulating MG have been described
as stationary, but equivalent to the mechanical planetary gear the configuration of the
coaxial flux modulating MG is optional, i.e. it is optional which part to fix and which
ones should rotate.
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1.2. Planetary Magnetic Gear

(a) 24 steel segments. (b) 16 steel segments.

Figure 1.10: The HS and the LS fundamental radial flux densities are compared.

Figure 1.11: Mechanical and flux modulating magnetic planetary gears are compared.

E.g. if the LS rotor in Figure 1.11 is fixed and the array of steel segments are al-
lowed to rotate, they will rotate the same direction as the HS rotor, as indicated by the
direction arrow, and the gear ratio will be different, which is directly comparable to the
operation of the mechanical counterpart.

If number of steel segments fulfill Equation 1.5, the correlation between the rotation
of the three rotors: the HS rotor, the LS rotor, and the segment rotor can be described
by:

ωHS =
pLS

pLS − nseg
·ωLS +

nseg

nseg − pLS
·ωseg (1.6)

From Equation 1.6 it can be seen that coaxial flux modulating MG can be used as a
power split device, when no of the rotors are fixed [124]. The power split operation is
not treated in this thesis, only the pure gear operation where one of the rotors is fixed.
Equation 1.6 can be rewritten in terms of a LS gear ratio, iLS, and a segment gear ratio,
iseg.

ωHS = iLS ·ωLS + iseg ·ωseg (1.7)
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Chapter 1. Introduction

It is intended to operate the MG with a high speed/low torque motor, thus the HS
side of the gear is considered the input rotor, however the gear can be operated in
three different configurations depending on which rotor is fixed. According to chosen
configuration and number of steel segments the gear ratio and rotation direction will
differ.

Fixed Segment Rotor

If the segment rotor is fixed ωseg = 0, Equation 1.6 is reduced to:

ωHS =
pLS

pLS − nseg
·ωLS (1.8)

And the gear ratio between the LS rotor and the HS rotor is:

iLS =
pLS

pLS − nseg
(1.9)

From Equation 1.9 it can be seen that gear ratio will be either positive or negative
depending on the chosen number of steel segments in Equation 1.5, and thereby decide
the rotation direction of the LS rotor compared to the HS rotor. In this configuration
the absolute size of the gear ratio is independent of the number steel segments only the
direction is altered. This can be illustrated by calculating the gear ratio of the gear in
Figure 1.11 with 24 and 16 steel segments respectively.

iLS24seg =
pLS

pLS − nseg
=

20
20− 24

= −5 (1.10)

iLS16seg =
pLS

pLS − nseg
=

20
20− 16

= 5 (1.11)

The common configuration is the one with the high number of steel segments, be-
cause this configuration result in a better utilization of the LS magnets, i.e.

nseg = pLS + pHS (1.12)

Combining Equation 1.9 and 1.12 the gear ratio is calculated as with the magnetic
spur gear:

iLS =
pLS

pLS − nseg
= − pLS

pHS
(1.13)
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1.2. Planetary Magnetic Gear

Fixed LS Rotor

When the LS rotor is fixed and the segment rotor acts as the LS output rotor, i.e. ωLS =
0, Equation 1.6 is reduced to:

ωHS =
nseg

nseg − pLS
·ωseg (1.14)

The gear ratio between the segment rotor and the HS rotor is then:

iseg =
nseg

nseg − pLS
(1.15)

Again the gear ratio will be either positive or negative depending on the chosen
number of steel segments, but in this configuration the size of the gear ratio will change
as well. The calculation of the gear ratio of the gear in Figure 1.11 with 24 and 16 steel
segments is repeated with this configuration.

iseg24seg =
nseg

nseg − pLS
=

24
24− 20

= 6 (1.16)

iseg16seg =
nseg

nseg − pLS
=

16
16− 20

= −4 (1.17)

By choosing the high number of segments the gear ratio is increased by one and
the rotation of the output rotor will be in the opposite direction, when compared to the
scenario where the segment rotor is fixed and the LS rotor is the output rotor. This is
valid for any pole pair combination as long as Equation 1.12 is fulfilled, cf. Equation
1.18.

iseg =
nseg

nseg − pLS
=

pLS + pHS

pLS + pHS − pLS
=

pLS

pHS
+ 1 = −iLS + 1 (1.18)

Fixed HS Rotor

It does not make much sense to fix the HS rotor, because only a very small gear ratio
is then obtained, and the use of a magnetic coupling with much higher torque transfer
capabilities and mechanical simplicity would be more obvious to use in most cases.
When ωHS = 0 and the LS rotor is chosen as the new high speed rotor, Equation 1.7 is
reduced to:

−iLS ·ωLS = iseg ·ωseg ⇒ (1.19)

ωLS = − iseg
iLS
·ωseg (1.20)
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which leads to

iHS f ixed = −
iseg

iLS
(1.21)

To illustrate the rotation direction and the size of the gear ratio with the HS rotor
fixed and the two different possible numbers of steel segments, the gear ratio of the
gear in Figure 1.11 with 24 and 16 steel segments is repeated.

iHS f ixed,24seg = − iseg

iLS
= − 6
−5

= −1.2 (1.22)

iHS f ixed,16seg = − iseg

iLS
= −−4

5
= −0.8 (1.23)

1.2.2 Torque Capability

Depending on which rotor there is chosen to be fixed, not only the gear ratio will vary,
but also the torque transfer capability will change proportional to the gear ratio. If it is
assumed that the MG is operated without any losses at constant speed, the sum of the
in- and output power should be equal to zero, thus the torque connection the rotors
in-between can be derived by a constant power conservation. Only the configuration
with the number of steel segments equal to the sum of HS and LS pole pairs, cf. 1.12, is
seen as a sound configuration due to high torque capability and high gear ratio, hence
the only configuration used forward. However, the same approach used to derive the
rotor torques can be applied to configurations with another number of steel segments
as well. The HS rotor is the input rotor, therefore only the configuration with fixed seg-
ment rotor and fixed LS rotor are examined and the in- and output power are assumed
equal.

Fixed Segment Rotor

When the segment rotor is fixed the angular velocity is zero, ωseg = 0, i.e. the power
contribution of the segment rotor will also be zero:

0 = PLS + Pseg + PHS ⇒
0 = τLS ·ωLS + 0 + τHS ·ωHS ⇒
0 = τLS ·ωLS + τHS ·ωLS · iLS ⇒

τLS = τHS · (−iLS)⇒ (1.24)
τLS = τHS · pLS

pHS
(1.25)

Where PLS, Pseg, and PHS are the power contribution of the LS, the segment, and
the HS rotor respectively, and τLS and τHS are the torque of the LS and the HS rotor
respectively.
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1.2. Planetary Magnetic Gear

The load torque on the LS rotor has the same direction as the HS input torque. This
makes sense as the LS rotor rotates in the opposite direction as the input rotor and
thereby actually do act as a reaction torque against the input torque.

Fixed LS Rotor

Now the LS rotor is fixed, hence ωLS = 0, i.e. the power contribution of the LS rotor
will be zero:

0 = PLS + Pseg + PHS ⇒
0 = 0 + τseg ·ωseg + τHS ·ωHS ⇒
0 = τseg ·ωseg + τHS ·ωseg · iseg ⇒

τseg = −τHS · iseg ⇒ (1.26)

τseg = −τHS ·
(

pLS+pHS
pHS

)
⇒

τseg = −τHS · (−iLS + 1)⇒
τseg = −τLS − τHS (1.27)

Where τseg is the torque of the segment rotor. The gear ratio obviously apply for the
torque as well, when the torque on the segment rotor will be the sum of the two other
rotors torques, and therefore the segment rotor as output rotor will induce the highest
possible slip torque.

The connection between the rotation directions and torques in the air gaps and on
the different rotors is attempted illustrated in Figure 1.12.

Figure 1.12: Torque in the HS and LS air gap.

FEA Calculated Torque

When two of the rotors are fixed and the last rotor of the gear is rotated, the torque
in the HS and LS air gap, τHSair and τLSair , cf. Figure 1.12, can be calculated in a Finite
Element Analysis (FEA) by integrating the Maxwell’s stress tensor in the air gap.

In Figure 1.13, the HS and the LS air gap torque of the gear presented in Figure 1.7
and 1.11 are calculated in the free 2D FEA program Finite Element Method Magnetics
(FEMM), by David Meeker.
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Figure 1.13: Example of FEA calculated torque in the air gaps when the LS and segment
rotors are fixed, and the HS rotor is rotated equivalent to one HS magnet in
each direction.

The torque in the two air gaps are of opposite direction, as illustrated in Figure 1.12.
The HS rotor torque is considered the input, and the reaction torques on the two other
rotors can be derived by the air gap torques τHSair and τLSair :

τHS = τHSair (1.28)
τLS = −τLSair (1.29)
τseg = τLSair − τHSair (1.30)

Fortunately the reaction torques are consistent with the torques derived in the latter
paragraphs. Based on the air gap torques in Figure 1.13 the reaction torques on the
rotors are calculated with use of Equation 1.28-1.30 and presented in Figure 1.14.

1.3 Motor Integrated Permanent Magnet Gear

As stated in the first section of this chapter integration of a motor with a MG is done
with different types of MGs and configurations, but in this thesis focus is only put on
the integration of a motor with a coaxial flux modulating MG. The most promising
configurations of motor integration with a coaxial flux modulating MG are with an
inner or outer stator. In Figure 1.15 and Figure 1.16, a section view of a inner and outer
stator MIPMG configuration are illustrated respectively.

The outer stator configuration has a simpler mechanical construction, when this
configuration only needs two air gaps whereas the inner stator have three [89], and
due to the outer stator the physical wire connection is much more easy. Additionally
the design has very good cooling capability of the windings when they are directly
accessible, however the stator will be natural oversized and only low current can be
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Figure 1.14: Example of FEA calculated reaction torque on the three rotors when the LS
and segment rotors are fixed, and the HS rotor is rotated equivalent to one HS
magnet in each direction.

applied before the MG reaches the slip torque. In [90, 112] a measured torque density
around 52 [kNm/m2] is reached with a current density less than 1.75 [A/mm2], and a
torque density in excess of 60 [kNm/m2] with a current density less than 2 [A/mm2] is
predicted. The achieved torque density is high compared to common PM machines,
and it is easy to air cool the copper with this low loading and the convenient placement
of the windings, but the copper is poorly exploited with a current density less than 2
[A/mm2].

In [121] an torque density of 79 [kNm/m2] is predicted by 3D FEA, and also here the
capacity of a simple natural cooling is presented. The outer stator induce good cooling
capabilities, however the winding take up space and will force the diameter of the MG
to be smaller, hence reduce the torque capability of the MG, and when compared to the
inner stator design the amount of copper is much higher. In [89] and [90] theoretically
optimized inner and outer stator designs are compared. In [89] 70% more copper is
used in the outer stator design, which induce an enhanced copper loss of 52%, and in
[90] the copper losses are more than twice the copper losses of the inner stator design.

In the inner stator design the unused space in the center of the gear is used for the
electrical machine, i.e. the electrical machine does not take up any additional space or
reduces the diameter of the MG. It can be designed either as a magnetically coupled or
decoupled configuration depending on whether the electrical machine and MG share
common flux paths or they are decoupled and operate more or less independent from
each other, cf. Figure 1.17. The coupled inner stator configuration can be designed
either with a very thin yoke and two layers of magnets, or one large mutual magnet
can be utilized as illustrated in Figure 1.17.

The MG and electrical machine with an outer stator configuration will always be
coupled. The stator flux will penetrate the LS magnets, segment rotor, and HS magnets
before it reaches the back iron of the HS rotor, i.e. the motor part has a very large air
gap. In the same manner a large motor air gap is present in the coupled inner stator
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Figure 1.15: Section view of an inner stator MIPMG design.
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Figure 1.16: Section view of an outer stator MIPMG design.
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1.3. Motor Integrated Permanent Magnet Gear

Figure 1.17: Section view of an inner stator MIPMG design in coupled (left) and decoupled
(right) configuration.

configuration. The large motor air gap in the these designs will result in a very small
inductance, and thereby low field weakening capabilities of the motor.

If the MG and electrical machine are coupled, the stator has to be the same length
as the MG, no matter if it is an inner or outer stator, because the stator serve as back
iron for the MG, see the flux path for the coupled and decoupled design depicted in
Figure 1.17. This entails the end-windings to take up additional space and increase the
total length of the machine, thus reducing the overall torque density.

The inner stator design naturally causes a small stator diameter, and a low pole
number is easily obtained, whereas the outer stator design, due to a large diameter,
somehow is required to have more poles. This means that it comes more natural to
keep the electrical frequency low with a inner stator design and thereby the core losses
as well.

With an inner stator configuration the mechanical structure is more complex, and
will probably cause additional manufacturing difficulties, but it consumes much less
copper. The electrical machine will have en small diameter and operated at high speed
and low torque, at the same time, the MG can take advantage of the full diameter and
be able to transmit the largest possible torque.

In a decoupled design the electrical machine can be made shorter than the MG, i.e.
the end-windings can be hidden inside the MG and not take up additional space or
decrease the overall torque density, and it is possible to match the MG and electrical
machine better. Additionally the current density in the windings can in some extent
be chosen freely, depending on the cooling capabilities, by changing the length of the
active motor to match the slip torque of the MG at a given current. However, the
cooling of the windings the inner stator design is a challenge compared to the outer
stator design. Several rotors surrounding the stator makes the natural cooling minimal
and difficult to apply forced cooling, and at the same time the copper can be loaded
much harder resulting in a higher loss density, thus a higher temperature rise.

In Figure 1.18, an exploded view of the inner stator and decoupled design from
Figure 1.15 is presented. Here the different stack lengths of the motor and gear magnets
are obvious, and it is easy to imagine how the end-windings can be hidden in the
remaining part of the MG.
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Figure 1.18: Exploded view of a MIPMG.

When the electrical machine and MG are decoupled no restrictions on the MG de-
sign exist and torque densities above 150 [kNm/m2] [73] should be possible to obtain.
That is, almost twice the torque density of the outer stator MIPMG presented in [121].

The inner stator configuration is from a mechanical point of view a more challeng-
ing design compared to the outer stator design due to the three air gaps, cable con-
nection, and cooling of the windings. However, considering the possibility for a much
higher torque density; the more natural pairing of the machine and gear, which con-
sequently induce lower copper losses; and the fact that the MIPMG designs treated
in this thesis is intended for traction applications, which entail intermittent operation
and only short time operation at high torque, and relatively high speeds of the elec-
trical machine, thus the field weakening quality is prioritized; the configurations with
coupled flux paths are not further treated in this thesis.

1.4 Objectives and Limitations

In this section the main objectives and limitations of the work conducted and described
in this thesis is outlined. The work is primarily build around two MIPMG prototype
designs and in the thesis, design details, tests, simulations, and improvements of these
two prototypes are elaborated. Measurements and simulation results of the prototypes
are investigated in the pursuit of improving the MIPMG design.

1.4.1 Project Objectives

The author of the thesis believe that the MIPMG technology will turned into a com-
mercial product within a foreseeable future. The technology is still relatively new and
needs to mature. Functional prototypes need to demonstrate some of the many ad-
vantages and superior performance and manufacturing needs to be comprehensively
addressed, before the industry will be convinced of the potentials in the technology.

This thesis present a part of this maturing process. The work is conducted as an it-
erative process: The existing prototype is investigated - how can it be improved, make
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1.5. Motivation

new improved design, build prototype, test, learn, and repeat the process. Two proto-
types are investigated and a third design proposal is presented.

All the research documented are conducted to obtain a better comprehension of the
technology and make it possible to enhance the performance of the MIPMG. The main
objective of the thesis is to present and solve some of the issues with the design and
manufacturing of a MIPMG and thereby get closer to being able to make a commercial
product.

1.4.2 Project Limitations

The project has been limited to investigate and improve the design of a Motor Inte-
grated Permanent Magnet Gear consisting of a coaxial flux modulating MG integrated
with an inner and decoupled permanent magnet machine. Other types of MG, electri-
cal machines, and configurations will not be presented in the thesis. The only deviation
hereto is an study of the combination of an induction machine and a MG. The work
presented is primarily based on practical tests and considerations combined with me-
chanical and electromagnetic FEA.

1.5 Motivation

The MIPMG technology is going through a maturing process and new fields to inves-
tigate deeper and potential possibilities for improvements keep on turning up. Every
design detail is connected, i.e. in reality an optimal design does not exist, it is like a
balloon, if it is squeezed in one direction it will expand in another, thus, a design will
always be some kind of compromise.

When the MG is combined with a PM machine a very torque dense machine is
obtainable and at the same time a very high efficiency from low speed is possible. The
complexity of the MIPMG may cause the MIPMG to be more expensive than a direct
drive machine, but in certain applications an enhanced price can be justified by a better
efficiency, higher torque density, lower maintenance, or some of the other advantages
of the MIPMG.

In the beginning of the project it was motivating to work on the technology aiming
on the traction system of a car, because it is the automotive industry which pushes the
development of high performance electric drives, thus impressive benchmarking ma-
chines exists for comparison. However, during the last part of the project the ability to
make a new and improved MIPMG design for other applications with not quite as high
performance demands as the automobile industry, lower output speed and cheaper
materials for a more mainstream application, have also been a motivation factor.

1.6 Thesis Outline

This thesis is based on a collection of papers, which have been published during the
research period. The thesis is divided into two parts. First part is a report which is a
brief summary of the research work conducted in the project period and documented
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in the papers. The second part of the thesis is the enclosed papers. The report part is
constituted by the following chapters:

Chapter 1: Introduction

In the first chapter an short introduction to the magnetic gear and the motor integrated
permanent magnet gear is given, and followed by a explanation of the basics of a mag-
netic gear. The fundamental knowledge of a planetary and coaxial flux modulating
magnetic gear is outlined and the possibilities of integration with an electrical machine
is elaborated. The last part of the chapter is a description of the objectives, limitations
and motivation of the thesis.

Chapter 2: MIPMG v.1

In the second chapter the work conducted with the first build MIPMG prototype is
elaborated. First the background for the prototype is presented, then tests and results
are described. The prototype suffered from very high rotational losses and the opera-
tion speed was limited. The loss distribution is investigated, and calculations methods
as well as measured and calculated results are presented together with suggestions to
reduce the rotational losses in a new design.

Chapter 3: MIPMG v.2

This chapter is the most comprehensive chapter where the development details of the
second build prototype is described. First the background for the prototype, then the
design process, loss estimation, and summary of test results are presented. Modifi-
cations regarding loss reduction was carried out on the prototype, and the results of
these are outlined as well.

Chapter 4: MIPMG v.2 Redesign

In this chapter a redesign of the MIPMG v.2 design is conducted. With use of the same
outer dimensions and type of materials, the design of the MIPMG v.2 has been theoret-
ical improved. With increased awareness of demagnetization and focus on reducing
the amount of used of magnet material very promising results are obtained.

Chapter 5: Magnetic Gear and Induction Machine

The challenges by using a MG combined with a grid connected induction machine is
examined in this chapter. If the MG should be used as a substitute to the mechanical
gear in the industry, the combination of a grid connected induction machine and a MG
is highly relevant.

Chapter 6: Conclusion

The last chapter consists of a short chapter summery, the main contributions of the
thesis, a conclusion, and suggestions to future work.
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1.6. Thesis Outline

1.6.1 Publications

The research contributions presented in this thesis are disseminated through a number
of papers published in international conference proceedings and international journals.
A list of the published papers is presented in the beginning of the thesis and repeated
below.

These papers compose the second part of the thesis and provide the content to the
summary report presented in the first part of the thesis. In Table 1.1 the relationship
between the different chapters and the papers listed below is displayed to create a
better overview of the thesis.

List of Publications

[P1] T. V. Frandsen and P. O. Rasmussen. “Slip Torque Investigation and Magnetic
Redesign of Motor Integrated Permanent Magnet Gear”. In: 18th International
Conference on Electrical Machines and Systems (ICEMS) 2015. Oct. 2015, pp. 929–
935. DOI: 10.1109/ICEMS.2015.7385168.

[P2] T. V. Frandsen and P. O. Rasmussen. “Practical Investigation of End Effect
Losses in a Motor Integrated Permanent Magnet Gear”. In: IEEE Energy Con-
version Congress and Exposition (ECCE) 2015. Sept. 2015, pp. 4425–4432. DOI: 10.
1109/ECCE.2015.7310285.

[P3] T. V. Frandsen et al. “Motor Integrated Permanent Magnet Gear in a Battery
Electrical Vehicle”. In: IEEE Transactions on Industry Applications, vol. 51.2 (Mar.
2015), pp. 1516–1525. ISSN: 0093-9994. DOI: 10.1109/TIA.2014.2360016.

[P4] T. V. Frandsen and P. O. Rasmussen. “Loss Investigation of Motor Integrated
Permanent Magnet Gear”. In: 17th International Conference on Electrical Machines
and Systems (ICEMS) 2014. Oct. 2014, pp. 2673–2679. DOI: 10.1109/ICEMS.2014.
7013952.

[P5] T. V. Frandsen et al. “Start-Up Problem with an Induction Machine and a Perma-
nent Magnet Gear”. In: IEEE Energy Conversion Congress and Exposition (ECCE)
2014. Sept. 2014, pp. 1348–1355. DOI: 10.1109/ECCE.2014.6953574.

[P6] T. V. Frandsen et al. “Motor Integrated Permanent Magnet Gear in a Battery
Electrical Vehicle”. In: IEEE Energy Conversion Congress and Exposition (ECCE)
2013. Sept. 2013, pp. 2170–2177. DOI: 10.1109/ECCE.2013.6646975.

[P7] P. O. Rasmussen, T. V. Frandsen, K. K. Jensen, and K. Jessen. “Experimental
Evaluation of a Motor-Integrated Permanent-Magnet Gear”. In: IEEE Transac-
tions on Industry Applications, vol. 49.2 (Mar. 2013), pp. 850–859. ISSN: 0093-9994.
DOI: 10.1109/TIA.2013.2242423.

[P8] T. V. Frandsen, P. O. Rasmussen and K. K. Jensen. “Improved Motor Integrated
Permanent Magnet Gear for Traction Applications”. In: Energy Conversion Con-
gress and Exposition (ECCE) 2012 IEEE. Sept. 2012, pp. 3332–3339. ISBN: 978-1-
4673-0802-1. DOI: 10.1109/ECCE.2012.6342334.
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[P9] P. O. Rasmussen, T. V. Frandsen, K. K. Jensen, and K. Jessen. “Experimental
Evaluation of a Motor Integrated Permanent Magnet Gear”. In: Energy Conver-
sion Congress and Exposition (ECCE) 2011 IEEE. Sept. 2011, pp. 3982–3989. ISBN:
978-1-4577-0542-7. DOI: 10.1109/ECCE.2011.6064311.

Chapter Relevant Publications

Chapter 1 -
Chapter 2 [P7], [P9]
Chapter 3 [P1], [P2], [P3], [P4], [P6], [P8]
Chapter 4 [P1]
Chapter 5 [P5]
Chapter 6 -

Table 1.1: Relationship between publications and chapters of the report.
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Chapter 2

MIPMG v.1

In the paper Motor Integrated Permanent Magnet Gear with a Wide Torque-Speed Range [80]
from 2009 the design considerations and details of the MIPMG v.1 was presented. The
work conducted in this paper was before the author was introduced and included in
the world of magnetic gears.

The author used half of his master project in 2009-2010 to physical build the MIPMG
v.1 prototype, and the other half to develop a sensorless control for the machine, when
no position sensor is included in the design [1].

As experience was build during the master project, the original mechanical design
of the MIPMG v.1 was improved to enable and ease the assembly of the machine.
Through manufacturing of the different parts of the machine large challenges was met
and a lot of knowledge and experience were gained and elaborated in [1]. Poor manu-
facturing choices and bad luck delayed the construction of the prototype, which caused
the prototype to be final assembled just a few days before the project was terminated,
hence only very few test was conducted on the prototype in the scope of the master
project.

The MIPMG v.1 was designed for vehicle traction, and the dimensions were ba-
sed on the commercial HEV traction motor from a Toyota Camry [80]. The MIPMG
v.2 should also be used for traction, and before the new design could be carried out,
much should be learned from the MIPMG v.1 prototype to ensure a functional second
version.

A lot of time was used investigating the first prototype, particularly the origin of
the massive rotational losses measured in the prototype was thorough examined. This
chapter is a summery of the content of [P7, P9] and describes the work conducted with
the MIPMG v.1 prototype to gain the needed experience to design the MIPMG v.2.

2.1 The Prototype

The MIPMG v.1 prototype is a coaxial flux modulating MG with a decoupled inner
stator configuration. In Figure 2.1, a section view of the design is presented.

The segment rotor in this design is fixed and the LS rotor is the output rotor. Ini-
tially the MIPMG v.1 was thought as a wheel motor, i.e. the LS rotor could have been
designed to serve as the wheel rim [80].

The size of the electrical machine and MG are carefully designed together such that
the torque of the machine matches the slip torque of the MG. I.e. the stator stack is
shorter than the MG, thus the end-windings are not taking up additional space and
therefore not reducing the total torque density. This is illustrated in Figure 2.2 where
an exploded view of the MIPMG v.1 design is presented, and in Table 2.1 the main
specifications of the design are listed.
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Figure 2.1: Section view of the MIPMG v.1 design.

The stator consist of 9 teeth with 3 concentrated windings in series per phase. In
the original design each coil was intended to consist of 15 turns, however due to lack
of windings skills only 14 turns were obtained resulting in a copper fill factor of 0.4.
This induced a higher current to reach the slip torque of 520 [Nm] than anticipated in
[80].
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Figure 2.2: Exploded view of the MIPMG v.1 design.

However the slip torque is reached at a current density around 7 [A/mm2], which
entail a maximum copper loss of approximately 350 [W] with a copper temperature of
50 [◦C] [P7, P9], or just around 1% of the output power if the machine is operated at
nominal speed just below slip torque of the gear. This is a desirable low copper loss
and would make one think that natural cooling would be sufficient and the machine
to have impressive efficiencies, unfortunately this is not the case which is elaborated
in the following sections. Further design and manufacturing details of the original
MIPMG v.1 prototype are to be found in [1].
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MIPMG v.1 Parameters Value

Dimensions

Outer diameter [mm] 268.50
Segment rotor diameter [mm] 240.00

Titanium sleeve outer diameter [mm] 228.60
Radius of stator teeth [mm] 86.80

Shaft diameter [mm] 29.70
Thickness of titanium sleeve [mm] 3.00

Height of steel segments [mm] 5.00
Height of LS magnets [mm] 3.50
Height of HS magnets [mm] 9.00

Height of motor magnets [mm] 2.50
LS MG air gap [mm] 0.75
HS MG air gap [mm] 0.75
Motor air gap [mm] 0.70

Stack length of gear [mm] 100.00
Stack length of stator [mm] 60.00

Total assembled length [mm] 250.00
Volume of active parts [L] 5.66

Weight

Lamination weight [kg] ≈22.5
Copper weight [kg] ≈3.3

Permanent Magnet weight [kg] ≈6.9
Total weight [kg] ≈55

Configuration

Number of motor and HS rotor poles 12
Number of low speed rotor poles 106

Number of steel segments 59
Gear ratio 8.83

Number of stator teeth 9
Number of turns in each coil 14

Winding cross-sectional area
[
mm2] 10

Calculated base/max input speed [rpm] ≈5800/14000
Calculated nominal power [kW] ≈35

Measurements

Slip torque @20◦C [Nm] 520
Torque density total/active volume @20◦C [kNm/m3] ≈43/92

Back EMF constant @20◦C [Wb/rad] 0.064
Synchronous inductance @20◦C [mH] 0.596

Phase resistance @20◦C [Ω] 0.0227

Table 2.1: Main specifications of the MIPMG v.1 prototype.
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2.2 Prototype Investigation and Results

The electromagnetic calculations conducted on the MIPMG v.1 design to predict the
performance and later to compare to the measurements, are entirely performed with
use of the 2D FEA program Finite Element Method Magnetics (FEMM), by David
Meeker.

The degree of decoupling between the electrical machine and the MG was evalu-
ated by individual comparisons of 2D FEA calculated motor and gear torque, when a
forced pole slip of the motor or MG was simulated. The slip torque of the motor, with
and without the MG included in the analysis, are compared when the windings are
loaded with a high current. In the same manner the gear torque, with and without the
motor included in the analysis, are compared. Based on the result presented in Figure
2.3 the motor and MG are presumed magnetically decoupled.

Figure 2.3: Simulated pole slip of motor and gear illustrating the decoupling. The current
density of 9.2 [A/mm2] corresponding to a slip torque much higher than the ac-
tual slip torque measured on the MG prototype. The motor torque is multiplied
by the gearing ratio.

The measured machine constants: the permanent magnet flux linkage (EMF con-
stant), the phase resistance, and the inductance are close to the calculated values, the
measured slip torque however is 19% lower than predicted with the 2D FEA. The mea-
sured rotational losses of the prototype were massive, and a lot of work has been
conducted in a attempt to locate the origin of these losses. This section is mainly a
summary of the discoveries and gained experiences during this loss investigation.

2.2.1 Rotational Losses

In the design phase focus had mainly been put at the slip torque of the gear, the copper
loss, and the torque matching of the gear and motor. To keep the eddy-current losses
low, the active steel parts were made in thin laminated steel; 0.2 [mm] was used for
the stator, the HS, and segment rotor, whereas the LS yoke was made in 0.5 [mm] lam-
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inations, when not enough 0.2 [mm] material was available. However, the rotational
based losses received very little attention in the design phase, and no estimation of
these were carried out.

Immediately when the MIPMG v.1 prototype was rotated it became clear that mas-
sive losses were present and a loss investigation was initiated. In Figure 2.4, the mea-
sured and calculated rotational losses for the prototype are presented. Without cur-
rent applied to the windings, approximately 5 [kW] of rotational losses is measured at
4000 [rpm] on the HS rotor. This is very high, and because the MIPMG is only natural
cooled it is only possible to operate the prototype at low speed, that is the design speed
of 14000 [rpm] will never be reached.

Figure 2.4: Calculated and measured rotational losses of the MIPMG v.1.

The measured losses in Figure 2.4 are about a factor of 1.8 higher than the calcu-
lated losses based on 2D FEA. Part of this difference is caused by simplified calculation
methods and uncertainties of material data, when the materials have gone through
different manufacturing processes. However, it is also believed that the eddy-current
losses are increased due to poor surface treatment of the laminated steel, and this is to
blamed a large part of the difference. This assumption is covered in Section 2.2.4 .

2.2.2 Laminated Steel

The core losses in the laminated steel are calculated with the extended Steinmetz equa-
tion [125]:

Pcore = Kh f Bα + Ke f 2B2 + Kex f 1.5B1.5 (2.1)

Where Pcore is the core losses expressed in [W/kg], Kh is the hysteresis coefficient, Ke
is the eddy-current coefficient, Kex is the excess losses coefficient, α is the Steinmetz
coefficient, f is the frequency, and B is the amplitude variation of the flux density. In
static FEA the radial and tangential components of the flux density are extracted in
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each mesh element, when the rotors are rotated in small steps through one electrical
period. A FFT on the radial and tangential components of the flux density is per-
formed, and the amplitude of the different harmonics are derived, which correspond
to B in Equation 2.1.

The relation between the frequency in the different machine parts and the mechan-
ical speed is easily calculated, when the the gear ratio, the geometry, and the pole pair
numbers are taken into account.

Loss data on the steel sheets was available from the supplier i.e. measured core
losses at different field densities and frequencies. A surface fit to the data using Equa-
tion 2.1 in MATLAB® resulted in the different, otherwise unknown, coefficients in
Equation 2.1. In Figure 2.5, an example of a surface plot to the used material data
of the 0.2 [mm] laminated steel sheets is presented.

Figure 2.5: Surface plot illustrating the core losses for the 0.2 [mm] laminated steel sheets
based on material data from the supplier.

Figure 2.6 presents the calculated core losses in the laminated steel parts of the
MIPMG v.1 with and without load. In no load condition, it is the rotational losses
which are presented, i.e. no current is applied and the relative angle in the MG is zero,
equal to neutral position. In the full load condition full current are applied the wind-
ings, and the relative angle of the MG is changed to slip torque position.

The LS rotor laminations are the ones with the highest loss contribution in both
cases. They are the only laminations made in 0.5 [mm] sheets and to see the effect
of using a thinner steel sheet, calculation with 0.2 [mm] laminations is performed as
well. With the 0.2 [mm] laminations the losses are reduced to about 1

3 of the losses with
the 0.5 [mm] laminations, thus this would have been preferred when the overall losses
are far too high. Due to the decoupling between the MG and motor the losses in the
MG parts of the machine do not change when the high current is applied the motor.
However, when the relative angle between the gear rotors are changed, due to the load
scenario, the flux paths are changed and thereby small variations in the losses occur.

The flux density in the stator and HS yoke of cause increases when current is ap-
plied the windings, hence the losses increase as well. The stator and LS yoke losses are
much higher than the segment and HS laminations, however if instead the loss den-
sities are compared, things look different, cf. Figure 2.7. In worst case, full load and
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(a) No load condition. (b) Full load condition.

Figure 2.6: Calculated losses in the steel parts in no and full load condition.

a rotor speed of 10000 [rpm], the LS and stator steel have a loss density around 200
[W/kg], whilst the segment sheets have a loss density of roughly 450 [W/kg], and the HS
laminations only 60 [W/kg], i.e. the segment rotor has far the highest thermal loading.
From this it can be stated that not only the power loss in the different parts of the ma-
chine are crucial, but the loss density can be critical to the performance of the machine,
seen from a thermal perspective. Additionally a small lamination thickness is essential
to achieve low core losses when operating at high speed.

(a) No load condition. (b) Full load condition.

Figure 2.7: Calculated loss densities in the steel parts in no and full load condition.

2.2.3 Magnets

Because the relative permeability of the permanent magnets is very close to one, only
the eddy-current losses will be of importance in the magnets and therefore the loss
calculation is simplified, i.e. when used on the magnets Equation 2.1 is reduced to:

Pcore = Ke f 2 (2.2)

The eddy-current coefficient, Ke, is geometry depended and is calculated as [125]:

Ke =
π2τ2

6ρ
(2.3)
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Where ρ is the resistivity of the material in question and τ is the limiting dimen-
sion of the magnet. Both the radial and tangential components of the flux density are
considered. Therefore two eddy-current coefficients must be calculated, one for each
direction, as the limiting dimension τ will be different for the two directions.

The limiting dimension is the narrow width of an identified rectangular area the
flux penetrates. I.e. the limiting dimension in the radial direction, τr, is either the axial
length or the tangential width of the magnet, whereas the limiting dimension in the
tangential direction, τt, is either the axial length or the radial height of the magnet.

The calculated magnet losses presented in Figure 2.8a and Figure 2.8b are for the
same load scenarios as with the steel laminations, no and full load respectively. In the
loss calculations the magnets are divided into several sub-regions where the flux den-
sity in one point represent the flux density for an entire sub-region. This simplification
is later learned to be a poor solution, when for instance a high frequency flux variation
is present in the surface of the HS gear magnets due to the steel segments, and the
proportions of these will not be registered when using the simplification.

The HS gear magnets are not segmented in the axial direction, hence the limit-
ing dimension in the radial and tangential direction, τr and τt, will be the total width
(roughly 53 [mm]) and height (9 [mm]) of the magnet respectively. In spite of the large
τ values, the calculated HS magnet losses are relatively low. This is partly because
of the large air gap, however, it is also believed that the simplification of the loss cal-
culations underestimate the losses, and had the losses been calculated in each mesh
element of the magnets, as with the steel sheets, the calculated losses would have been
higher.

(a) No load condition. (b) Full load condition.

Figure 2.8: Calculated losses in the magnets in no and full load condition.

Despite the simplified method, the calculated losses of LS magnets are very high
– 4.5 [kW] at 10000 [rpm] requires a very effective cooling. The LS magnets are only
segmented in two pieces in the axial direction, i.e. an axial length around 50 [mm], thus
the limiting dimension in the radial and tangential direction are the width (roughly 6
[mm]) and height (3.5 [mm]) of the LS magnet respectively. I.e. to lower the losses in the
LS magnets in the current design, the magnets should be divided into axial segments
smaller than 6 [mm] regarding the losses in the radial direction and smaller than 3.5
[mm] to cover both directions.
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The motor magnets are compounded of 6 [mm] segment pieces in the axial direc-
tion, which becomes the limiting dimension for the radial flux, whereas the magnet
thickness of 2.5 [mm] limits the losses from the tangential flux. The losses are increased
with more than a factor 2.5 when full current is applied the windings, however the
losses still appear small until they are presented as power density.

Even without current applied, the loss density in the magnets at 10000 [rpm] are
higher than 350 [W/kg], and with full current applied the loss density exceeds 1000
[W/kg], cf. Figure 2.9. However, the loss density of the LS magnets at 10000 [rpm] and
full load takes the lead – massive 2500 [W/kg]. The loss density of the HS magnets is
low in both load scenarios, around 50[W/kg], but as mentioned, the HS magnet losses
are expected to be higher, yet not to make the loss density critical.

(a) No load condition. (b) Full load condition.

Figure 2.9: Loss density in the magnets in no and full load condition.

At high speed the LS magnets would undoubtedly be demagnetized due to temper-
ature rise in the magnets, even though NdFeB magnets with high temperature grade,
N3825 from Dexter Magnetic Technologies, are utilized. The power density of the mo-
tor magnets at full load are critical as well, and it can be concluded that the segmen-
tation of the motor magnets is crucial. Both the motor and HS magnets are N3530
magnets from Dexter Magnetic Technologies, which have a maximum operation tem-
perature slightly lower than the N3825 used for the LS magnets.

2.2.4 Grinded Surfaces

All steel laminations were manufactured by a spark erosion machine, which resulted in
very corroded surfaces of the assembled rotors. To ensures a high degree of adherence
of the epoxy on the segment laminations and magnet glue on the HS and LS rotor,
all the surfaces were grinded and sandblasted to remove the rust. In addition the HS
and the LS laminations have small pegs to align the magnets in the right position,
however the tolerances for the motor magnets turned out to be to narrow, and the pegs
for the motor magnets had to be grinded much smaller in order to make the magnets
fit [1]. When the stator had been wound it was coated with a thin layer of varnish
by submerging the entire stator in varnish. Afterward the varnish had hardened the
varnish on the air gap surface was removed with sandpaper [1]. In Figure 2.10, it is
illustrated how corroded the laminations were and how they where grinded.
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(a) Stack of corroded high
speed laminations.

(b) Rust removal on the segment lam-
inations.

(c) Removal of varnish on
stator.

Figure 2.10: Removal of rust and varnish on the steel laminations.

Subsequently, it was realized that the surfaces most likely are more or less short-
circuited because of these treatments. This could be a source to additional eddy-
currents losses which would be very difficult estimate.

To gain some experience with the effect of grinding the surface of a stack of lamina-
tions, a test with and without a grinded air gap surface on an E-core made of 0.35 [mm]
laminations was conducted. The test setup is illustrated in Figure 2.11 and in Figure
2.12 the E-cores with and without grinded air gap surface are depicted. The coil was
supplied with a linear amplifier connected to pulse generator, hence creating a sine
wave with variable voltage and frequency. The induction in the core was maintained
around 0.3 [T], while the frequency was varied up to 10 [kHz].

Figure 2.11: Test setup for E-core test.

The DC copper losses were subtracted the supplied power and the losses presented
in Figure 2.13 were derived. The grinded surfaces causes a loss increase of almost
a factor of 2, i.e. the surface processing on the prototype could explain some of the
difference between the measured and calculated rotational losses presented in Figure
2.4.
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(a) Without grinding. (b) With grinded air gap sur-
faces.

Figure 2.12: E-cores used to determine the effects of grinding the surface of steel lamina-
tions.

Figure 2.13: Measured losses in the E-core with and without grinded air gap surfaces.

2.2.5 Losses in Nonmagnetic Parts

The high speed rotor was designed to a maximum speed of 14000 [rpm], and to se-
cure the large HS gear magnets against centrifugal forces a titanium sleeve was moun-
ted. A DC flux was expected in the titanium sleeve due to the large HS gear magnets,
and thereby minimal eddy-current losses. However, a high frequency flux variation
is present in air gap due to the steel segments, which affects the titanium sleeve and
the surface of the HS gear magnets. Titanium is nonmagnetic therefore no hysteresis
or excess losses will occur, yet the flux density variation in the titanium sleeve would
produce eddy-currents losses.
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The windings are made in thin copper foil to reduce skin effects due to the relative
high maximum electrical frequency of 1.4 [kHz]. Yet, the orientation of the foil is not
desirable in relation to eddy-currents caused by the leakage flux. Even without current
applied, the leakage flux from the magnets penetrates the foil in the unfortunate direc-
tion, and according to FE calculations 104 [W] is generated at 3000 [rpm] and at 10000
[rpm] the eddy-current losses in the copper foil is calculated to be 1162 [W], cf. Figure
2.14a. This is more than 3 times the DC copper losses at full load, i.e. it can be con-
cluded that foil is not a suitable winding material and awareness about eddy-currents
when designing the winding layout should be paid.

The bolts used to keep all laminations together are made in austenitic stainless steel,
i.e. nonmagnetic and only eddy-current losses will occur in these. Yet, the calculated
losses in these are relative low compared to the estimated eddy-current losses in the
titanium sleeve and the copper foil, cf. Figure 2.14a. Again, the losses in the bolts seem
small, but the loss density however is tremendous, in particular in the segment bolts
because the mass here is very small, see Figure 2.14b. The loss density of the titanium
sleeve is massive and would most likely heat up and demagnetize the HS magnets if
the machined was operated at high speed.

(a) Calculated rotational losses in the nonmag-
netic parts.

(b) Loss density in the nonmagnetic parts.

Figure 2.14: Calculated rotational losses and loss densities in the nonmagnetic parts.

The adhesive used to glue the large HS gear magnets to the steel laminations should
according to the theory, at low temperatures, be able to keep the magnets in place up
to 10000 [rpm]. Consequently, the titanium sleeve was removed and the rotational
losses of the MIPMG v.1 prototype were measured up to 3500 [rpm] on the HS rotor.
The losses generated in the titanium sleeve could then be estimated by comparing
the measurements with and without the sleeve. An new segment rotor was made in
fiberglass and segments made in Soft Magnetic Composites (SMC), which is described
in Section 2.2.8, and the test was conducted with this segment rotor mounted as well.

The result is presented in Figure 2.15 and at 3000 [rpm] the titanium sleeve causes
a loss increase around 500 [W] independently of the type of segment rotor, which is
comparable to the estimated loss contribution derived in Figure 2.14a. I.e. the losses in
the titanium sleeve at 10000 [rpm] can be expected to be in the neighborhood of 6500
[W], which can not be accepted.
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Figure 2.15: Measured rotational losses with steel and SMC segment rotor, both with and
without the titanium sleeve mounted.

2.2.6 Miscellaneous Losses

The only mechanical losses in the MIPMG design are the friction losses in the bear-
ings and the windage losses in the air gaps. The bearing losses were calculated using
the SKF calculator [126] and the windage losses in the air gaps are calculated by the
method proposed in [127]. Both the estimated bearing and windage losses are small
compared to the total losses, that is just above 100 [W] at 10000[rpm] [P7, P9]. It is
however experienced later on, when working with the MIPMG v.2 prototype, that the
bearing losses can be somewhat higher than the SKF calculator propose, hence a frac-
tion of the loss difference between the measured and calculated rotational losses might
be explained by this.

Additional eddy-current losses will be present in the end shields, coating of the
magnets, and windage losses between the end-shields will also be present. These how-
ever are not included in the estimation of the total losses.

2.2.7 Slip Torque

The 2D FEA calculated slip torque of 642 [Nm] turned out to be 19% higher than the
520 [Nm] slip torque measured on the prototype. A part of this difference is caused by
3D end effects, i.e. flux leakage in the ends of the MG, which imply a reduced effective
stack length. This reduction is naturally not included in the 2D FEA and a trustwor-
thy 3D FE simulation was not made on this design. Yet, gained experience yields ap-
proximately 5-10% slip torque reduction due to 3D end effects [P2], depending on the
diameter/stack length ratio and air gap size.

In Section 2.2.3 an extremely high loss density of 2500 [W/kg] at 10000 [rpm] and full
load was derived for the LS magnets. The losses in the LS magnets are more or less
identical in no and full load condition, and because the rotational loss measurements
were conducted before the slip torque measurements, the LS magnets have been ex-
posed to quite high loss densities before the slip torque was measured. For instance in
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the measurement presented in Figure 2.4 the prototype has been operated at a speed
of 4600 [rpm] on the high speed rotor, which correspond to a calculated loss density in
the magnets of approximately 540 [W/kg] according to the estimated losses presented
in Figure 2.8a, and at the same time the loss density in the LS steel lamination is above
50 [W/kg] according to Figure 2.6a. With the limited surface area of the LS rotor for
heat transfer and the thermal resistance between the magnets and the steel sheets the
prototype can only be operated for a very short time at this speed before the magnets
will be very hot and demagnetize.

It should be remembered that the estimation of the magnet losses was simplified
and expected to underestimate the losses. The predicted total losses are about a factor
two smaller than the measurements. Therefore the actual loss densities in the magnets
can be several times higher than estimated.

Each measurement point in Figure 2.4 was conducted by measuring the average
power during a period of 30-60 seconds. I.e. the magnets were already heated when
the points at high speed were measured. The magnets could easily have been partly
demagnetized due to high temperatures. This could explain the large reduction in
the slip torque when compared to the 2D FEA result. The temperature of the steel
laminations would however not seem nearly as hot because of a large thermal time
constant between the magnets and the steel sheets, and the generated power in the
magnets are distributed in the mass of the steel which is 4.3 times higher than the
magnets mass.

None of the temperatures in this prototype were measured during operation. Only
the surface temperature of the LS rotor was regularly measured manually between
measurements.

The increased temperature of the magnets in correlation with the increased rotor
speed will induce the measured losses to be relatively lower at higher speed, when the
residual induction of the magnet is reduced with 0.08-0.1 [%/◦C] [128], i.e. the losses
at high speed would have been higher if the magnets could be kept cold during the
measurement.

2.2.8 SMC Segment Rotor

The largest mechanical challenge in the MIPMG design is the segment rotor. It is diffi-
cult to make a clever design which would be easy to manufacture and at the same time
is able to withstand the high mechanical loading and maintain low core losses. The
segment rotor of the MIPMG v.1 is complicated to make because of the thin steel lami-
nations, the required epoxy casting, the stainless steel bolts used to keep it all together,
and the conducting aluminum end rings are not the most fortunate solution.

As a replacement for the demanding design with steel laminations a new segment
rotor made in fiberglass with SMC segments was designed and manufactured. The
assembly of the fiberglass rotor and SMC segments was simple, but the manufacturing
of the fiberglass rotor was a challenging and expensive task. In Figure 2.16, two loose
SMC segments which were cut on a water jet cutter is depicted. The water jet cutter
left a small peg which had to be burnished away, cf. Figure 2.16. In Figure 2.17, the
raw fiberglass rotor without segments and a zoom of the fiberglass rotor with SMC
segments glued in are presented.

38



2.2. Prototype Investigation and Results

Figure 2.16: SMC segments cut on a water jet cutter.

Figure 2.17: Segment rotor made in fiberglass and SMC segments glued into the fiberglass
rotor.

The loss properties of the 0.2 [mm] laminations should theoretically be slightly bet-
ter than SMC properties, however the grinded surfaces, the bolts, and the aluminum
end rings would be eliminated in the SMC design, and therefore it was assumed that
the losses would be similar in the two designs.

In Figure 2.15, the measured rotational losses with and without the titanium sleeve
are presented. At 3000 [rpm] the SMC segment rotor have about 1.1 [kW] higher losses
than the rotor made in laminated steel. This could not be explained by calculation
when using the supplied material data.

It turned out that the SMC had a resistivity about 20 times lower than stated in the
data sheet. Segments from different manufacturing stages was tested, and it appeared
that a steam bluing performed to increase the tensile strength of the SMC induced the
increased conductivity in the SMC.
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Whether the SMC would have been a usable alternative to the thin steel laminations
regarding losses remains unknown due to the steam bluing of the segments. However,
the slip torque was unchanged and the composite rotor was able to handle the gener-
ated heat in the segments and the high load torque. In Figure 2.18, the segment rotor
made in in fiberglass and SMC is shown together with the original segment rotor made
in laminated steel sheets and epoxy.

Figure 2.18: Segment rotor made in fiberglass and SMC compared to the segment rotor
made in laminated steel, stainless steel bolts, aluminum end-rings, and epoxy
compound.

2.2.9 Efficiency

A series of measurements was conducted when the MIPMG v.1 prototype was op-
erated as motor while connected to a load machine. The input power together with
the load torque and output speed were recorded. In the measurements the maximum
speed of the HS rotor was 2500 [rpm] to limit the heat development, and the maximum
torque of 220 [Nm] was limited by the load machine. Based on the measurements the
efficiency was calculated as:

η =
Pout

Pin
· 100% =

τoutωout

Pin
· 100% (2.4)

Where Pin and Pout are the in- and output power, τout is the output torque, and
ωout is the output angular velocity. An efficiency map based on the measurements is
presented in Figure 2.19. Efficiencies above 80% were achieved and it is believed that
higher efficiencies could have been obtained, if only the load could have been further
increased. The low copper loss is crucial for the relatively high efficiency at very low
speed. A small increase in speed and the rotational losses becomes dominating and the
efficiency drops. Yet, in Figure 2.19 it seams as if the the efficiencies becomes more or
less independent of the rotational speed when the HS speed exceed 1500 [rpm]. This
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phenomenon is assumed to be caused by an increasing reduction in the remanence of
the magnets, as they become more and more hot due the extensive rotational losses as
the speed increases.

Figure 2.19: Measured efficiency map for the MIPMG v.1 prototype.

2.3 Summary

The MIPMG v.1 design was not thoroughly performed, either seen from a mechani-
cal or a magnetic point of view, and an infinite amount of work could have been put
in the design and made it much better. However, the author believe that by building
the prototype although the theoretical design was not perfect, and solving the practi-
cal problems as they came, has induce more usable experience than endless hours of
theoretical design could have done.

The main thing learned by the MIPMG v.1 prototype is unquestionable that more
focus should be paid to the rotational losses during the design phase, if the MIPMG
need to operate at high speed. The losses need to be reduced and the first and easy step
is to reduce the electrical frequency. It is learned that the choice of lamination thickness
have a great influence on the losses as well as the segmentation of the magnets. E.g.
the losses in the LS steel could have been reduced to about 1

3 of the losses with the 0.5
[mm] laminations if 0.2 [mm] laminations were utilized.

All kind of grinding on the surfaces of laminated steel should be avoided. A test
with a laminated E-core with and without grinded air gap surfaces indicated a rise in
the core losses of almost a factor of 2 if the air gap surfaces were grinded.

Not only the amount of losses is important, but in particular the loss density is
crucial. In this design the loss density of the LS magnets and the titanium sleeve stand
out, and these will be critical to the performance of the machine seen from a thermal
perspective. It should be remembered that the loss densities in the actual prototype
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have to be even higher than the calculated ones, when the measured overall rotational
losses are about twice the size of the calculated losses.

Large loss densities in the LS magnets are suspected to cause partly demagnetiza-
tion which could explain the difference of 19% between the measured and FEA esti-
mated slip torque.

It has been proven that the copper loss in this kind of machine topology can be very
small. In the current design the copper loss with a copper temperature of 50 [◦C], is
only about 1% of the output power in full load condition. A copper foil however, is not
a suitable winding material and awareness about eddy-currents when designing the
winding layout should be paid. In the MIPMG v.1 design the maximum eddy-current
losses in the copper is more than three times higher than the DC copper losses in full
load condition.

To use a conduction sleeve without segmentation in the HS air gap was learned
to be a bad idea. At 10000 [rpm] the titanium sleeve is estimated to generate a loss
contribution in the neighborhood of 6500 [W].

A segment rotor was made in fiberglass with inserted SMC segments. It was a very
nice a robust solution, however properties of the SMC had been destroyed due to a
steam bluing, and is was not possible to conclude if the SMC would be a usable alter-
native to the thin steel laminations regarding losses. The fiberglass however, seems like
a strong and useful non conduction material, but it has a poor thermal conductivity.

In Figure 2.20, the MIPMG v.1 prototype is presented next to a 600 [Nm] PM ma-
chine from Leroy-Somer. With a comparable peak torque transfer capability of 520
[Nm] the high torque density of the MIPMG v.1 prototype is evident. The prototype
is not able to operate at high speed, however it has proven that a high torque density
machine can be realized, although the design need improvements regarding losses.

Figure 2.20: The size of the 520 [Nm] MIPMG v.1 prototype is compared with a 600 [Nm]
PM machine from Leroy-Somer.
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MIPMG v.2

Like the MIPMG v.1 the MIPMG v.2 was designed for vehicle traction. An old Audi
A8 Quattro from 1996 was converted into a Battery Electrical Vehicle (BEV) and the
MIMPG v.2 was designed to fit the space available underneath this specific car. The
Audi A8 was chosen due to its wide wheel gauge and four wheel drive, which made it
possible to mount two MIPMGs in the rear without making changes to the suspension
or braking systems, and it gave the possibility to expand to four wheel drive later on if
desirable. The relative old Audi was chosen to ensure that all the ancillary components
such as lights and windows would work, when the Engine Control Unit (ECU) was
removed. The appearance of the purchased Audi before and after the conversion is
depicted in Figure 3.1.

(a) Audi A8 Quattro. (b) Converted Audi.

Figure 3.1: The Audi before and after the conversion. The converted BEV was wrapped in
green and white foil and logos of the different project participants were added.

Each MIPMG should be connected directly to a rear wheel, thus eliminate the orig-
inal mechanical transmissions, i.e. gearbox and differential. To avoid additional un-
sprung mass at the wheel hub the MIPMGs should not act as wheel motors but be
mounted back to back in the middle of the car, and then transfer the torque to the
wheels by drive shafts like illustrated in Figure 3.2.

The MIPMG v.1 prototype had excessive rotational losses and the mechanical de-
sign had room for extensive improvements regarding the assembly and manufacturing
of the prototype. However, it worked as a great proof of concept prototype, which re-
sulted in much gained experience and knowledge on how to improve the next design.
I.e. the work conducted with the MIPMG v.1 established the foundation for the MIPMG
v.2 design. In this chapter a summary of the design details, results, and improvements
of the MIPMG v.2 prototype presented in [P1–P4, P6, P8] is given.
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Figure 3.2: Two MIPMG v.2 units should be mounted back to back and be connected to the
wheels of the car with drive shafts.

3.1 Design Specifications

The specifications of the MIPMG v.2 are based on the desired performance and dimen-
sion limitations determined by the ground clearance and undercarriage of the Audi.
Based on the weight and the dimensions of the original Audi a dynamic simulation
model was build to determine the needed specification for the MIPMGs to obtain an
acceptable performance of the car.

To have the most efficient torque transfer through the drive shafts they should be
place as straight as possible. This limits the distance between the center shaft and
the floor of the car and together with the ground clearance the maximum permissi-
ble outer diameter of the MIPMG design was determined. The distance between the
suspension arms and the lengths of the drive shafts composed the limitation of the
combined length of the two MIPMGs, which should be mounted back to back in be-
tween. The maximum allowable outer diameter was fixed to 260 [mm] and the total
maximum length of each unit was fixed to 290 [mm].

The Audi was not supposed to have same performance as with the combustion
engine but should have a reasonable acceleration and be able to follow the normal
traffic. It was established that if each MIPMG was able to deliver a maximum torque
of 600 [Nm] the Audi would be able to accelerate from zero to 100 [km/h] in about 15
seconds, which was deemed sufficient. The possibility for full acceleration, i.e. full
torque, at 100 [km/h] was desirable. A torque of 600 [Nm] at 100 [km/h] resulted in 46
[kW] per MIPMG, thus a minimum peak power of 50 [kW] was chosen. A torque of
600 [Nm] and a peak power of 50 [kW] per MIPMG would make it possible to climb a
hill with a slope of more than 16% with a speed of 100 [km/h] in the Audi.

Based on the original Audi a rough estimate of the maximum braking torque on
dry asphalt was calculated. These calculations indicated that the minimum slip torque
should be higher than 765 [Nm] to be able to do 100% regenerative braking on the
rear wheel with use of the MIPMGs. Consequently the slip torque of the MG was de-
sired to be somewhat higher than 765 [Nm] to have a buffer to the maximum breaking
torque, and thereby make regenerative breaking possible without the risk of the MGs
slipping. However, a slip torque somewhat higher than 600 [Nm] was demanded to
ensure operation at 600 [Nm] also at higher operation temperatures.

When designing a MIPMG it is important to have some fixed constrains such as
fixed dimensions, maximum speed, required torques, desired efficiency, etc., or the
design opportunities are endless and it is impossible to narrow down the direction,
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which will improve the design. When one parameter is fixed it has an impact on all
the other design details, e.g. when the outer diameter is fixed, then regarding torque
an optimum number of poles for each gear ratio exists. However, this only applies
for a certain air gap, if the size of the air gap is changed the pole/gear ratio optimum
might change as well. I.e. the different parameters interact when conducting a torque
optimization.

With the MIPMG v.1 prototype it was learned that not only the torque should be
optimized, but the rotational losses should have equal focus in the design process, and
the size of the rotational losses are to a great extent related to the chosen configura-
tion. Consequently, the more fixed constrains from the beginning, the more smooth
the design phase will proceed.

3.2 The Prototype

In this section the overall design of the MIPMG v.2 prototype and selected design de-
tails will be presented. At first a short description of the overall design is given, and
the large fundamental changes compared to the MIPMG v.1 is elaborated. In Figure 3.3
and 3.4, an exploded and a sectional view of the final MIPMG v.2 design are presented
respectively, and in Table 3.1 the main specifications of the MIPMG v.1 and MIPMG v.2
designs are listed together.

Stator and shaft

High speed rotor

   Terminal enclosure

Segment rotor (output/low speed rotor)

Drive shaft

LS rotor (fixed)
Resolver

Break all sharp edges.

MIPMG 
exploded_Phd

A

A2
DWG NO.

REVISIONDESIGNED BY: DATE: TITLE:

MATERIAL:
SCALE
 1:1

Qty: Dimensions without assigned tolerance:  DS/ISO 2768-1f

Figure 3.3: Exploded view of the MIPMG v.2 design.

In the new design the LS rotor is made stationary, and the segment rotor is the low
speed output rotor. This induce an increased gear ratio and makes it possible to add a
water jacket to the outer fixed rotor. It was experienced with the MIPMG v.1 that very
high losses was present in the LS magnets and LS steel, thus the forced liquid cooling
directly on these parts is highly relevant. Also the fixed outer rotor makes it more easy
to mount the MIPMG underneath the car. To cool the stator core, channels for liquid
cooling are made in the shaft as well.

The MIPMG v.1 had massive rotational losses and the most efficient way to di-
minish these, is to reduce the frequency. The maximum electrical frequency has been
decreased from 1400 [Hz] to 720 [Hz] by reducing the number of poles and lowering
the desired maximum speed of the machine from 14000 to 10800 [rpm].

An resolver is added to the design to make the rotor position of the HS rotor known
and make the control of the machine much more simple, whereas the MIPMG v.1 had
to be operated sensorless. To minimize the core losses all the active steel parts are made
in 0.2 [mm] laminated steel, cf. Figure 3.5, and all magnets were segment in the axial
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Parameters MIPMG v.1 MIPMG v.2

Dimensions

Outer diameter [mm] 268.50 260.00
Outer lamination diameter [mm] 268.50 240.00

Segment rotor diameter [mm] 240.00 194
Radius of stator teeth [mm] 86.80 63.80

Height of steel segments [mm] 5.00 7.20
Height of LS magnets [mm] 3.50 11.75
Height of HS magnets [mm] 9.00 7.85

Height of motor magnets [mm] 2.50 3.85
LS MG air gap [mm] 0.75 1.00
HS MG air gap [mm] 0.75 2.00
Motor air gap [mm] 0.70 1.00

Stack length of gear [mm] 100.00 195.00
Stack length of stator [mm] 60.00 115.00

Total assembled length [mm] 250.00 273.10
Volume of active parts [L] 5.66 8.82

Weight

Lamination weight [kg] ≈22.5 ≈29.5
Copper weight [kg] ≈3.3 ≈2.5

Permanent Magnet weight [kg] ≈6.9 ≈15.0
Total weight [kg] ≈55 ≈83

Configuration

Number of motor and HS rotor poles 12 8
Number of low speed rotor poles 106 64

Number of steel segments 59 36
Gear ratio 8.83 9

Number of stator teeth 9 6
Number of turns in each coil 14 15

Winding cross-sectional area
[
mm2] 10 10

Calculated base/max input speed [rpm] ≈5800/14000 ≈9150/10800
Calculated nominal power [kW] ≈35 ≈64

Measurements

Slip torque @20◦C [Nm] 520 873
Torque density total/active volume @20◦C [kNm/m3] ≈43/92 ≈65/99.2

Back EMF constant @20◦C [Wb/rad] 0.064 0.073
Synchronous inductance @20◦C [mH] 0.596 0.846

Phase resistance @20◦C [Ω] 0.0227 0.0169

Table 3.1: Main specifications of the MIPMG v.1 and MIPMG v.2 prototype.
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Figure 3.4: Section view of the MIPMG v.2 design.

direction. The small magnet segments were glued together into larger magnet arrays
before they were magnetized. In Figure 3.6, motor magnets during the gluing process
are depicted. For each prototype roughly 1060 sets of laminations are used, except in
the stator where the stack is shorter, and a total of around 5630 small magnet segments
are utilized.

Figure 3.5: A set of 0.2 [mm] steel laminations for the MIPMG v.2 prototype.

In the new MIPMG v.2 design all the magnets are buried, hence no magnets can
cause a break down due to poor gluing conditions. When the HS gear magnets were
buried and the maximum speed was lowered the titanium sleeve could be eliminated.
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Figure 3.6: The segmented motor magnets.

3.2.1 Pole Number and Gear Ratio

The gear ratio of 8.83 in the MIPMG v.1 design lead to a good proportion between the
slip torque of the MG and the motor torque with a maximum current density around
7 [A/mm2] in the windings, thus a gear ratio on the same scope was desirable for the
MIPMG v.2.

Because of the high rotational losses in the MIPMG v.1 prototype, the magnetic
frequency had to be lower in the MIPMG v.2 design, thus the number of poles should
be reduced. There is a clear connection between the diameter, the pole configuration,
and the gear ratio. For each diameter and HS pole number there exist a slip torque
optimum in relation to the gear ratio, when the same air gap is utilized. I.e. for a
given air gap size the slip torque of the MG will increase proportional to the number
of pole pairs on the LS rotor, until the magnets becomes to narrow, and the impact of
the leakage flux between the magnets gets to high, and the slip torque will begin to
decrease as the pole number is further increased.

In Figure 3.7, this is illustrated by a 2D FE calculation of the slip torque, when
the gear ratio is increased in designs with different number of poles on the HS rotor.
The torque transfer capability increased with the increasing gear ratio, thus number
of LS poles, until a certain number of LS poles and the curve starts to descent. In the
same manner the peak torque of the different HS pole configurations increases with
the number of poles on the HS rotor until it peaks between 12 and 16 HS poles and
then starts to decline.

Common for all the peak torques in Figure 3.7 is the number of LS magnets. When
rewriting Equation 1.18 the number of LS poles can be calculated as:

pLS =
(
iseg − 1

)
· pHS (3.1)
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Figure 3.7: 2D FEA calculated slip torque. Simulation sweep with different number of HS
poles and gear ratios.

The gear ratio for each peak torque of the HS pole curves in Figure 3.7 are read off,
and base on this the number of LS magnets are calculated and presented in Table 3.2.
In spite of the rough steps in gear ratio it is demonstrated that an optimal width of the
LS magnets do exist for a given diameter and air gap size. In this example the number
of LS magnets inducing this optimal width is around 60.

HS poles Gear ratio LS poles

4 15 56
6 11 60
8 9 64

12 6 60
16 4.5 56
20 4 60
24 3.5 60

Table 3.2: Calculated number of LS magnets at the read off peak torque for each torque
curve presented in Figure 3.7.

Simulations with many different configurations were conducted within the avail-
able total length and outer diameter. A configuration with 8 HS poles and a gear ratio
of 9 was deemed a good compromise between performance, loss reduction, cogging
torque, bearing speed, torque matching, distribution between rotational and copper
losses etc. resulting in a reduction of 1

3 in the electrical frequency compared to MIPMG
v.1 (12 poles).
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3.2.2 Optimization and Design Approach

In the design phase a misconception of the torque connection the rotors in between
resulted in a typo in the FEMM script and caused the torque calculation to be wrong,
thus the calculated torques and torque densities presented in [P6, P8] are not correct.
Here the HS torque is subtracted the outer rotor torque to get the torque of the segment
rotor, while they should have been added. Fortunately the error caused the calculated
torque to be higher than first expected and not the other way around.

When designing a MIPMG most choices of dimensions and layout influence the
performance of the MIPMG in more than one way. If only the design is centered around
torque density, then the efficiency will suffer and vice versa. The MIPMG v.2 design
was accomplished by doing an endless number of dimension sweeps, each time cal-
culating the slip torque by 2D FEA. Most dimension sweeps will result in a optimal
dimension regarding torque, e.g. in Figure 3.8 the height of the steel segments in a
specific design is varied, and it clearly has an effect on the slip torque leading to a opti-
mum dimension. It also has a small effect on the amount torque per kilogram magnet
because of the changing diameter of the HS rotor and thus dimensions of the HS mag-
nets. One could believe that now the optimum segment height was found, however
many other optimums for the height exist when other dimensions such as duty cycle of
the segments, thickness and layout of the segment bridges, size of air gaps, diameters,
magnet heights etc. are changed. The torque optimum for a given dimension is most
likely not the dimension which result in the lowest losses or utilize the materials in the
best way, and therefore a design will always be some kind of compromise.

(a) The 2D FE calculated slip torque when the
segment height is varied.

(b) The torque per kilogram magnet when the
segment height is varied.

Figure 3.8: Example of a simulation sweep during the design of a MIPMG. In the MIPMG
v.2 design focus was put on torque and efficiency, but the use of magnet mate-
rial was not prioritized.

In Figure 3.9, another dimension sweep is presented. Here it is the height of the
LS magnets which are varied and it is evident that a small change in the height is es-
sential for the torque capability, cf. Figure 3.9a where the optimum probably is around
4.4 [mm]. However in Figure 3.9b it is obvious that a small change in the height of
the magnet affect the utilization of the magnet material very much as well. Here the
optimum solution is around 3.9 [mm]. In the design of the MIPMG v.2 the use of mate-
rials was not a design criterion, which is apparent in the large amount of magnet that

50



3.2. The Prototype

is used, but building a functional prototype with an acceptable torque density and low
losses was the main goal.

(a) 2D FE calculated slip torque. (b) The torque per kilogram magnet material.

Figure 3.9: Example of a simulation sweep during the design of a MIPMG, when the LS
magnet height is varied

The design of the MIPMG v.2 was conducted in several steps and iterations. At first
focus was put at optimizing the torque transfer capability based on a sectional view of
the design through sweeps in 2D FEA. Then the losses were estimated. Alterations of
the design with focus on the losses were conducted, and optimization regarding torque
was repeated and then again followed by a new loss estimation. Meanwhile a 3D me-
chanical model was build based on the 2D sectional view, and an maximum allowable
stack length for the MG and motor was establish considering space for the end-shield,
resolver, bearings etc. and of cause the fixed maximum total length of the final pro-
totype. Several iterations of this procedure was conducted where among others, dif-
ferent rotor topologies, magnet layouts, and cooling methods, were tested regarding
a realistic mechanical construction and assembly, mechanical stress, torque transfer,
saturation, demagnetization etc.. Because this many aspects should be taken into con-
sideration several compromises had to be made in the final design due to limited time,
and thereby the design would naturally have room for improvements.

As an example of design compromise, the air gap between the HS rotor and seg-
ment rotor was increased from 1[mm] to 2[mm] in last minute to avoid demagnetiza-
tion and minimize the losses. This resulted in a large drop in slip torque of the MG, but
also the core losses of the MG were drastically reduced. However, the investigation of
the demagnetization turned out to be insufficient, which will be clarified in Chapter
3.5.7.

3.2.3 High Speed Rotor

In the MIPMG v.1 design it was learned that a conducting sleeve around the HS gear
magnets was a poor solution, because huge eddy-current losses occurred in the moun-
ted titanium sleeve. The maximum speed of the HS rotor was lowered and the diame-
ter made smaller in the new design, which meant smaller centrifugal forces on the mag-
nets. Simulations indicated that if the magnets were changed from surface mounted to
insert magnets, a rather thin layer of lamination material would be able to withstand
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the centrifugal forces from the magnets, and thereby eliminate an additional sleeve.
A lot of magnet layout proposals were tested, both coupled and decoupled versions,
and their slip and motor torque were compared. In Figure 3.10, an array of proposed
HS lamination layouts is illustrated. Looking back the coupled versions did not make
sense when different motor and gear lengths were desirable.

Figure 3.10: An extract of the idea generation for the layout of the HS rotor sheets.

The final HS sheet design is depicted in Figure 3.11. Only a thin layer of lamination
is used to keep the HS gear magnets in place, and by using insert magnets glue is
avoided, which induce a more simple assembly and more robust rotor. Additionally
the laminated steel between the HS gear magnet and the air gap entails a filtering effect
of the flux variations caused by the steel segments in the surface of the HS magnets,
thus reducing the eddy-current losses in the HS magnets. The torque transfer capacity
is however highly sensitive to the thickness of the layer of steel lamination due to
leakage flux the magnets in between.

Figure 3.11: Section view of the v.1 and v.2 HS rotors together with a picture of the final
steel sheet for the MIPMG v.2.
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The motor magnets are buried as well to avoid all gluing and obtain a nice smooth
surface of the rotor. Both gear and motor magnets were mounted directly in the lami-
nations without any adhesive.

Again the laminations are kept together with stainless steel bolts, but with a more
clever placement of the holes in the laminations. The corners of the inner part of the
gear magnets are cut, and the bolt holes are placed between the magnets creating an
almost uninterrupted flux path in the back iron. This made it possible to reduce the
thickness of the yoke without saturation occured. The cuts of the magnets corners
does not have a impact on the slip torque, because the flux from the removed corners
was pure leakage and did not contribute to the torque. When the yoke is reduced the
diameter of the motor air gap is increased, i.e. for a given current applied, the motor
torque will increase.

3.2.4 Low Speed Rotor - Fixed Rotor

A big difference between the new and old design of the LS rotor is that the rotor is
changed from being the LS output rotor to being the fixed rotor in the design. This
result in a larger gear ratio, makes the mounting beneath the car more easy, and most
importantly it makes it possible to add liquid cooling. The LS magnets and steel turned
out to have very high loss densities in the MIPMG v.1 design, therefore the possibility
for force liquid cooling is highly valued.

During operation with the MIPMG v.1 prototype it was experienced to lose some of
the LS magnets, because they were poorly glued on to the rotor, and when the rotor got
hot due to the high rotational losses the strength of the glue diminished. Thus, it was
desired to have insert magnets in the new design to avoid the glue and mechanical fix
the LS magnets.

Many different magnets layouts were tested like with the HS rotor, and the final
design is presented in Figure 3.12. The magnets are shaped as a trapezium and mag-
netized in the tangential direction. By doing so a flux concentration is created in the
steel between two magnets and thereby composing a pole. Above the magnets an air
pocket in each corner are added to minimize the flux leakage.

Figure 3.12: Magnet and laminated steel layout for the LS rotor.

In Figure 3.13, the flux concentration between the magnets is illustrated by a flux
density plot of a few magnets created in FEMM.

At first the magnets were mounted in the laminations without adhesive, but due
to the tolerances of the magnets and steel cut the LS magnets started to vibrate when
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the prototype was rotated. Subsequently the air pockets above the LS magnets, and
thereby also all the small gaps between steel and magnets, were filled with epoxy and
the magnets were fixed.

Figure 3.13: Flux concentration created by the magnets in the outer rotor.

The LS magnet design consume a large amount of magnet material - almost 8 [kg].
The MIPMG v.1 design only utilized about 1.8 [kg] LS magnets, thus about a factor 4.4
less magnet than the new design. Seen from a material point of view it is not a good
design. However, it results in a higher slip torque than the surface mounted design,
and it reduces the eddy-currents in the magnets, which was deemed more important
factors in the prototype design than the consumption of materials.

The magnet width of 6 [mm] in the MIPMG v.1 design was the determining di-
mension in the radial direction and the height of 3.5 [mm] in the tangential direction
when calculating the eddy-current losses. Because of the magnet shape in the new de-
sign and a fine axial segmentation, the segmentation thickness becomes the limiting
dimension in both directions.

The loss calculations conducted for the magnets in the MIPMG v.1 design where
simplified by dividing the magnets into several sub-regions, where the flux density in
one point represented the flux density for an entire sub-region. To be able to compare
the calculated magnet losses of the new design with the MIPMG v.1 losses, they have
been calculated by the same method, but also by using the flux density in all elements
for a more exact result.

In Figure 3.14, the simplified calculated eddy-current losses in the magnets of the
new design with a segmentation of 6 [mm], similar to the MIPMG v.1 design as the
losses in the tangential direction were insignificant, and with the final segmentation of
2.5 [mm], are compared to the calculated losses of the MIPMG v.1. With the 6 [mm]
segmentation the losses at 10000 [rpm] are reduced to less than 25% of the old design,
and in the final design the losses are 17 times lower. This is an impressive result taking
that the losses are distributed on a mass more than four times larger into account.

When the losses in each element are calculated the losses are about 40% higher
than the simplified calculation, which suggest that the simplified method was a poor
estimate.
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Figure 3.14: Losses in the LS gear magnets in the v.1 and v.2 design. The new design is
presented with two different segmentation thicknesses 2.5 [mm] and 6 [mm],
where the latter correspond to the segmentation in the v.1 design.

The loss density in the LS magnets in the MIPMG v.1 design was particularly crit-
ical. Due to the higher mass of magnets and the large reduction in the losses the loss
density in the LS magnets in the v.2 design is drastically diminished. In Figure 3.15,
the calculated loss densities are presented. With the simple calculation method the loss
density is reduced from about 2500 [W/kg] in the v.1 design to around 36 [W/kg] at 10000
[rpm] in the v.2 design, and with all elements used in the calculation the loss density
reaches 48 [W/kg] in the new design. This seems more realistic to keep cooled during
operation, in particular when the water jacket is added.

Figure 3.15: Loss density in the LS gear magnets in the v.1 and v.2 design. The new design
is presented with two different segmentation thicknesses 2.5 [mm] and 6 [mm],
where the latter correspond to the segmentation in the v.1 design.
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3.2.5 Segment Rotor

The segment rotor is one of the most challenging parts of the machine to construct
seen from mechanical point of view. All other components are basically to find in
commercial permanent magnet machines. In the new design the bridge between the
segments is kept, partly to keep the structure of the cylinder, but the bridge actually
also increases the torque transfer capability of the gear, and it has a filtering effect of
the flux variations seen in the HS gear magnets. The thickness of the bridge has an
optimum regarding torque, that is if the bridge is to thick the leakage of the HS flux
will reduce the torque, but until a sudden thickness the torque will increase, cf. Figure
3.16.

Figure 3.16: Calculated slip torque when conducting a sweep of the bridge thickness be-
tween the steel segments.

Simulations have been performed with different shapes of the bridge and steel
teeth, however it was the mechanical design aspect, which force through the final de-
sign. The bolts and epoxy resin used in the MIPMG v.1 design to keep the steel sheets
together were replaced with composite bars. To make it easy to manufacture the com-
posite bars they were made in a square shape, thus the air pocket between the steel
segments had to be square as well. In Figure 3.17, the shape of the new and old seg-
ments are illustrated.

Even though the segment tooth became more narrow at the bottom compared to
the top of the tooth, the design with the thin bridge actually turned out to be more
effective than the old design with the thicker bridge near the tooth, seen from a torque
point of view. The old design simply allowed to much leakage.

When all elements were used in the loss calculations of the HS magnets, it became
clear that high eddy-current losses occurred in the surface of the HS magnets, due to
the flux variations caused by the high frequent alternating permeability caused by the
steel segments. The bridges between the steel segments have, as mentioned, a filtering
effect on these flux variations. It was realized that by making a dummy slot in the
middle of the steel tooth, cf. Figure 3.17, it was possible to even out the flux variations
in the HS gear magnets further.
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Figure 3.17: Old and new segment design together with a picture a manufactured steel
sheets for the MIPMG v.2

In Figure 3.18, the calculated losses in the HS gear magnets with the same segment
design only with the dummy slot as deviation are presented. In the design phase the
magnet losses were calculated based on the simplified method, even so, with the MG in
full load position the losses were reduced with approximately 30% due to the dummy
slots, and the drop in slip torque was only a few percent.

Subsequently, the losses have been recalculated with all mesh elements included,
and the calculated losses in the HS magnets turn out to be more than four times higher,
cf. Figure 3.18. This observation confirms that the simplified calculation method is
insufficient as earlier proclaim.

Figure 3.18: Estimated losses in the HS gear magnets with and without the dummy slots
in the steel segments.
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With all elements included in the loss estimation, the achieved reduction in full load
condition was about 40%, i.e. somewhat higher than with the simplified method. This
makes sense as the main losses are presumed to occur in the surface of the magnets,
which in the simple method would be partly neglected, but naturally will be included
when all mesh elements are used. When the gear is in no load condition and the same
comparison is made, the loss reduction caused by the dummy slots is around 22%.
This means, that by adding the dummy slots, it can be assumed that the HS magnet
losses will be reduced between 22% and 40% during operation, with the price of a few
percent reduction in the slip torque.

3.2.6 Cooling

The water jacket and the cooling channels in the shaft were designed by an iterative
approach where an design was drawn in 3D CAD, and subsequently flow simulations
in SolidWorks® and ANSYS® were conducted to see if the liquid spread out evenly.
The design was adjusted several times and each time new flow simulations were per-
formed. This procedure continued until an acceptable result was achieved. Particular
the manifold in the outer water jacket had many tweaks before the liquid was reason-
ably distributed between all the channels. In Figure 3.19, a flow example from both
SolidWorks® and ANSYS® is presented. In Figure 3.19a, it is vaguely seen how the
manifold narrow down from the inlet and down through the length of the cylinder.

(a) Test of water jacket design by flow simu-
lation conducted in SolidWorks®.

(b) Test of water jacket design by flow
simulation conducted in ANSYS®.

Figure 3.19: The design of the water jacket manifold and channels was carried out by a
iterative approach, where the distribution of the cooling liquid throughout
the entire rotor surface was evaluate by flow simulation performed in both
SolidWorks® and ANSYS®

In Figure 3.20, pictures of the machined water channels before the outer sleeves
are mounted and a leakage test are presented. The liquid channels on the shaft were
machined, then a sleeve was mounted and welded, and at last the entire shaft had the
final machining creating the fine tolerances for the bearings and so on. The outer water
jacket was constructed in the same manner. First the channels were made, then a sleeve
was mounted and welded, and finally it was checked for leaks.
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(a) The cooling channels in
shaft before the sleeve is
mounted.

(b) Water jacket before the
outer sleeve is mounted.

(c) The water jacket is checked for
leaks.

Figure 3.20: The manufactured water jacket and liquid channels in the shafts.

3.2.7 Finalized Prototypes

The manufactured and assembled main components of the MIPMG v.2 prototype are
depicted in Figure 3.21. I.e. the stator, the high speed rotor, the segment rotor (output
rotor), the stationary LS rotor, and the complete assembled machine.

Figure 3.21: Manufactured parts for one of the MIPMG v.2 prototypes.

In Figure 3.22, a picture of the MIPMG v.2 prototypes mounted in the modified rear-
axle housing and a picture of the prototypes mounted beneath the Audi are depicted.
From the pictures it is clear that the MIPMG v.2 are designed specific to the Audi and
the outer dimensions are to the limit.

3.3 Estimated Losses

With the MIPMG v.1 prototype it was proven that high torque could be obtained with
low copper losses, but also that the core losses in the MIPMG design need extra atten-
tion. In the MIPMG v.2 design focus has been put on reducing the rotational losses
to ensure two functional prototypes, when the MIPMG v.1 was impossible to operate
except at very low speed due to massive core losses.
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(a) The MIPMG v.2 prototypes
are mounted in the modi-
fied rear-axle housing.

(b) The MIPMG v.2 prototypes are being mounted under-
neath the Audi.

Figure 3.22: Mounting of the prototypes in the converted Audi.

In this section the estimated rotational losses of the MIPMG v.2 design are presented
and compared to the losses of the MIPMG v.1 design. The distribution of the losses and
loss densities in the different materials are compared in different load scenarios, and at
last the copper loss related to the output torque is presented as well.

3.3.1 Rotational Losses

In the MIPMG v.1 design and the design phase of the MIPMG v.2 the eddy-current
losses in the magnets were estimated by the flux density in one point representing an
entire sub-region of the magnet. This simplification is deemed to be a poor estimate,
as the losses, when calculated for each mesh element in the LS magnets becomes 40%
higher and in the HS magnets four times higher, cf. Figure 3.14 and Figure 3.18. How-
ever, when the calculations are performed in the same manner a comparison of the
results are considered fair, with reservations to the different magnet design topologies.

In Figure 3.23, the total calculated rotational losses of the MIPMG v.1 and final
v.2 design are presented. The only difference in the new calculation of the MIPMG v.2
losses are the losses in the magnets, the steel, bearing and windage losses are calculated
in the same manner.

At 10000 [rpm] the losses in the MIPMG v.2 design are only about one eighth of
the MIPMG v.1 losses, but as the v.2 design is able to deliver a higher torque a more
reasonable comparison might be a loss per torque ratio. The 2D calculated slip torque
of the v.1 and v.2 designs are 642 [Nm] and 1127 [Nm] respectively, thus a more fair
comparison could be the rotational losses divided with the slip torque. At 10000 [rpm]
this yields 26.33 [W/Nm] and 1.89 [W/Nm] for the MIPMG v.1 and v.2 design respectively,
i.e. the calculated loss per newton-meter is about a factor 14 smaller in the new design.

In Figure 3.24, the distribution of the calculated rotational losses with all elements
used in the magnets is presented. Again the calculated air friction is insignificant com-
pared to the total losses, yet the bearing losses compose about 20% of the losses, which
is not negligible. It was experienced in [P8] that the bearing losses can be significantly

60



3.3. Estimated Losses

Figure 3.23: 2D FEA based calculated rotational losses of the MIPMG v.1 and MIPMG v.2.

higher than expected, thus the bearing design can be crucial to the final efficiency.

Figure 3.24: Distribution of the calculated rotational losses of the MIPMG v.2 design.

Calculated Core Losses

The flux paths will differ depending on the load situation of the MG, when the angle
displacement the two rotors in between will change. To examine the effect on the
rotational losses when loading the MG, loss calculations for different load scenarios
are presented in Figure 3.25.

No matter if the MG is rotated without load, with half the slip torque, or the full
slip torque, the calculated core losses in the magnets and laminated steel only have
small variations. This indicates that the losses in the MG are almost independent of
the load, however when a current corresponding to full torque is applied the windings
the core losses of the steel are increased a great deal, whereas the magnet losses only
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are enhanced a fraction. This suggest that the decoupling of the motor and gear is
total, when the MG magnet losses are not increased due to the motor flux, and the loss
increase in the steel is assumed to be in the motor parts.

This is confirmed in Figure 3.26 where a detailed distribution of the losses in full
load condition with and without current applied is presented. In the figures it can
be seen that only the motor magnets, the HS steel, and the stator steel experience an
increase in losses, when the current is applied, i.e. the decoupling is total.

Figure 3.25: Distribution of the calculated losses in different load conditions of the MG.

(a) No current is applied the windings. (b) A current of 10 [A/mm2] in the windings.

Figure 3.26: Distribution of the rotational losses. MG in slip torque position and the motor
is applied 0 and 10 [A/mm2] respectively.

In Figure 3.27, a detailed distribution of the losses in no load and half slip torque
load condition is presented. When the MG is loaded the magnet losses decreases, but
a similar increase in the losses of the segment steel occurs, resulting in a more or less
unaltered total loss. When Figure 3.26a is compared to Figure 3.27b the magnet losses
are even further decreased and the segment losses are increased similarly, as the MG is
loaded up to full slip torque.
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(a) MG in no load position. No current. (b) Half slip torque position. No current.

Figure 3.27: Distribution of losses. MG in no load and half slip torque position.

The gear magnets and segment steel are loaded differently whether the gear is
loaded or not, thus resulting in the difference in the losses. In Figure 3.28 and 3.29,
it is illustrated how different the HS magnet is loaded when the MG is in no load and
slip torque condition. In 3.29 it is clear that the mean flux density in the steel segments
are higher when the gear is loaded, i.e. the iron losses must be higher, as it also was
derived from Figure 3.26 and 3.27.

(a) Field strength in no load condition. (b) Field strength in slip torque condition.

Figure 3.28: Magnetic field strength in the HS magnets. MG in no and full load condition.

The loss density were critical in more parts of the MIPMG v.1 design, and conse-
quently focus was put on the loss densities in the different parts of the MIPMG v.2
during the design phase. The loss densities in the same four load scenarios as before
are presented in Figure 3.30 and 3.31.

The loss density is below 100 [W/kg] in all of the MIPMG v.2 parts in the full speed
range, except when the motor is loaded with full current, then the loss density of the
motor magnets get just above 100 [W/kg] at full speed. These loss densities are deemed
noncritical, and the design was estimated to be operational in the full speed range
without the same overheating problems as with the MIPMG v.1 prototype.
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(a) Flux density in no load condition. (b) Flux density in slip torque condition.

Figure 3.29: Flux density with MG in no and full load condition.

(a) No current is applied the windings. (b) 10 [A/mm2] is applied the windings.

Figure 3.30: Loss densities when the MG is in slip torque position and the motor is applied
0 and 10 [A/mm2] respectively.

(a) No load position and no current. (b) Half slip torque position and no current.

Figure 3.31: Loss densities when the MG is in no load and half load condition.
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3.3.2 Copper Losses

It was proven with the MIPMG v.1 prototype that the copper losses of this machine
topology can be very low compared to other machine types. However, a copper foil
was used in the MIPMG v.1 design, which induced eddy-current losses in the copper
three times higher than the DC copper losses. To avoid these eddy-currents in the
MIPMG v.2 design stranded wires were used.

In the design phase of the MIPMG v.2 the copper fill factor was defined to be 40%
of the slot area. When calculating the motor torque in FEMM the current in the slots is
easily transformed to a current density of the effective copper area, and the connection
between current density and motor torque of the final design is presented in Figure
3.32.

To obtain the maximum output torque of 600 [Nm] the motor should deliver 66.7
[Nm], which result in a current density around 10.7 [A/mm2]. In most of the torque
operating range the relation between the current and torque is more or less linear,
which indicate that the motor does not saturate, but near the peak torque and when the
current is further increased the relation becomes more nonlinear, i.e. some saturation
occurs.

Figure 3.32: 2D FEM calculated motor torque related to the current density.

The length of each copper wire was estimated based on the geometry of the stator
and the number of turns in each coil. Based on the wire length, Lw, and the total cross
sectional area of a phase conductor, Aw, the phase resistance at 20 [◦C] was calculated:

Rs =
Lw · Aw

ρCu
=

10 · 10 · 10−3

1.68 · 10−8 = 0.0168 [Ω] (3.2)

Where ρCu is the resistivity of copper at 20 [◦C].
During operation the copper temperature will be higher than 20 [◦C], thus the phase

resistance at 100 [◦C] is estimated by the linear approximation:

Rs100 = Rs (1 + αCu (T − T0)) = 0.0168 (1 + 0.0039 (100− 20)) = 0.0220 [Ω] (3.3)
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Where Rs100 is the phase resistance at 100 [◦C], αCu is the temperature coefficient of
the copper resistivity, T is the actual temperature of the copper, here 100 [◦C], and T0 is
the reference temperature, here 20 [◦C].

Based on the needed current densities at different motor torques, cf. Figure 3.32, and
the phase resistances calculated in Equation 3.2 and 3.3, the calculated copper losses of
the MIPMG v.2 are presented in Figure 3.33.

When the MIPMG v.2 is operated at nominal speed and loaded with the maximum
torque of 600 [Nm], the output power i about 64 [kW]. At 600 [Nm] and a copper tem-
perature of 20 [◦C] and 100 [◦C] the calculated copper loss is 572 [W] and 751 [W] re-
spectively, thus 0.89% and 1.2% of the peak output power.

Figure 3.33: Calculated copper losses based on estimated resistance and the relationship
between current density and the motor torque presented in Figure 3.32.

3.4 Mechanical Design

The mechanical construction of the MIPMG v.2 design has been an iterative process. At
first a fundamental 2D section view design was made in FEMM with regard to torque
capabilities and rotational losses. Then based on this 2D design, a 3D CAD model
including considerations regarding: bearing design, cooling, insulation, cable connec-
tion, position sensor, assembly methods and assembly sequence, manufacturing, etc.
was build in SolidWorks®. The 2D FEA was updated to reflect the 3D model, and the
torque capabilities and rotational losses were reevaluated. The 2D design was then
adjusted followed by a 3D adaptation, and so on, until til final design was in place.

Many design variations were constructed, and the final design was slowly formed
through numerous iterations. When a design appeared promising a 3D stress and
deformation FEA was performed on the critical parts and assemblies in ANSYS®. In
Figure 3.34, a couple of examples of the mechanical FEA are presented.

It was only possible to operate the MIPMG v.1 prototype at low speed due to the
high rotational losses, but when the motor part was operated alone without the MG
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(a) Mechanical stress in the
HS rotor laminations.

(b) Mechanical stress in the ou-
ter rotor laminations.

(c) Mechanical deformation of
outer rotor.

Figure 3.34: Mechanical FEA examples.

assembled, it could go up to much higher speeds. When the v.1 prototype motor was
mounted to a fixture and operated in no load condition it hit a couple of the natural
frequencies between four and five thousand rpm during acceleration.

Several different analytical methods for calculating the natural frequency of a cylin-
der, that is the HS cylinder, in the circumferential, bending, and radial- axial modes
were tested, but without obtaining a result in the same area as the registered frequen-
cies. It was realized that the relative thin shaft and fixture most likely influence the
detected natural frequencies.

In ANSYS Workbench® several 3D modal analysis were preformed with the motor
mounted on the fixture, as in the test setup, and different rotor speeds were applied
the HS rotor. Based on the results a Campbell diagram was establish, see Figure 3.35.
Both the mechanical rotation excitation line and the electrical/magnetic excitation line
have more intersections in the speed range where the oscillations were register in the
test setup. The electrical excitation line actually intersects the first four modes at lower
speed, but these were not observed when operating of the prototype. Therefore it
is assumed that the witnessed natural frequencies during operation in the test setup,
were the first and second mode caused by the mechanical rotation frequency.

To reduce the chance of resonance problems in the MIPMG v.2 design, a similar
Campbell diagram of the complete MIPMG v.2 design, including the mounting plates
from the undercarriage of the Audi, was made. The CAD model was simplified to
reduce computation time, by removing holes etc., and the drive shaft and wheel of the
Audi were not included. In Figure 3.36, the simplified CAD model is presented and
the fixed edges in the simulations are marked with purple.

Figure 3.37 presents the Campbell diagram for the setup described above. The elec-
trical/magnetic excitation line intersects the three first modes in the operational speed
range, but both the LS and HS mechanical rotational frequencies are much lower than
the first mode. If the drive shaft and wheel where included the result would probably
be a bit different. However, the joint to the drive shaft is very flexible, which would
be difficult to simulate in a believable manner, and induce the effect from the drive
shaft and wheel on the natural frequency to be small. It should also be kept in mind
that the results from the modal analysis only should be used as an indication, and not
as reliable representation of the reality, because many uncertainties regarding material
properties, connection constrains etc. are in play in such a simulation.
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Figure 3.35: Campbell diagram for the motor part of the MIPMG v.1. Made by sev-
eral modal analyzes conducted with different applied rotor speeds in ANSYS
Workbench®

Figure 3.36: The mounting plates were included in the modal analyzes conducted in AN-
SYS Workbench®, and the fixed surfaces were chosen to resemble the actual
mount in the car as good as possible.

Different initiatives were taken to increase the lowest natural frequencies by chang-
ing the end-shields, materials, etc., but only with little effect. It was assumed that the
natural frequencies were high enough to avoid mechanical excitation, yet if the elec-
trical/magnetic excitation could cause trouble was unknown, however time did not
allow it to be investigated further, before the manufacturing of the MIPMG v.2 proto-
types had to be initiated.
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Figure 3.37: Cambell diagram for the assembled MIPMG v.2. Made by several modal ana-
lyzes conducted with different applied rotor speeds in ANSYS Workbench®

3.5 MIPMG v.2 - Results

Initial tests were conducted on the MIPMG v.2 prototypes in the lab before they were
mounted in the car and tested as part of the full drivetrain. As a consequence of a
tight timetable and fear of a breakdown before test in the car, only fundamental tests
were conducted with the prototypes initially. When the MIPMG v.2 prototypes had
demonstrated as functional traction units in the Audi without any problems, they were
dismounted and extensive tests were performed in the lab.

3.5.1 Back EMF

When the motor part of the first prototype was assembled, the back EMF was measured
as the first thing to ensure symmetry between the phases, and it was discovered that
the EMF amplitudes varied [P8].

Some of the mounted motor magnets were discovered to be substantially weaker
than the other magnets. The reason for the weaker magnets remains unknown, how-
ever the magnets were dismounted, magnetized once again, and remounted.

With the motor magnets remounted the back EMF had a fine symmetry and the
gear was mounted. With the full assembled prototype a back EMF measurement was
repeated. First measurement was performed by rotating the prototype by hand, thus
only a low voltage was achieved, yet usable to a comparison with the simulations re-
sults from FEMM. In Figure 3.38, the measured and simulated back EMF and their FFT
amplitude spectra are compared. A very good agreement between the measurement
and the simulation result is present - the EMF constant only deviates a few percent.

With the load machine connected to the prototype it was possible to measure a
steady back EMF at higher speed. In Figure 3.39, an example of such a back EMF
measurement is presented. The back EMF has a fine symmetry the phases in between
and the problem with varying amplitudes had been eliminated.
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(a) FFT amplitude spectrum of measured and
simulated back EMF.

(b) Measured and simulated back EMF.

Figure 3.38: The simulated and measured back EMF are almost identical, thus the FFT am-
plitude spectra is very similar.

Figure 3.39: Example of measured back EMF.

3.5.2 Cooling

Due to the time limitations of the design phase no thermal analyses were performed.
Only the flow in the cooling channels was examined, see Section 3.2.6, thus the actual
cooling capability of the prototype was unknown before it was tested.

Several thermocouples were mounted in the prototypes to make it possible to moni-
tor the temperatures in the different parts of the machine. Initially the temperature rise
in the copper windings, with different DC-currents supplied, were measured before
the prototype was loaded [P3, P6]. The DC test indicated that the cooling system was
able to handle the copper losses and subsequently different load tests were conducted.

In Figure 3.40, a couple of cooling test examples are presented. In 3.40a the ma-
chine is already at operation temperature when the measurement begins. In almost
20 minutes the prototype is operated at relative high speed and load. The motor is
operated at a constant speed of 5800 [rpm], and at first a load of 235 [Nm] is applied,
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which later is stepped down to 195 [Nm]. From this measurement it is clear that it
is the copper temperature, and particularly the end-winding temperature, which will
become critical.

Figure 3.40b illustrates a simple test attempting to imitate urban traffic, where the
loading of the MIPMG would go up and down repeatedly due to many accelerations.
In the test the speed is kept steady at 3600 [rpm] on the HS side. In the 10 minutes
the measurement presents, none of the measured temperatures becomes critical, and
a significant increase in the temperature of the end-winding does not start before the
torque is kept steady above 300 [Nm].

(a) Cooling test with 5800 [rpm] on the HS ro-
tor, which correspond to 80 [km/h] in the
Audi, and a load torque of 235-195 [Nm].

(b) Cooling test with a constant speed of 3600
[rpm] on the HS rotor, which correspond
to 50 [km/h] in the Audi. The load is var-
ied to simulated urban traffic even though
the speed is kept steady. Torque needed to
drive 50 [km/h] = 60 [Nm].

Figure 3.40: Examples of cooling capability tests.

When measuring the slip torque, the motor was blocked by supplying a huge DC-
current to the windings. When 350 [A] was applied in 31 seconds the maximum tem-
perature rise in the copper was 90 [◦C], which indicates that the prototype is able to
deliver a very high torque without thermal problems in short period of time. By com-
parison the peak design torque of 600 [Nm] is produced at phase current of approx-
imately 107 [Arms]. The nominal design load was chosen to be 248 [Nm], which is
the needed torque, identified by simulation, to drive the Audi 100 [km/h] with 20 [m/s]
headwind. The nominal torque is achieved with a phase current of approximately 44
[Arms].

Based on many conducted measurements, it was concluded that if the MIPMG v.2
should be used as a traction motor for a BEV, the cooling system would probably be
sufficient, since it would never be driven with high load for a long period of time.
However, if the MIPMG v.2 should be used in other applications where it would be
operated with a steady torque higher than the nominal torque of 248 [Nm], the cooling
of the end-windings should most likely be improved.
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3.5.3 Rotational Losses

In the design phase of the MIPMG v.2 much focus was put on keeping the rotational
losses low to ensure two functional prototypes, which could be operated without over-
heating. The calculated rotational losses at 10000 [rpm] was reduced with about a
factor eighth, when compared to the calculated losses of the MIPMG v.1, and by the
more fair loss comparison in watt per newton-meter the reduction was approximately
a factor 14 at 10000 [rpm], cf. Section 3.3.1.

Due to the very high rotational losses of the MIPMG v.1 prototype, the losses have
not been measured at a speed higher than around 4600 [rpm] on the HS rotor. Conse-
quently, a similar comparison between the measured rotational losses of the MIPMG
v.1 and v.2 prototype is conducted at 4500 [rpm].

The calculated reduction at 4500 [rpm] is a factor 5.6, and when compared in watt
per newton-meter a factor 9.4 is obtained, cf. Figure 3.23. In Figure 3.41, the measured
rotation losses of the MIPMG v.1 and v.2 are compared. The reduction is huge, but
not as large as the calculations predicted. At 4500 [rpm] the MIPMG v.2 losses are 4.6
times smaller than the MIPMG v.1 losses. In the new design the measured slip torque
is percentage-wise much lower than estimated by the 2D FEA, which also affect the
comparison in watt per newton meter, where the difference between the two measure-
ments is a factor 7.7.

Figure 3.41: Measured rotational losses of the MIPMG v.1 and v.2 prototype.

The rotational losses of the motor alone were measured and simulated as well, and
the simulated and measured losses for both the motor and the full MIPMG are pre-
sented in Figure 3.42. The calculated rotational losses of the motor alone are relative
close to the actual losses of the prototype, but the ratio between the measured and
calculated losses, or build factor as it is usually called, are much more distinct for the
complete MIPMG.

In Figure 3.43, the build factors for the motor alone and the complete MIPMG proto-
type are presented in the measured speed ranges. The largest variation of the rotational
losses of the motor is less than 20%, whereas the maximum difference of the gear losses
is more than 230%.

72



3.5. MIPMG v.2 - Results

Figure 3.42: Measured and 2D FEA based calculated rotational losses of the complete
MIPMG and of the motor part alone.

Figure 3.43: Build factor for the complete MIPMG and the motor part alone.

The relative small deviation of the calculated motor losses and the large difference
between the calculated and measured rotational losses of the complete MIPMG, indi-
cates that some losses are not accounted for in the loss calculations of the gear part.
A major part of the discrepancy between the measurement and calculation is assumed
to be caused by 3D end effects in the MG, which are not included in the calculations
as they are based on 2D FEA. An investigation of these 3D end effect losses were con-
ducted and outlined in [P2] and [P4], and the performed initiatives are described in
Section 3.6.

The rotational losses of the MG are estimated to be the difference between the mea-
sured losses of the motor alone and the complete MIPMG. Based on this assumption
the loss distribution is presented in Figure 3.44 together with the distribution as per-
centages.
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(a) Measured rotational losses for the motor
and the complete MIPMGM v.2 prototype.

(b) Distribution of the measured losses in per-
cent.

Figure 3.44: Measured rotational losses of the motor part alone and of the complete MIP-
MGM v.2 prototype. Total decoupling between motor and gear is assumed,
thus the losses for the gear part is estimated to be the difference between the
two measurements.

The ratio between the motor and gear losses are relative constant, however the gear
losses appear to increase a little faster than the motor losses. The ratio between the
losses based on the 2D FEA is more or less constant from a very low speed, see Figure
3.45. However, the calculated gear losses are much smaller than the measured and
thereby compose a lower percentage of the total losses.

(a) Calculated rotational losses for the motor
and the complete MIPMGM v.2.

(b) Distribution of the calculated losses in per-
cent.

Figure 3.45: Distribution of the calculated rotational losses for the motor part alone and the
complete MIPMGM v.2.

3.5.4 Phase Resistance

The average measured phase resistance turned out to be very close to the estimated
value presented in Section 3.3.2. Each phase was applied different DC-currents and
the voltage drops were noted. The resistance was calculated for each measurement
and the average DC phase resistance was established to be Rs = 0.0169 [Ω] thus only
a insignificant difference to the estimated phase resistance of Rs = 0.0168 [Ω].
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Because the conductors are made in thin stranded wires, and the skin effect depth
is about three times the single thread diameter at the maximum electrical frequency
of 720 [Hz], the AC phase resistance is assumed very close to the measured DC phase
resistance. The eddy-current losses developed in the copper foil in the MIPMG v.1
are assumed insignificant in the MIPMG v.2 design due to the stranded wires, conse-
quently the only losses in the copper are estimated to be the resistance losses, which
are calculated based on the measured DC-resistance.

The copper losses presented in Figure 3.46, are calculated in the same manner as
the losses presented in Figure 3.33, the only difference is the small deviation in the
resistance, which result in a more or less identical figure.

Figure 3.46: Calculated copper losses based on the measured phase resistance.

3.5.5 Efficiency

It has only been possible to make a partial efficiency mapping due to problems with
the load machine in the test setup. This means that it has not been possible to load the
prototype with full load and high speed. Although the highest efficiency is expected to
be at full load and in the middle of the speed range, impressive efficiencies have been
measured with the prototypes. In Figure 3.47, the measured part of the efficiency map
for one of the MIPMG v.2 prototypes is presented.

A full estimated efficiency map is depicted in Figure 3.48. Here the presented effi-
ciencies are estimated based on the measured rotational losses presented in Figure 3.41,
combined with DC copper losses calculated with a constant phase resistance equiva-
lent to a winding temperature of 100 [◦C] and currents corresponding to the output
torque combined with the additional torque caused by the rotational losses.

Both the tendencies and the values of the estimated efficiency map match the mea-
sured efficiency map, which suggests that the estimation method is a reasonable way
to forecast realistic efficiencies.
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Figure 3.47: Measured efficiency map.

Figure 3.48: Estimated efficiency map based on measured rotational losses and calculated
copper losses.

3.5.6 Slip Torque

To measure the slip torque of the gear, the HS rotor needs to be blocked, while the
output rotor via a torque transducer is rotated until a pole slip occurs. The torque will
build up as sine function of the relative angular displacement between the HS and the
LS rotor, see Figure 1.4, and the slip torque equals the sine peak amplitude.

The original MIPMG v.2 design did not allow a physical locking of the HS rotor,
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and the motor was used to hold the rotor by adding a large DC-current to the motor
windings. If the current is to low it will be the motor which slips a pole pair as the
torque is increased, but if the current applied to the motor is large enough, then it will
be the MG that slips, unless the motor is totally saturated. The approach was to turn
up the current until the torque, where the slip occur, did not become higher, and it was
then assumed to be the MG that slipped.

When the DC-current was turned up higher than 330 [A] the slip torque did not
increase further, and the measured torque of 857 [Nm] was presumed to be the slip
torque of the gear. However the 2D FE calculated slip torque of 1127 [Nm], cf. Figure
3.49, was much higher, and the big difference was not expected to be caused only by
3D effects.

Figure 3.49: 2D FE calculated slip torque.

In Figure 3.50, the measured motor torques with the different DC-currents applied
are presented together with the corresponding FEA results. The torque is both pre-
sented as a function of DC-current and current density in the windings. From the
figures it can be concluded that the FEMM simulation provides a fairly precise torque
in the operation range 0–67 [Nm], but when higher currents are applied the FEMM
underestimate the saturation of the motor and predict too high a torque.

Due to the large difference between measured and simulation result the measuring
method was suspected to be deficient. Saturation of the motor could cause the motor
torque to stagnate no matter if the current was further increased, thus be the reason for
the pole slip at same torque even though the current was increased.

At this point only one of the prototypes remained functional, because the other had
a bad breakdown after an uncontrolled acceleration. The functional prototype was
modified making it possible to lock the HS rotor mechanically. The slip torque was
measured again, and the average of four measurements yield 873 [Nm]. In Figure 3.51,
one of the measurements is presented. I.e. the large difference between the first mea-
surement and the 2D simulation was not caused by saturation of the motor. The 16
[Nm] variation between the to measurements is believed to be caused by a tempera-
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(a) Torque vs. DC-current. (b) Torque vs. current density.

Figure 3.50: Measured and FEMM calculated motor torque related to the applied DC-
current and current density.

ture difference of the magnets. When the large DC-currents were applied repeatedly
during the first measurement, the copper losses would slowly have heated up the en-
tire machine, thus reduced the remanence of the gear magnets and lowered the slip
torque.

Figure 3.51: Slip torque measurement.

When the slip torque was found by a 3D FEA the result of 1075 [Nm] was about
5% lower than the result from 2D FEA, which from experience seems as a reasonable
reduction caused by 3D end effects. The difference between the simulations and mea-
surements was later concluded to be the result of partly demagnetization of the LS gear
magnets.

3.5.7 Demagnetization

When it was realized that the measured slip torque was significant lower than the
results from both 2D and 3D static FEA, a more profound examination of a possible
demagnetization was performed.
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One time the surviving prototype ran without cooling for some time, and became
very hot, when the cooling pump had an operation failure. It is presumed that the LS
magnets have been near or above 140 [◦C], and with this high temperature regions of
the LS magnets would be almost demagnetized. Only a few LS magnets are loaded as
the one presented in Figure 3.52 at the same time, but when the MIPMG is rotated all
LS magnets will experience this load scenario, and the pink parts in the figure would,
at this high temperature, have been partly demagnetized [P1].

Figure 3.52: Loaded LS magnet.

As it was presented in Section 3.5.1 the measured back EMF and the one calcu-
lated by 2D FEA were very close, thus the calculation method seems fairly accurate.
The HS rotor was removed both in the prototype and in the simulation, and the back
EMF generated by the LS magnets were compared to back the assumption of partly
demagnetization of the LS magnets.

In Figure 3.53, the simulated back EMF without the HS rotor is much higher than
the measured one. Consequently the LS magnets were divided into two parts in the
2D FEA, where the magnetic properties of the large pink part illustrated in Figure 3.52,
was modified to represent the demagnetization. The remanence of the modified part
of the LS magnets was lowered until the calculated slip torque matched the measured
slip torque. The back EMF simulation was then repeated with this configuration, and
the result is presented with the red line in Figure 3.53. The calculated back EMF with
the modified LS magnets is very close to the measured one, thus indicating that de-
magnetization of the LS magnets is a plausible explanation to the low measured slip
torque.

In this comparison the reduction in the slip torque due to 3D end-effects was not
taken into account, i.e. the remanence of the modified part of the LS magnets was
reduced a bit to much, as the calculated torque should have be about 5% higher than
the measured torque. However, the magnet array of the LS rotor is 195 [mm] and the
stator is only 115 [mm], thus some additional end effect flux was assumed to increase
the measured EMF a bit, and from the result it seems as if the two things balance each
other out.
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Figure 3.53: Back EMF test without HS rotor. The simulated back EMF is presented with
and without partly demagnetization and compared to the measured back
EMF.

A 3D transient FEA was conducted where only one rotor was rotated, and thereby
forcing the MIPMG to go though the slip torque several times. The 3D transient FEA
is able to take the demagnetization into account, and use new recoil lines after partial
demagnetization. When a demagnetization corresponding to a magnet temperature of
140 [◦C] was included, the slip torque became significantly lower. The average of the
four last slip torques in the simulation was 876 [Nm], i.e. only 3 [Nm] or less than one
percent from the average measured slip torque of 873 [Nm].

Both the test without HS rotor and the 3D transient FEA result support the de-
magnetization hypothesis. Subsequently it is concluded that the magnetic design is
imperfect, and the slip torque deviation is caused by partly demagnetization of the LS
magnets.

3.6 Modifications

This section lay out some of the effort put in finding the reason for the difference be-
tween the measured and calculated rotational losses. A large part of the loss difference
was expected to be caused by 3D effects in the ends of the prototype, which are not
include in the calculation as it is based on 2D FEA. The investigation of the 3D end
effect losses is conducted with a practical approach and elaborated in [P2, P4]. Based
on hypotheses and static 3D FEA the prototype has been modified, and the losses are
measured and compared to old measurements.

During tests in the lab some bad breakdowns have occurred, and a few examples
of the induced damages to the prototype are presented. A failed attempt to make an
alternative stator in SMC will be covered superficially in the end of the section.
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3.6.1 Non Conducting End-shields

In [P6] speculations regarding eddy currents in the end-shields was mentioned. All
the end-shields of the machine were made in stainless steel, i.e. if they were penetrated
by leakage flux eddy-currents could occur. It was decided to check the hypothesis
simply by manufacturing new end-shields for the HS and the segment rotor in a non
conducting material and measure the rotational losses, cf. [P4].

The new end-shields were made in a thermoplastic called polyether ether ketone
(PEEK), which has a melting temperature of 343 [◦C] and a tensile strength of 100
[MPa]. It is a rather expensive material, i.e. probably not suitable for mass produc-
tion, however for prototype test it was a fine choice.

In ANSYS® a 3D mechanical stress and deformation analysis was made of the PEEK
end-shields to ensure that they would be able to operate at high speed and load. The
most critical part regarding stress was the output shaft on the segment rotor end-shield.
In Figure 3.54, a zoom view of the stress analysis of the output shaft, when it is loaded
with 860 [Nm], is depicted. The maximum stress is about 50 [MPa] and in a few in-
significant concentration points it peaks around 70 [MPa], which is acceptable with a
tensile strength of 100 [MPa].

Equivalent Stress
Subject:
Author:
Prepared For:
Date Wednesday, November 20, 2013
Comments:

Page 1 of 1

20-11-2013file:///C:/Program%20Files/ANSYS%20Inc/v145/aisol/DesignSpace/DSPages/html/P...

Figure 3.54: Mechanical stress in the output shaft of the new PEEK end-shield, when it is
loaded with 860 [Nm].

In Figure 3.55, the new manufactured PEEK end-shields are depicted, and in Figure
3.56 two identical PEEK and stainless steel end-shields are presented together. All
the holes and the milled grooves are also made in the PEEK end-shields to ensure air
circulation.

To make the most fair comparison between the losses with the new and old end-
shields mounted, new measurements of the rotational losses with the old stainless steel
end-shield, both for the complete MIPMG prototype and the motor part alone, were
conducted before they were replaced by the PEEK end-shields. The losses in the four
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cases, motor alone and complete assembly - with both materials, where identified by
spin out measurements, each repeated several times. In Figure 3.57, measurements
with the complete MIPMG with both the new and old end-shields are presented. Un-
fortunately the measured losses with steel and PEEK end-shields were more or less
identical, i.e. no or negligible losses were present in the steel end-shields.

Figure 3.55: PEEK end-shields.

Figure 3.56: Identical end-shields in PEEK and stainless steel respectively.

A lot of work was put in conduction the examination of losses in the end-shields,
without finding a source to some of the unaccounted-for losses. However, the work
was not wasted, since it was proven that with the current design conditions, the end-
shields can be made in a conduction material without additional losses occurring. I.e.
aluminium could be a relevant choice, as it would reduce the the overall mass, it is
cheaper than stainless steel, and it has a much better thermal conductivity.

3.6.2 Modified End-rings

When the hypothesis of eddy-current losses in the end-shields was proven wrong, a 3D
magnetostatic FEA was performed on a simplified CAD model of the MIPMG. The 3D
FEA confirmed that no flux variations were present in the end-shields, but it implied
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Figure 3.57: Measured rotational losses with either stainless steel or PEEK end-shields
mounted on the complete MIPMG prototype.

that leakage flux occurred in the end-rings of the segment rotor and the end-rings of
the Ls rotor [P4].

In Figure 3.58, the result from the 3D magnetostatic FEA is presented. When all the
active parts of the MIPMG are hidden in Figure 3.58b, leakage flux can be seen in the
ends. In 3.58c the end-rings from one end of the three rotors are depicted with a refine
flux density scale, and it is clear that flux is penetrating all the rings, and potentially
could cause eddy-current losses.

(a) Flux density in section view
of the complete MIPMG v.2
from a Magnetostatic FEA.

(b) Flux density in section view
of the MIPMG v.2 when the
active parts are hidden.

(c) Flux density in the end-
rings between the lami-
nated steel and the end-
shields - from one end of
the three rotors.

Figure 3.58: Magnetostatic FEA revealed varying flux in the end-rings of the rotors.

In [P4] an assessment of the potential eddy-currents was conducted, and a very
rough estimate of the losses was performed. The size of the estimated losses suggested
that they could compose a major part of the difference between the measured and
calculated rotational losses, see Figure 3.59.
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Figure 3.59: The measured losses, the calculated losses (2D FEA), and the calculated losses
(2D FEA) included a rough estimate of additional 3D end effect losses.

Modified Prototype

The end-rings of the segment and LS rotor were in [P4] deemed to contributed to large
3D end effect losses, thus the possibility of modifying the prototype was examined.

A solution where the segment end-rings were made wider and in PEEK instead of
stainless steel and material removed in the outer end-ring was chosen to be carried out
on the prototype. The effect of the modifications can be seen by the diminishing flux
in the outer end-ring shown by the FEA results in Figure 3.60.

To the left in the figure the original design is presented. In the middle, the segment
end-ring is made wider, i.e. the stack of steel laminations is made shorter, and the
flux penetration of the outer end-ring is consequently smaller. To the right, material is
removed in the outer end-ring, and the remaining flux penetration is negligible. The
leakage flux present in the segment end-ring does not induce any losses, because it is
made in the nonconducting PEEK material.

Figure 3.60: Flux penetration after modifications.

A couple of breakdowns have occurred with the prototypes in the lab. The worst
one happened due to an uncontrolled acceleration, which resulted in very high speed,
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and caused the HS rotor to deform. Contact between the HS rotor and segment rotor
emerged, and the segment rotor was deformed until contact to the LS rotor happened
as well. After this breakdown the HS rotor could not be saved, and the segment rotor
was broken as well. In Figure 3.61, some of the deformations on HS rotor are depicted,
and in Figure 3.62 areas on the in- and outside of the segment rotor, where grinding
have taken place, are shown.

Figure 3.61: HS rotor after breakdown. Magnets are exposed due to wrecked laminations.

Figure 3.62: Segment rotor after breakdown. Laminations have been grinded and de-
formed.

Even though the broken segment rotor had grinded surfaced, which would induce
increased iron losses, it was decided to modify this rotor, to ensure the functionality of
the other rotor if the modification failed. In Figure 3.63, the original and the modified
segment rotor are depicted together. In the picture it is seen that the PEEK end-rings
are a bit wider than the ones in stainless steel, and the surface of the steel segments
is machined a little in one end, when the deformation could not be totally corrected
otherwise.

Before any modifications were carried out, new measurements of the rotational
losses were conducted to have the best possible comparison reference. The material of
the outer end-rings was removed first, and new loss measurements were performed.
At last the modified segment rotor was installed, and the loss measurements were re-
peated. Figure 3.64 presents the measured losses.
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Figure 3.63: The original and the modified segment rotor with a shorter lamination stack
and wider end-rings made in PEEK.

Figure 3.64: The measured rotational losses for each modification step of the prototype
presented together with the calculated losses based on 2D FEA.

At 8000 [rpm] the modifications actually reduced the rotational losses about 22%.
It is not as large a reduction as the rough estimations in [P4] suggested, but still a fine
result. The build factor was decreased from a maximum higher than 2.3 to a maximum
below 1.8, see Figure 3.65. If a new identical prototype was build, the build factor
would probably be further reduced, when the current prototype has been dismounted
and reassembled many times, each time damaging the surfaces of the steel laminations,
and damages caused by breakdowns etc. most likely induce additional losses. How-
ever, a huge reduction in the build factor should not be expected, when a great deal of
the undefined losses are presumed to be present due to manufacturing processes and
insufficient calculation methods etc. [P2].
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Figure 3.65: Build factor before and after the modifications of the end-rings.

New Efficiency

The reduction in the rotational losses will obviously induce an increased efficiency. It
has not been possible to make new efficiency measurements after the modifications
of the end-rings, but an efficiency map has been estimated in the same manner as
described in Section 3.5.5, see Figure 3.66. When the new estimated efficiency map is
compared to the earlier estimated efficiency map presented in Figure 3.48, it can be
seen that the high efficiencies occur at even lower speeds and torques than before the
modifications.

Figure 3.66: Estimated efficiency map based on calculated copper losses and the measured
rotational losses after the end-rings were modified.
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3.6.3 SMC Stator

With the MIPMG v.1 prototype an experiment with a new segment rotor made in fiber-
glass and SMC segments was conducted, but the SMC had been processed in an incor-
rect manner, and the test results were useless. In the MIPMG v.2 design it was desired
to give the SMC material another try.

To utilize the limitation of eddy-currents in all directions, and at the same time
choose a part of the machine which seemed realistic to manufacture, the stator was
chosen. The SMC stator should not be used as main stator, but was supposed to be
tested after a successful test of the MIPMG v.2 prototypes in the car.

The SMC stator was designed as puzzle pieces making it possible to wind each
tooth individual with a high fill factor, and then afterward assemble the stator. Un-
fortunately the SMC stator was never tested in the MIPMG prototype, but in a master
project it was decided to test the SMC stator against a laminated steel stator [129].
Sadly the stator broke during the assembly of the test motor, before any test were con-
ducted. In Figure 3.67, pictures of the SMC puzzle pieces, a test assembly of the SMC
stator, and the SMC stator in the test motor when it broke due to poor tensile strength
and join design are depicted.

(a) SMC stator puzzle pie-
ces.

(b) Assembled SMC stator
tested on the shaft.

(c) Test of SMC stator.

Figure 3.67: A SMC stator was build, but broke before it was tested.

3.7 Summary

The MIPMG v.2 was designed as part of a larger BEV project, where an old Audi was
converted into a BEV. The MIPMG v.2 was designed to be the traction unit for the vehi-
cle, and the outer dimensions were limited by the available space underneath the Audi.
The desired performance of the MIPMG v.2 was established by a dynamic simulation
model of the original Audi.

The massive rotational losses of the MIPMG v.1 prototype triggered an extensive
awareness about the losses in the design of the MIPMG v.2. In general the gained ex-
perience and knowledge from the MIPMG v.1 became very useful regarding magnetic
design, losses, and the mechanical design.
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Different from the MIPMG v.1 the LS rotor is made stationary and the segment
rotor is the output rotor in the MIPMG v.2 design. The MIPMG v.2 is equipped with
liquid cooling and a resolver on the HS rotor. To minimize gluing and eliminate the
chance of loosing a magnet, all magnets in the new design are buried. This also made
it possible to avoid the titanium sleeve around the HS rotor, which caused high losses
in the MIPMG v.1 design.

The new LS rotor contains almost 8 [kg] of magnets, whereas the MIPMG v.1 only
utilized about 1.8 [kg] of LS magnets. From a material point of view it is a poor design,
yet even though the new design uses around 4.4 times more magnet material in the LS
rotor, the magnets losses were estimated to be 17 times smaller and it resulted in an
increased slip torque.

It was found out that the high flux variations in the surface of the HS gear magnets,
caused by the steel segments, induced rather high losses in the magnets. By making a
dummy slot in the steel segments these magnet losses could be reduced with approxi-
mately 20-40%, and only cause the slip torque of the gear to drop a few percent.

The calculated rotational losses for the complete MIPMG v.2 design are only about
one eighth of the MIPMG v.1 losses at 10000 [rpm] on the HS rotor, and if the size of
the slip torque is included in the comparison, thus watt per newton-meter, the ratio is
one to fourteen. The maximum calculated loss density is just above 100 [W/kg] in all
component, whereas in the MIPMG v.1 design loss densities as high as 2500 [W/kg] was
calculated.

The measured rotation losses had a maximum deviation from the calculated losses
above 230%. This means that the actual loss density also must be greater than calcu-
lated in some parts of the machine, yet still a huge reduction compared to the MIPMG
v.1 losses was achieved. The measured rotational losses of the MIPMG v.2 prototype
at 4500 [rpm] were 4.6 times smaller than the measured MIPMG v.1 losses, and when
compared in relation to the measured slip torque of the two prototypes, the result dif-
fered a factor 7.7.

The estimated DC resistance turned out to be very close to the mean value of the
measured DC phase resistance, and the maximum copper loss was calculated to be just
around one percent of the maximum output power.

After some poor motor magnets were replaced a fine symmetric back EMF was
measured, and the EMF created by the 2D FEA results only differed very little when
compared to the measurements.

No thermal FEA was conducted during the design, only flow simulation to ensure
the liquid spread out evenly in the cooling channels was performed. The cooling capa-
bility of the liquid cooling was unknown before it was tested, thus many temperature
measurements were accomplished with different rotor speeds and load scenarios. It
was concluded that the cooling system probably would be sufficient in a BEV, yet if the
MIPMG v.2 should be used in other applications with long operation time and high
load, the cooling of the end-windings should presumably be improved.

Although the measured rotational losses were higher than predicted, and it has
not been possible to measure a full efficiency map, efficiencies above 93% have been
measured. A full efficiency map has been estimated based on the measured rotational
losses, and great resemblance with the measurements was achieved, indicating a rea-
sonable forecast of the remaining efficiencies.
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A deviation around 20% between the measured and the FEA predicted slip torque
of the MIPMG, raised doubt about the method used to block the HS rotor during
the measurement, and the prototype was modified to enable a mechanical rotor lock.
When the slip torque result did not change, it lead to an more profound investigation,
which concluded that the LS magnets have been partly demagnetized.

The prototype has been modified several times in an attempt to reduce the rota-
tional losses. 3D leakage flux was expected to create eddy-current losses in the stainless
steel end-shields, thus new end-shields in a nonconducting material were manufac-
tured. However, the losses did not decrease when the new end-shields were mounted.

A 3D magnetostatic FEA indicated that eddy-current losses could occur in the end-
rings of the LS and segment rotor. Material was removed in the LS rotor end-rings,
and the segment rotor was modified with new PEEK end-rings replacing the ones in
stainless steel. These modifications reduced the rotational losses about 22% at 8000
[rpm], and made the maximum build factor go from more than 2.3 to less than 1.8.
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MIPMG v.2 Redesign

It was discovered that the LS magnets in MIPMG v.2 most likely are partly demagne-
tized, and therefore the slip torque of the MG is significantly lower than predicted by
2D FEA. Moreover a large amount of magnet material is utilized in the MIPMG v.2
design, which is believed can be reduced and still maintain the same performance.

In this chapter a theoretical redesign of the MIPMG v.2 with focus on demagnetiza-
tion, consumption of magnet material, and efficiency is presented. The outer dimen-
sions, the type of materials, and the maximum output speed of 1200 [rpm] remains the
same. However, the slip torque of the gear is desired to be 1000 [Nm], whereas the
demand was a slip torque above 600 [Nm] for the MIPMG v.2 design. In the MIPMG
v.2 design it was proven that a slip torque much higher than 600 [Nm] easily can be
achieved, if no demagnetization occur. When the design should be optimized it is
more efficient with some fixed design goals or design constrains, as mentioned earlier
in the thesis, thus a 1000 [Nm] was chosen as a design constrain.

Only a small amount of time is used to optimize the MIPMG v.2 redesign, and it
should be further refined if it is intended to realize the design by a prototype. This
chapter is a summary of the work presented in [P1], and it is made to demonstrate that
within the fixed dimensions and the gained knowledge obtained throughout the work
conducted with the MIPMG v.1 and v.2, it is possible to improve the MIPMG v.2 design.
The redesign is semi optimized by numerous sweeps of the different parameters in 2D
FEA with regard to the losses, the use of magnet material, and the slip torque.

4.1 The Redesign

In the design phase of the MIPMG v.2 the goal was to achieve a slip torque as high as
possible, while maintaining low losses. This approach lead to uncertainties and small
design conflicts, because two opposing areas were tried improved at the same time. It
is not possible to have both maximum torque capability and impressive efficiency in
the full speed range. When the design is optimized regarding torque, the efficiency at
high speed will be sacrificed.

In the redesign another approach is taken. Here the desired slip torque is fixed, and
the efficiency is attempted optimized. The design slip torque of 1000 [Nm] is defined
at 20 [◦C], and a maximum operation torque of 750 [Nm] is chosen.

To obtain a high efficiency from low speed, which is one of the large advances of the
MIPMG topology, and still maintain a high efficiency at higher speed, a good balance
between the copper and rotational losses has to be achieved in the design. The higher
the gear ratio, the lower the copper losses for a given output torque, but a higher gear
ratio causes a higher magnetic frequency in the MG, thus higher rotational losses. At
the same time with a given diameter, air gap, and number of HS poles, a certain gear
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ratio will result in a slip torque optimum, cf. Section 3.2.1, as the maximum torque
occur for a specific number of LS poles.

4.1.1 Flux Concentration

In the MIPMG v.2 design especially the LS magnets were poorly utilized. Therefore
the three different magnet layouts, shown in Figure 4.1, are compared regarding slip
torque capability and magnet utilization with different pole and gear ratio configura-
tions.

Figure 4.1: The three different LS magnet designs which were tested. To the left: surface
mounted magnets. In the middle: the MIPMG v.2 design. To the right: a Hal-
bach array design.

Figure 4.2 presents the slip torque and the torque per kilogram magnet for different
number of HS poles and gear ratios with the three different LS magnet layouts of an
otherwise identical design. In the example presented in Section 3.2.1 it was clear that
the torque optimum occurred with the same number of LS poles no matter the number
of HS poles, but apparently this is only the case, when the same magnet layout is
employed cf. Figure 4.2a. The Halbach design clearly has a higher gear ratio at its peak
slip torque than the two other designs, i.e. more LS poles, and the flux concentration
used in the MIPMG v.2 design has the most distinct optimum with a bit fewer LS poles
than the surface mounted design.

The MIPMG v.2 design is almost able to provide the same slip torque as the Hal-
bach array, but the utilization of the magnet material is much lower. Here, even the
surface mounted magnets are better, cf. Figure 4.2b. Based on these observations the
Halbach array layout was chosen to use forwardly as the LS magnet design. For better
transparency the Halbach array curves from Figure 4.2 are presented by them self in
Figure 4.3.

4.1.2 Pole Number and Gear Ratio

A MIPMG with an inner stator can be designed to have low copper losses for a large
output torque due to the small HS motor. The high speed of the motor is geared down
and the low toque is geared up. I.e. a larger gear ratio will result in smaller copper
losses, when the motor will go up in speed and down in torque for a certain output
torque and speed. However, a large gear ratio will induce a high magnetic frequency
in the MG and cause high core losses, that is, a trade of between copper and core losses.

92



4.1. The Redesign

(a) Torque vs. gear ratio. (b) Torque per kg magnet vs. gear ratio.

Figure 4.2: Relation between gear ratio, number of HS poles, slip torque, and utilization of
the magnet material with different LS magnet configurations.

(a) Torque vs. gear ratio. (b) Torque per kg magnet vs. gear ratio.

Figure 4.3: Relation between gear ratio, number of HS poles, slip torque, and utilization of
the magnet material for the Halbach array configuration.

Besides the loss distribution, the peak torque of the motor should match the slip
torque of the gear for a given current density, which from the MIPMG v.1 and v.2
designs is found reasonable with a gear ratio around 8-10. Additional the gear ratio
should be chosen near the optimum torque and utilization of magnet material com-
pared to Figure 4.3.

To get an idea about the proportion between the copper losses and the electrical
frequency, the copper loss with different pole and gear ratio configurations were es-
timated and compared. For the copper loss estimation a phase resistance and torque
constant were fixed based on the MIPMG v.2 prototype [P1].

In [P1] it is assumed that the design should deliver full torque in the full speed
range, thus have a peak output power of around 94 [kW], and a design goal to have
a copper loss below one percent of this, thus 940 [W], was proclaimed. However, the
nominal speed would probably be lower if a final design was conducted, and thereby
the maximum output power as well.

From the comparison it was clear that a low HS pole number and a high gear ratio
would result in the lowest copper losses. If the operation speed had been considerably
lower, then the low number of HS poles and a high gear ratio could have been interest-
ing to investigate further. Yet, with the current output speed, this combination would
lead to a very high speed on the HS rotor, which is experienced to cause problems re-

93



Chapter 4. MIPMG v.2 Redesign

garding the selection and losses of the bearings, and from a mechanical point of view
it can induce large stresses due to centrifugal forces. The combination of 8 HS poles
and a gear ratio of 9 used in the MIPMG v.2 design, seemed like a fine compromise
between the copper loss, the mechanical speed, and the electrical frequency, thus this
combination was maintained in the redesign.

4.1.3 Torque and Losses

It has been mentioned many times throughout this thesis, in a MIPMG design there
are numerous of possibilities to modify the design to achieve a higher slip torque,
but the changes which increase the torque most likely also enhance the core losses.
The size of the air gaps in particular have a very large effect on the size of the slip
torque. In the MIPMG v.2 design the air gap between the HS rotor and the segment
rotor was increased from one to two millimeters near the end of the design phase to
decrease the losses and avoid demagnetization. This caused a significant drop in the
rotational losses, but also in the slip torque. The drawback of buried HS magnets is
a large leakage flux, which also causes a large drop in the slip torque. The thickness
of the steel sleeve around the magnets is essential to the size of the leakage flux and
thereby the drop in torque.

Air Gap Vs. Steel Sleeve

During the redesign the effect regarding torque and losses, when altering the air gap
and thickness of the steel sleeve surrounding the HS magnets, was investigated. With
the rotors in slip torque position the output torque with different air gaps and steel
sleeve thicknesses are presented in Figure 4.4. The highest torque is achieved with
1.0 [mm] air gap and no steel sleeve. Adding a sleeve of 1.0 [mm] makes the torque
drop about 100 [Nm]. When the sleeve is increased to 1.5 [mm] in thickness the torque
drops approx 50 [Nm] more, but for each torque drop the size of the cogging torque is
reduced as well.

The size of the air gap is then increased to 1.5 [mm], and the thickness of the steel
sleeve is reduced to 1.0 [mm], i.e. the dimensions were interchanged. By doing so
the mean torque remains almost the same, but the cogging torque is further reduced.
When the the air gap is increased additional 0.5 [mm] to 2 [mm], the torque again drops
about 50 [Nm], but the cogging torque is diminish even further.

When examining the core losses in the different configurations it was surprising
how extensive the losses in the HS magnets were, see Figure 4.5. With 1.0 [mm] air gap
and no steel sleeve the losses in the HS magnets alone are about 6 [kW] at full speed.
This design would never be functional with this speed range. When looking at the
cogging torque in Figure 4.4 it seems more beneficial to increase the air gap than the
thickness of the steel sleeve. Considering the simulation results with 1.0 [mm] air gap
and 1.5 [mm] thickness of the steel sleeve, compared with the dimensions reversed,
then the torques are more or less the same, but the losses in the HS magnets actually
drops around one kilowatt at full speed, with the large air gap and thin steel sleeve.
I.e. both regarding cogging torque and losses it seems like it is preferable to increase
the air gap and reduce the steel sleeve thickness.
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Figure 4.4: Calculated slip torque with different air gaps between the HS rotor and the
segment rotor and different sleeve thicknesses around the HS rotor.

Figure 4.5: Calculated rotational losses with different air gaps between the HS rotor and
the segment rotor and different sleeve thicknesses around the HS rotor.

Many more combinations were tested, where the size of the outer air gap, the seg-
ment height and width, the design of the segment bridge, the LS magnet height, among
other parameters were varied as well. The HS air gap was chosen to be increased fur-
ther and the sleeve around the HS magnets was eliminated totally. To retain the now
surface mounted HS magnets, a new HS rotor was designed, where the magnets are
inserted into slots, see Figure 4.6. The motor magnets were also change to be surface
mounted, but here glue is deemed sufficient to keep the magnets in place, when the
centrifugal forces act favorable in this case.
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A

DETAIL A
SCALE 5 : 1

(a) New proposed HS rotor design. (b) Mechanical FEA on the new rotor layout at
10800 [rpm]. The magnets are hidden to
make the maximum stresses visible.

Figure 4.6: The proposed HS rotor has surface mounted motor magnets, and the gear mag-
nets inserted in slots.

Copper Losses

When the motor magnets are surface mounted, a much higher motor torque is created
for the same applied phase current, thus the copper losses will decrease, but at the
same time a relatively high increase of the core losses in the stator steel will occur. Ex-
periments with different air gaps in proportion to the thickness of the motor magnets,
regarding the core losses and generated torque, were carried out, but in the end the air
gap was fixed to 1.0 [mm] due to limited time.

With an identical copper fill factor of 0.45 used in the simulations, the motor torque
for a current density sweep with the MIPMG v.2 design and the redesign with different
magnet thicknesses are presented in Figure 4.7. To achieve the desired output torque of
750 [Nm] the motor must deliver about 83 [Nm] plus the torque contributed from the
rotational losses. If the motor magnets where chosen to be 4 [mm] in the redesign, as it
was in the v.2 design, the current density should be less than one third in the redesign,
when compared to the v.2 design, to achieve this torque.

In Figure 4.8, the calculated copper losses, based on an identical phase resistance
and the current densities derived in Figure 4.7, are presented. The comparison is re-
lated to the electromagnetic torque. A comparison related the output torque would
develop a bit differently, when the torque contribution from the rotational losses will
change with the speed and thickness of the motor magnets, and a third dimension
would have to be included in the comparison. When thicker motor magnets are uti-
lized, the core losses in the stator will increase, hence for a given output torque an in-
creased torque contribution from the rotational losses will also make the copper losses
increase at higher speed. 3 [mm] motor magnets was chosen to be a reasonable com-
promise between the extra core losses and the much improved copper losses. With the
chosen motor magnet the maximum operation torque of 750 [Nm] can be obtained with
a current density of only 4.75 [A/mm2] and a copper loss of 140 [W]. The low copper
loss is not only an advantage regarding the efficiency, but also regarding the tempera-
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ture in the windings, which was the critical part in the MIPMG v.2 design, seen from a
thermal point of view.

Figure 4.7: Simulated motor torque related to current density. The calculated torque with
different motor magnets thicknesses are compare to the calculated torque of the
MIPMG v.2 design, which has 4 [mm] thick motor magnet.

Figure 4.8: Estimated copper losses with different thicknesses of motor magnets in the re-
design are compared to the calculated copper losses of the MIPMG v.2 design.
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Dummy Slots

In the MIPMG v.2 design it was learned that by making some dummy slots in the steel
segments, the losses in the HS magnets could be reduced up to 40%. In the redesign the
effect of changing the depth and width of the dummy slot was studied. It was found
that a clear connection between the HS magnet losses and the layout of the bridge
between the segments, the width of the remaining wall of the segment in proportion
to the thickness of the bridge, and the depth of the dummy slot in correlation to the
thickness of the bridge exists. In Figure 4.9, an explanation of the latter dimensions is
attempted illustrated.
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Figure 4.9: Explanation of the referred to dummy slot dimensions.

In Figure 4.10, the calculated HS magnet losses, without a dummy slot in the seg-
ment and with two different widths of the dummy slots, are presented. Here it is
evident that the dimensions of the dummy slot are crucial to the gained loss reduction
in the HS magnets. A slot width of 5.5 [mm] only results in a small loss reduction, but
when the slot width is increased to 6.5 [mm], i.e. the wall width becomes more nar-
row, the reduction is about 35%. The output torque for the three case, with the rotors
aligned in slip torque position, are presented in Figure 4.11. The loss reduction of 35%
in the HS magnets induce a drop in the average slip torque of less than 2%, which is
found acceptable.

Figure 4.10: Losses in the HS magnets related to the width of the dummy slots when the
gear is in full load position.
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Figure 4.11: Changes in the slip torque related to the dummy slot.

Demagnetization

Early in the redesign the LS magnet layout was chosen to be a Halbach array, because it
had the most promising torque capability. When refining the design it was found that
the maximum slip torque was achieved, when the tangential magnet only composed
in the range 15-30% of a pole. In Figure 4.12, an example of a distribution of 30%
tangential and 70% radial LS magnets is shown.

Figure 4.12: Halbach array with a 30% tangential and 70% radial distribution between the
LS magnets.

When the Halbach design was checked for demagnetization it was realized that a
large part of the tangential magnet would be partly demagnetized. Consequently the
tangential magnets were reduced by cutting the outer corners and the bottom away,
and the demagnetization seems to be avoided, yet this action results in a slip torque re-
duction. The much simpler surface mounted radial magnetized magnet design could,
after the reduction of the Halbach magnets, almost deliver the same slip torque, and
with this design demagnetization does not occur. In Figure 4.13, a field density plot of
the Halbach array design with and without the reduction of the tangential magnet, and
a radial surfaced mounted magnet design, are presented. In the figure the pink areas
illustrate the parts of the Halbach magnets, which probably would be demagnetized.
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Figure 4.13: Field density with different magnet designs. Left: Halbach array where de-
magnetization is assumed to occur. Middle: Halbach array where the tangen-
tial magnets demagnetization zones are removed. Right: Surface mounted
magnets.

In spite of the more complex magnet design, the Halbach layout was chosen to be
used for the further optimization. The reason for this was the lower flux density in the
LS yoke, which gives the opportunity to reduce the core losses in the LS back iron, and
potentially improve the slip torque by decreasing the the yoke thickness, thus increase
the effective diameter of the MG. Figure 4.14 presents the flux density plots of the same
three scenarios as Figure 4.13, and it is clear that the LS back iron is harder loaded with
the radial surface mounted magnet design.

Figure 4.14: Flux density with different magnet designs. Left: Halbach array where de-
magnetization is assumed to occur. Middle: Halbach array where the tangen-
tial magnets demagnetization zones are removed. Right: Surface mounted
magnets.

4.1.4 Redesign Results

The rotational losses in the proposed redesign are actually a bit higher in the redesign,
than in the MIPMG v.2 design. The core losses in the stator of the redesign stand out,
as it was not managed to bring them down to the same level as the MIPMG v.2 losses,
after applying surface mounted motor magnets. However, this was the sacrifice to
reduce the copper losses, and obtain higher efficiencies at low speed and high torque.
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In Figure 4.15, the calculated core losses in the different parts of the original and the
redesign are compared. From the figure it is clear that the only loss component, that
differ significantly is the losses in the stator steel.

In Figure 4.16, the losses of the two designs are divided into steel and magnet losses,
and here it is evident that the magnet losses are more or less identical. The magnet
material are almost reduce by half in the redesign, and the stator losses are increased
with approx a factor two, this imply that the loss density will be increased in these
parts, compared to the MIPMG v.2 design. Due to a strict timetable the loss densities
where not included in the work presented in [P1], however they have been calculated
and are presented below.

Figure 4.15: The distribution of the calculated core losses of the final redesign is compared
to the MIPMG v.2 design, when the demagnetization is taken into account.

For clarity purpose the loss distribution in the redesign is restated together with
the loss densities, when no current is applied to the motor and the MG is in the slip
torque position, in Figure 4.17. Because the mass of the LS magnets is lowered from
7.95 [kg] to 2.84 [kg], i.e. reduced by factor 2.8, and the losses are more or less identical,
cf. Figure 4.15, a large increase in the loss density of the LS magnets appear.

The loss density at maximum speed is almost 190 [W/kg] in the LS magnets, these
however, are very close to the water jacket. During load tests with the MIPMG v.2 pro-
totype the temperature of the LS magnets have not exceeded 50 [◦C] with the cooling
system running, which indicate that an increased loss density in the magnets will not
create a problem.

The HS rotor magnets are poorly cooled and could cause some thermal problems.
The HS gear magnets are more exposed in the redesign, because the filtering steel
sleeve is eliminated, and the loss density here exceeds 100 [W/kg]. Because the motor
magnets are surface mounted, additional losses occur due to the stator slot openings.
In the MIPMG v.2 design a large increase in the estimated loss density of the motor
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Figure 4.16: The calculated rotational losses of the final redesign are compared to the
MIPMG v.2 design, when the demagnetization is taken into account.

(a) Loss distribution. (b) Loss density distribution.

Figure 4.17: The distribution of the rotational losses and loss densities with the MG rotors
in slip torque position and no current in the motor windings.

magnets occurred, when full current were applied to the windings, cf. Figure 3.30.
This could cause a thermal problem in the redesign.

In Figure 4.18, the loss and loss density distribution are repeated with full current
in the motor winding, i.e. 4.75 [A/mm2] corresponding to a output torque of 750 [Nm].
The losses in the motor magnets, the stator and the HS steel, were expected to increase,
but the losses in the HS gear magnets rose as well. This signifies that the HS yoke is
to narrow and saturates, which means that full decoupling in the design can not be
anticipated, and the design should be further investigated.

The loss density becomes higher than 170 [W/kg] in the motor magnets, when full
current is applied, and the loss density of both the HS steel and HS magnets exceed
135 [W/kg]. With this high loss concentrations in the HS rotor, it could be expected to
create a thermal problem, when the machine is operated at full speed.
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(a) Loss distribution. (b) Loss density distribution.

Figure 4.18: The distribution of the rotational losses and loss densities with the MG rotors
in slip torque position and full current applied to the motor windings, i.e. 4.75
[A/mm2].

No 3D FEA has been conducted on the redesign, yet based on the experience from
the MIPMG v.2, the 3D end effects are expected to reduce the 2D FEMM calculated slip
torque with approximately 5% as long as no demagnetization occur. The 2D FEMM
calculated slip torque of the final redesign resulted in a slip torque of 1057 [Nm], that
is a slip torque of 1006 [Nm] after a 5% reduction, which is consistent with the desired
slip torque of 1000 [Nm]. Table 4.1 presents a comparison of the main specifications for
the MIPMG v.2 design and the improved redesign.

The presented redesign is an improved design of the MIPMG v.2 design, but it is
conducted in a very limited time frame, and particularly the loss calculations is rather
time demanding. The design still need further optimization, due to the mentioned po-
tential thermal and saturation problems in the HS rotor, general loss optimization, and
no estimation of the natural frequencies has been conducted. Nevertheless, when the
redesign is compared to the MIPMG v.2 design, the use of magnet material is reduced
with 44%, the slip torque is expected to increase with 15%, which induce the torque
per kilogram magnet for the MG to increase with 224%.

Efficiency

After the modifications of the MIPMG v.2 prototype the maximum build factor be-
came lower than 1.8 [P2]. Consequently, if the calculated rotational losses of the re-
design is multiplied with two and used to estimate the efficiency together with the
calculated copper losses, in the same way as in Section 3.5.5, the derived efficiency of
the redesigned MIPMG is considered obtainable in a prototype. In the efficiency map
presented in [P1] the bearing and windage losses are omitted, which could induce too
high efficiencies, and therefore this has been addressed below.

The rotational losses of the redesign are estimated as the calculated core losses, in
slip torque position, combined with the bearing and windage losses calculated for the
MIPMG v.2 design. In Figure 4.19, an full efficiency map is created based on these
rotational losses after they have been multiplied with two, and combined with the
estimated copper losses. The copper losses are calculated with a winding temperature
of 100 [◦C], and currents equivalent to the combined output and rotational loss torque
components.
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Description MIPMG v.2 Redesign

Dimensions

Outer lamination diameter [mm] 240.00 240.00
LS MG air gap [mm] 1.00 0.75
HS MG air gap [mm] 2.00 2.50
Motor air gap [mm] 1.00 1.00

Stack length of gear [mm] 195.00 195.00
Stack length of stator [mm] 115.00 115.00

Total assembled length [mm] 273.10 273.10
Volume of active parts [L] 8.82 8.82

Weight

Lamination weight [kg] 29.54 28.37
Motor Magnet weight [kg] 1.43 1.32
Gear Magnet weight [kg] 13.60 7.01
Total Magnet weight [kg] 15.03 8.33

Configuration

Number of motor and HS rotor poles 8 8
Number of low speed rotor poles 64 64

Number of steel segments 36 36
Gear ratio 9 9

Number of stator teeth 6 6

Results (Measured & Expected)

Slip torque @ 20◦C [Nm] 873 ≈1006
Torque density active volume @ 20◦C [kNm/m3] ≈99.2 ≈114.3

Torque per kg magnet - MG magnets @ 20◦C [Nm/kg] ≈64.2 ≈143.5
Torque per kg magnet - All magnets @ 20◦C [Nm/kg] ≈58.1 ≈120.8

Calculated losses @ 20◦C

Core losses - No current @ 10000 [rpm], [W] ≈1980 ≈2467
Copper losses @ 600 [Nm], [W] ≈572 ≈77

Table 4.1: Main specifications of the MIPMG v.2 and the redesign.

Very impressive efficiencies are achieved almost from standstill due to the low cop-
per losses. When compared to the full estimated map for the MIPMG v.2 in Figure
3.48, the high efficiencies are moved further down in the low speed region, due to the
lowered copper losses. However, the efficiencies at high speed and low torque have
become a bit smaller, because of the increased rotational losses. This indicates that the
balance between the rotational and copper losses can be tailored to a given design, and
thereby the high efficiencies can be placed in a desired operation area. This specific
design seems to be highly relevant for a low speed vehicle, which are exposed to a lot
of accelerations and decelerations.
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Figure 4.19: Estimated efficiency map based on estimated copper losses and the calculated
rotational losses multiplied by two.
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Chapter 5

Magnetic Gear and Induction Machine

In [P5] the possibility of using a MG together with a grid connected Induction Machine
(IM) for a high efficient wall mounted ventilation system with a low maintenance, was
investigated. Even though the idea of using a MG and a grid connected IM is quite
obvious and highly relevant, no previous work about the subject has been published.
In many industrial applications, an IM is used together with a mechanically gearing,
which potentially could be changed to a MG. However, when the IM is grid connected,
it was found that start-up problems can occur, because the high starting and break-
down torque of the IM can make the MG slip if it is not oversized.

5.1 Ventilation System

Typically, wall mounted ventilation systems are driven by a grid connected IM, which
is geared with a belt transmission to match the desired fan speed (typically 300-600
rpm). This is a simple and cheap solution to buy, but the belt transmission induces a
decrease in the flow area or a very long belt is needed, see Figure 5.1. The belt drive
will wear and cause reduced transmission efficiency, heightened expenses to maintain
a reasonable efficiency, and additional maintenance must be anticipated. The harsh
environment typically seen for many wall mounted fans can reduce the lifetime of a
belt transmission significantly, whereas a MG only has mechanical contact through
the bearings, which can have the same lifetime as the motor bearings, thus minimal
maintenance.

(a) Wall mounted ventilation systems with a
belt transmission and the motor placed in
the flow area.

(b) Wall mounted ventilation systems with
a long belt transmission and the motor
placed outside the flow area.

Figure 5.1: Examples of belt transmissions in wall mounted ventilation systems.
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In the proposed design, a coaxial flux modulating MG is used as the hub of a fan
with a concentric placed IM that maximizes the flow area, see Figure 5.2. The presented
work was conducted to design a MG for a specific ventilation system, which is further
elaborated in a later section.

Figure 5.2: Fan with concentric placed motor which results in the maximum flow area.

5.2 Dynamic Simulation Model

When an IM is started from grid, it results in a high oscillating starting torque, and the
motor will go through the breakdown torque before it settles at the actual load torque.
Both the starting and breakdown torque can be several times higher than the nominal
load torque of the machine. It was desired to investigate how this would affect a MG.

Intuitively, the MG has to be oversized not to slip during the start-up. This could
imply that the MG would be a to expensive solution and the efficiency would decrease,
since the materials would be poorly utilized during operation. When designing the
MG for the specific ventilation system it was important to know how the MG would
react to the motor torque, and how to keep the slip torque of the gear on a minimum.
Therefore, in order to identify the effects of the different parameters, a dynamic sim-
ulation model of the complete system consisting of an IM, a MG, and a fan was build
using MATLAB Simulink® with a PLECS® model representing the IM. This made it
possible to simulate the start-up process, change different parameters of the gear and
fan, and get the result right away. To verify the simulation model, a simple test set-up
of an IM connected to a MG with a fan mounted on the output shaft was build in the
lab.

The simulation model is based on equations describing a fan, a MG, and an IM,
which then are combined. In the model, a voltage is applied to the IM as input, and
then the torque and speed of the motor and gear are derived as output. The equations
utilized to build the model are presented below.
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5.2.1 Equations Composing the Simulation Model

The relative angle displacement between the rotors seen from the LS side was defined
in Equation 1.2 and restated here:

∆θ = θLS − θHS ·
1
i

(5.1)

And the torque on the LS side of a MG related to the relative angle displacement
between the rotors, was defined in Equation 1.3 and restated here:

τLS = sin (∆θ · pLS) · τslip (5.2)

When the relative angle displacement between the rotors is small, the torque will
build up linearly as a function of the relative angle, and a torsion spring constant was
defined in Equation 1.4 as the derivative of Equation 5.2 when ∆θ = 0:

KLS = pLS · τslip (5.3)

The torsion spring constant can also be defined from the HS side:

KHS = KLS ·
1
i
= pLS

1
i
· τslip

1
i
= pHS · τslip

1
i

(5.4)

The actual load torque consisting of a simple fan load and loss components of the
MG is estimated by:

τLS =
(

J f an + JLS
) dωLS

dt
+ C f anωLS

2 + BLSωLS + K f eωLS
0.5 + sign (ωLS) · τd f (5.5)

Where J f an is the mass moment of inertia of the fan, JLS is the mass moment of
inertia of the LS side of the MG, C f an is the fan constant, BLS is the viscous friction
including the main part of the core and magnet losses, K f e is a core loss constant repre-
senting the excess losses, and τd f is the dry friction and hysteresis losses. All the core
and magnet losses are seen as a part of the load and therefor only included here.

The torque needed from the motor is estimated by:

τm = (Jmotor + JHS)
dωHS

dt
+ BHSωHS +

(
sin (∆θ · pLS) · τslip

)
· 1

i
(5.6)

Where Jmotor is the mass moment of inertia of the motor rotor, JHS is the mass mo-
ment of inertia of the HS side of the MG, BHS is the viscous friction on the HS side.

5.2.2 Test Set-up and Verification

A test set-up consisting of an available magnetic spur gear with a gear ratio of four,
a two poled IM from Grundfos, and a fan mounted to the LS side of the MG, was
build to verify the simulation model. The torque delivered from the IM are measured
with a torque transducer and both on the LS and HS side of the MG an encoder is
mounted to make position and speed measurements possible. Figure 5.3 presents the
test set-up. Enhancing the HS inertia was proven by the simulation to mitigate the slip
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during start-up, therefore an additional disc was made, which could be mounted to
the HS side of the system to increase the mass moment of inertia. The disc also made
it possible make a more thorough verification of the model.

Figure 5.3: Test set-up consisting of a simple magnetic spur gear connected to an IM
through a torque transducer and with a fan mounted on the output shaft. The
test set-up was build to validate the simulation model.

The different parameters of the MG were unknown. They had to be measured and
calculated to be used in the simulation model. At first, the slip torque was measured
by alternately locking the HS and the LS rotor, and then rotate the opposite rotor a
full mechanical revolution while measuring the torque. This way, the variety in the
slip torque of all the poles was evaluated, and the average value of the measurements
was used in the simulation. To determine the mass moment of inertia for the MG
components, the MG was disassembled and each part was weighed. By using the
actual weight in 3D CAD, a very precise value for each part could be derived.

Based on several torque measurements at different speeds and various spin out
measurements, the remaining constants from Equation 5.5 and 5.6, were estimated by
curve fits conducted in MATLAB®. The mechanical part of the simulation model and
the constants were verified by comparison of the simulated and measured speed in
three different spin out scenarios. The mass moment of inertia and the fan load are
crucial to the spin out time, therefore the three following combinations were used in
the verification. First the system without the fan mounted, then the complete system
including the fan, and at last the complete system with the additional disc on the HS
side which increases the HS mass moment of inertia with about a factor of ten. The
result is presented in Figure 5.4.

The simulated and measured speeds of the spin outs are almost identical and the
accuracy of the mechanical part of the simulations model was deemed acceptable. To
verify the combined electrical and mechanical model, the simulated and measured
speed of several start-ups with different supplied voltages were compared, cf. Figure
5.5.
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Figure 5.4: Simulated and measured spin outs of the test system in three load scenarios:
without fan, with fan, and with fan and additional HS inertia.

Figure 5.5: Simulated and measured start-ups of the test system with different voltages
supplied to the IM.

The simulation and measurement results were quite identical, the gear started to
slip at the same voltage level and development of the different speed curves were well
aligned.

To complete the verification, the same start-up comparison was conducted with
the extra inertia disc mounted on the HS rotor. The satisfactory result is presented in
Figure 5.6. With the additional inertia, the motor is slowed down significantly. No
indication of slip emerges at any voltage level and the speed oscillations observed in
Figure 5.5 are filtered out.
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Figure 5.6: Simulated and measured start-ups of the test system with different voltages
supplied the IM and the additional inertia added on the HS side.

5.3 Parameter Study

The simulation model was build with the purpose of making a MG and IM solution
for a specific ventilation system possible. It was desired to find out how the different
parameters of the system influence the start-up, and how slip of the MG can be avoided
in the best manner, when the IM is connected directly to the grid supply.

The mechanical parameters of the fan used in the system were measured and es-
timated using the same method as with the test set-up. The motor parameters for a
750 [W] IE3 two and four poled IM were provided by Grundfos and used in the sim-
ulations. The different parameter variations were simulated both with the two and
the four poled IM. However, the output speed should remain the same, thus the gear
ratio of the MG was eight and four when utilizing the two and four poled IM respec-
tively. The other mechanical parameters of the MG were identical regardless the pole
configuration and derived for a design proposal using ferrite magnets.

5.3.1 Simulations without the Torsion Spring

At first, the simulation was run without the torsion spring implemented in the model,
i.e. an IM with an ideal gear to get an idea about the size of the oscillating starting
torque and breakdown torque. The start-up torque and speed for the two and four
poled IM, when the load is ideally geared and the machines are grid connected, are
presented in Figure 5.7.

The start torque of the machines becomes much higher than the actual load torque,
and in particular for the two poled machine, where the oscillating start torque reaches
three times the magnitude of the steady state load torque. This indicates that the slip
torque of the gear has to be much higher than the load torque, to be able to start from
grid, which already had been predicted.
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Figure 5.7: Start-up torque and speed when the gear is modeled as ideal. Left: Two poled
machine. Right: Four poled machine.

In Figure 5.8, the motor and load torque in the first second of the start-up are pre-
sented. The oscillations of the motor torque occur with the grid frequency of 50 [Hz],
and are transferred to the load torque with the same frequency because of the ideal
gear. The amplitude of the oscillating load torque is a bit larger on the system with the
two poled IM, but when the gear ratio is the double and the amplitude of the motor
torque is almost identical, it could have been assumed to be twice the size. However,
the load torque is not equal to the motor torque times the gear ratio as stated in the
paper [P5], but it is derived from Equation 5.5, thus purely depended of the speed and
acceleration of the LS side. The oscillations of the LS torque are caused by small os-
cillations in the speed, as a direct result of the oscillating HS torque and speed, which
for the system with the two poled motor only is a bit higher, thus the comparable load
torque amplitude. However, when the oscillations of the load torque stops, the load of
the two pole system is much higher, due to a higher acceleration and achieved speed.

In Figure 5.9, a zoom of start-up motor speed from Figure 5.7 is presented. It is
clear that the size of the oscillations are more or less identical, but the fundamental
acceleration of the two poled motor is much higher than of the four poled motor. Due
to the ideal gear the motor speed oscillations are directly transferred to the LS rotor
speed and thereby also the torque.

5.3.2 Simulations including the Torsion Spring

When the torsion spring is added in the model, i.e. Equation 5.2, the two rotors of the
MG will move out of synch and parameters as the stiffness of the torsion spring, the
load inertia, and the actual load will influence the dynamic of the LS rotor. The torque
oscillations on the LS rotor caused by the start torque of the motor will not occur with
the same frequency, which is evident from Figure 5.10. The load torque oscillates with
a much lower frequency both with the two and four pole IM. The system with the two
poled IM has a large torque overshot, but the system with the four poled IM becomes
unstable and the MG ends up slipping.

The equivalent mass moment of inertia of the load seen from the motor side can be
derived as:
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Figure 5.8: Zoom of start-up torque for motor and load when the gear is modeled as ideal.
Left: Two poled machine. Right: Four poled machine.

Figure 5.9: Zoom of start-up motor speed oscillations with the ideal gear.

Figure 5.10: Start-up torque when the torsion spring is included in the simulation model.
Left: Two poled machine. Right: Four poled machine.
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JeqHS =
(

J f an + JLS
) 1

i2 (5.7)

I.e. the total mass moment of inertia the motor need to cope with during the accel-
eration can be written as:

JTotHS =
(

J f an + JLS
) 1

i2 + Jmotor + JHS (5.8)

The MG with the four poled IM has a gear ratio of four, whereas the MG with the
two pole IM has a gear ratio of eight, thus the equivalent load inertia appear four times
higher for the four poled IM even though the actual inertia is the same. In Figure 5.10,
the large load inertia with the four poled IM is not able to follow the acceleration of the
motor therefor the MG slips.

Consequently, the mass moment of inertia of the LS side is preferred low or the gear
ratio high. In the ventilation system, the fan is the decisive part regarding the mass
moment of inertia, yet the fan is already optimized i.e. the inertia cannot be reduced
and the gear ratio is fixed as well. However, if the mass moment of inertia on the motor
side is increased, it will slow down the acceleration of the motor, and the LS side of the
MG is more likely to be able to follow without the MG slipping.

In Figure 5.11, the simulation presented in Figure 5.10 is repeated, but the mass of
the HS rotor of the MG is made three times higher. The increased HS mass slow down
the entire system, the acceleration time of the two pole machine is more than doubled,
and the amplitude of the load torque oscillations and the overshot are much reduced.
Due to the reduced acceleration, the four pole IM is now able to start without making
the MG slip.

In Figure 5.12, the impact on the acceleration time and torque oscillations of the
load are illustrated, when the mass moment of inertia on the HS side of the MG is
increased in the system with the two poled IM.

The additional HS inertia disc made for the test set-up increased the HS inertia of
the test set-up approximately a factor of ten. This was proven to be more than enough
to slow down the system and avoid the MG to slip. In Figure 5.13, a simulation of the
start-up with and without the additional inertia mounted on the HS rotor in the test
set-up is presented. The effect is evident.

The stiffness of the torsion spring can be enhanced by increasing the number of
poles or the size of the slip torque, cf. Equation 5.3 and 5.4. In Figure 5.14, the starting
torques of the LS side, when the number of poles in the gear are is increased, and the
gear ratio is maintained, are presented. With an increasing number of poles, the stiff-
ness of the torsion spring, the amplitude of the oscillating torque, and the frequency of
the torque oscillations, all increase.

In Figure 5.15, the size of the slip torque of the MG is increased and the result is the
same. I.e. the torque constant is to be kept as low as possible. An oversized MG will
not only be a poor solution regarding the economic aspect, but it will actually amplify
the problem.

Concluded on the different simulations a few measures can be taken to improve a
MG design, when it should be operated with a grid connected IM. A low mass moment
of inertia on the LS side is preferred, but as the load inertia most likely makes the inertia
of the LS side of the gear negligible, a high gear ratio can lower the effect of the load
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Figure 5.11: Start-up torque when the mass of the HS side of the MG is made three times
higher than in Figure 5.10. Left: Two poled machine. Right: Four poled ma-
chine.

Figure 5.12: The effect of increasing the mass moment of inertia on the HS side of the MG
when starting up with the two poled motor. Motor speed is presented to the
left and the load torque on the right.

(a) Simulated start-up torques of the test set-
up when the IM is grid connected. The
MG slips almost immediately.

(b) Simulated start-up torques of the test set-
up, when the IM is grid connected and the
additional inertia disc is mounted.

Figure 5.13: Simulated effect on the start-up when mounting the additional inertia disc in
the test set-up.
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Figure 5.14: Start-up torque on the LS side when the number of pole pairs are increased.
The pole pairs referred to is the number of HS poles, yet the LS pole number
will increase with the same proportion as the gear ratio is constant. Left: The
start-up torque. Right: Zoom of the start-up torque.

Figure 5.15: Start-up torque when the slip torque are increased. Left: The start-up torque.
Right: Zoom of the start-up torque.

inertia. A low torque constant, i.e. few poles and a slip torque only a bit higher than
the maximum load, will help to keep the load torque oscillations at a minimum. The
most effective measure to avoid the MG to slip is to slow down the IM by increasing
the mass moment of inertia on the HS side. If the HS mass becomes high enough it will
almost seems as the motor is slowly ramped up in speed, and the torque overshoot can
be more or less eliminated, cf. Figure 5.12.

5.4 Natural Frequency of the System

As long as no slip occur the system can be considered as two rotating masses connected
with a torsion spring, and for such a system a critical frequency exist. If the system is
excited with this natural frequency it becomes unstable. Therefore it is important that
the operating frequency or a multiple, is not close to this frequency.

The equivalent mass moment of inertia from the load, seen from the motor side,
was stated in Equation 5.7. When reversed, i.e. the equivalent mass moment of inertia
of the HS side seen from the LS side, it can be expressed as:

JeqLS = (Jmotor + JHS) i2 (5.9)
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With use of the torsion spring constants from Equation 5.3 and 5.4, and the equiv-
alent inertia from Equation 5.7 and 5.9, the natural frequency can be calculated seen
from either the HS or the LS side:

fnHS = fnLS

fnHS =
1

2π
·
√

KHS

Jmotor + JHS
+

KHS

JeqHS

(5.10)

fnLS =
1

2π
·
√

KLS

J f an + JLS
+

KLS

JeqLS

(5.11)

From Equation 5.10 and 5.11, it is obvious that the natural frequency can be mod-
ified by changing the stiffness of the torsion spring or the inertia. In Figure 5.16, the
calculated natural frequency of the test set-up used for the validation of the simulation
model, when the mass moment of inertia of the HS side is varied, is presented.

Figure 5.16: Natural frequency as a function of the normalized HS mass moment of inertia
of the test set-up.

The frequency of the torque oscillations, when different mass moment of inertia
were applied to the HS side, presented in Figure 5.12, where roughly read off and
compared to the calculated natural frequencies, and good agreement was experienced,
cf. Table 5.1.

With the extra HS inertia mounted on the test set-up, and a low voltage applied it
was evident that the system passed some natural frequencies during start-up, which
the measured torque indicated as well, cf. Figure 5.17. A resonance peak occurs around
9.5 [s] in the presented torque measurement, and a zoom of this is depicted in Figure
5.18. The frequency of the torque oscillations in Figure 5.18 was read off to be around
10.25 [Hz], which is the exact value of the calculated natural frequency. The rotational
frequency is illustrated in figures as well and it crosses the calculated natural frequency
right before the oscillations peaks. Around 18.5 [s] another resonance peak occurs di-
rectly after the rotor frequency passes the multiple of the calculated natural frequency.
I.e. it is the mechanical rotation frequency that excites the system, and it seems possible
to estimate the natural frequency quite accurately, using Equation 5.10 and 5.11.
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JHS fncal fnsim

50% 13.26 [Hz] 13 [Hz]
100% 11.14 [Hz] 11 [Hz]
150% 10.30 [Hz] 10.25 [Hz]
200% 9.86 [Hz] 9.75 [Hz]
250% 9.58 [Hz] 9.5 [Hz]
300% 9.38 [Hz] 9.25 [Hz]
350% 9.24 [Hz] 9.25 [Hz]
400% 9.13 [Hz] 9 [Hz]
450% 9.04 [Hz] 9 [Hz]
500% 8.98 [Hz] 9 [Hz]

Table 5.1: Comparison of calculated natural frequencies and roughly read off torque oscil-
lations from simulations with different mass moment of inertia of the HS side of
the MG.

Figure 5.17: Measured start torque with a phase voltage of 83 [V] and the additional inertia
mounted on the HS side in the test set-up.

Figure 5.18: Zoom of the resonance peak in Figure 5.17.
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Without the additional inertia mounted on the HS rotor, the system resonance is
not that obvious in the torque measurements. Probably because it spins through the
natural frequency very fast during start-up. Yet, when estimating the frequency of the
measured torque oscillates during the start-up, a result very close to the calculated
natural frequency was obtained.

From the experience gained, the calculated natural frequency using Equation 5.10
and 5.11 describe the reality a very accurately. When designing a MG focus should
be put on the natural frequency of the total system, because the consequences can be
crucial for the operation of the system if the natural frequency is excited.

5.5 Design Proposal

In the preliminary design phase of the MG integration in a fan hub, twelve different
design proposals were studied, half with ferrite magnets, and the other half with Nd-
FeB magnets. The designs were based on three different outer diameters and two gear
ratios, matching a two and a four poled IM respectively.

The material prices for the different designs were estimated, and at the time the
NdFeB magnets were six times more expensive than the ferrite magnets. However,
when the roughly estimated prices for the active materials were compared, all of the
NdFeB designs were about a factor 2.6 cheaper than the solutions with ferrite magnets,
because much more of all the materials were needed with a ferrite magnet design.

The NdFeB solutions were cheaper in materials, much more compact, and could
be made with a smaller reduction in flow area, but the dynamic simulations made it
clear that a high mass moment of inertia on the HS side of the system was desirable.
This suggest that a ferrite design might be a better solution, because it naturally gives a
higher inertia. Besides a large mass moment of inertia, a ferrite magnet design would
also eliminate corrosion issues, eddy current losses in the magnets, and benefit by a
more steady price in the materials.

Figure 5.19 presents an exploded view of a 3D CAD model depicting a hub inte-
grated MG with ferrite magnets and an outer diameter of 220 [mm] combined with an
IM of 550 [W].

Figure 5.19: Exploded view of a 3D CAD design of a MG integrated with a fan and com-
bined with an IM. The design is with ferrite magnets, an outer diameter of 220
[mm] and an IM of 550 [W].
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5.6 Summary

A high efficient and reliable ventilation system was desired. Therefore the possibility
of using a MG together with a grid connected IM has been investigated. The use of a
MG together with an IM is highly relevant to the industry, but no previous work about
the subject has been published.

When the IM is connected directly to the grid, the MG can slip due to the high
starting and breakdown torque of the IM. Both the starting and breakdown torque can
be several times higher than the nominal load torque of the machine.

A dynamic simulation model consisting of an IM, a MG, and a fan was build and
used as tool for a parameter study. A test set-up of an equivalent system has been
made, and through several measurements of both the mechanical system alone and the
combined mechanical and electrical system, the simulation model has been validated.

Simulations proved that a low mass moment of inertia of the LS side is preferred
and an increased gear ratio will reduce the effect of the load inertia. A low torque
constant, i.e. few poles and a slip torque only a bit higher than the maximum load will
maintain the load torque oscillations at a minimum. Yet, when the gear ratio and LS
inertia are fixed, the most effective measure to avoid the MG to slip is by increasing the
mass moment of inertia on the HS side. High HS inertia will slow down the IM, and
the overshoot of the load torque can be eliminated more or less.

The natural frequency of the MG can be calculated as two rotating masses con-
nected with a torsion spring. The natural frequencies of simulations with different
mass moment of inertia, as well as for the physical test system with and without the
additional mass moment of inertia added, have been calculated and compared to the
frequencies of the simulated and measured torque oscillations, and they are consistent.

For a specific fan system different design proposals of a MG both with ferrite and
NdFeB magnets have been compared. A rough price comparison indicated that a Nd-
FeB solution will be considerably cheaper than a ferrite design, because of the amount
of materials. Due to a desired high mass moment of inertia of the HS side and cor-
rosion issues, a ferrite design seems as an appealing solution. A 3D CAD design of a
ferrite MG integrated in the hub of a fan, is briefly presented.
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Chapter 6

Conclusion

This chapter summarizes the work done during the PhD project, and finishes with
perspectives for future work regarding relevant areas in a MIPMG design that have
not been covered by the work presented in this thesis.

6.1 Summary

The work presented in this thesis is founded on an extensive amount of practical work.
The thesis primarily deals with design, prototyping, and experience gathering of coax-
ial flux modulating magnetic gears with an integrated inner permanent magnet ma-
chine. However, the challenges of using a grid connected induction machine together
with a magnetic gear is studied as well.

The thesis is divided into two parts: Part I – Report and Part II – Enclosed Publica-
tions. Part I is a summary report of the work presented in the enclosed publications in
Part 2, which represent the work conducted throughout the research period. The sum-
mary report contains 6 chapters, and below a short content summation of each chapter
is given.

Chapter 1 begins with an introduction to MGs and MIPMGs. The history of the
MG is shortly outline and the basic functionality is explained. The coupling between a
planetary gear and the coaxial flux modulating MG, and how an electric machine can
be integrated with the coaxial MG are described. In the end of the chapter, the objec-
tives and limitations of the project together with an outline of the thesis are presented.

Chapter 2 presents the first build prototype - the MIPMG v.1. The MIPMG v.1 proto-
type served as an excellent proof of concept prototype, but it suffered from very high
rotational losses, and the operation speed was limited. A profound investigation of
the rotational losses is conducted and the results are presented. Calculations methods,
measured and calculated results, and initiatives to reduce the rotational losses in a new
design are highlighted.

Chapter 3 is the most comprehensive chapter in which the work concerning the
MIPMG v.2 prototype is elaborated. First the background and selection of design spec-
ification is elaborated. Subsequently, the large fundamental changes compared to the
MIPMG v.1 are pointed out, and the final dimensions, main specifications, and mea-
surements of the two prototypes are compared. The design process and details are
presented, including simulations results, and evaluations of these.

Measurement results of the back EMF, the temperature development during oper-
ation, rotational losses, efficiency, and slip torque are presented and discussed, and
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particularly two issues needed further attention. A difference between the estimated
and measured rotational losses result in a build factor, i.e. the ratio between the mea-
sured and the calculated losses, above 2.3, and the measured slip torque is significantly
lower than predicted by static FEA.

3D FEA indicated that the design could be improved regarding end effect losses.
Several modifications of the prototype were conducted, which induced the 3D end
effect losses to decrease, and the build factor became lower than 1.8. It was realized
that the magnetic design of the MG is imperfect, and that the slip torque deviation is
caused by partly demagnetization of the low speed magnets.

In Chapter 4, the MIPMG v.2 design is improved. With use of the same outer di-
mensions and type of materials, a theoretical redesign of the MIPMG v.2 is carried
out. With heightened awareness of demagnetization and focus on the use of magnet
material, very promising results are obtained.

Chapter 5 separates itself a bit from the rest of the thesis, yet still in the field of MG
and electrical machines. If the MG should be used as a substitute to the mechanical
gear in industry, the combination of a MG and a grid connected induction machine is
highly relevant. The high starting and breakdown torque of the grid connected induc-
tion machine could cause the MG to slip during start-up, and a solution to this problem
is investigated in this chapter.

Chapter 6 is the current and final chapter, which contains this short content sum-
mary of each chapter, a summation of the main contributions, a conclusion, and finally
a list of proposed future work.

6.2 Main Contributions

This PhD study has focused on improvement of a MIPMG design. A lot of research
has been conducted within this area in the resent years, yet the main contribution from
this thesis are summarized as follows:

• The rotor speeds of the MIPMG designs treated in this thesis are very high com-
pared to other known prototypes. The high speed makes both the mechanical
and magnetic design challenging. The MIPMG v.1 and v.2 had a design speed of
14000 [rpm] and 10800 [rpm] on the HS rotor respectively, and maximum output
speeds of approximately 1600 [rpm] and 1200 [rpm]. Most MGs operate with a
output speed of a few 100 [rpm] or less. The high rotor speed results in high
magnetic frequencies, which induces high core losses; high centrifugal forces,
that causes large mechanical stresses; a limited selection of bearings and bearing
losses which can be of a critical size.

• A distribution analysis of the rotational losses in the MIPMG v.1 design made
it possible to evaluate the loss density in the different parts. Based on the loss
density, the critical areas of the machine regarding heat development could be
identified and taken into account in the MIPMG v.2 design.
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• High rotor speed causes high rotational losses and high loss densities that require
an effective cooling. Therefore the MIPMG v.2 prototype was supplied with an
active liquid cooling, which was proven very effective on the LS side of the MG.

• The pros and cons of a coupled and decoupled design have been discussed. It has
been proven that it is possible to make a decoupled MIPMG design, where the
torque of the motor and gear are matched together, without the motor taking up
any additional space, and thereby does not decrease the overall torque density.

• By connecting the steel segments of the segment rotor with a thin steel bridge,
the slip torque of the gear can actually be increased, and the core losses in the HS
gear magnets will decrease because the flux variations on the magnet surface are
lowered. If a dummy slot is made in the center of the steel segments, the core
losses of the HS gear magnets can be reduced even further - up to 40% reduction
is demonstrated by simulation.

• The MIPMG v.2 has been designed and two prototypes are manufactured and
tested with success. Compared to the MIPMG v.1, the measured rotational losses
have been reduced with a factor of 7.7. A measured efficiency above 93% is
achieved, meanwhile a torque density of 99.2 [kNm/m3] is obtained as well.

• 3D end effect losses have been localized and minimized by modifying the proto-
type.

• A theoretical redesign of the MIPMG v.2 is carried out. The use of magnet mate-
rial is reduced with 44%, the slip torque of the MG is expected to increase with
15%, which causes the torque per kg magnet for the MG to increase with 224%,
and an estimate of an achievable peak efficiency in a prototype of the redesign is
above 96%.

• A dynamic simulation model of a MG combined with a grid connected induction
machine has been build and verified by measurements conducted in the lab. The
high starting and breakdown torque of the grid connected induction motor can
cause the MG to slip during start-up, and a parameter study has been conducted
to overcome this problem.

• The natural frequency of a MG has been calculated as two rotating masses con-
nected with a torsion spring. The accuracy of the calculated natural frequency
for a specific test system has verified both by simulation and measurement.

• The importance of a thorough demagnetization examination is made clear, as the
slip torque of the MIPMG v.2 prototype was significantly lower than expected
due to demagnetization.
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6.3 Conclusion

It is experienced throughout the work presented in this thesis that at low output speed
(0-1000 [rpm]), the MIPMG has potential to be designed with a high torque density
and an impressive efficiency, compared to the other Direct Drive (DD) machines. With
an inner stator and decoupled design, the copper losses can be very low because only
a smaller amount of copper is necessary, when the motor can be made quite small. The
low copper losses are particular distinct at low output speed and high output torque,
where impressive efficiencies can be obtained. However, it is learned that with the
machine sizes treated in this thesis, it can be difficult to maintain a higher efficiency
with a MIPMG design than a DD design, when the output speed becomes higher than
approximately 1000 [rpm], because the high speed induce high rotational losses caused
by a high magnetic frequency in the MG. The mechanical design can be challenging
regarding bearings, stresses, etc. due to high mechanical speed of the HS rotor as well.

It is believed that in some years MGs and MIPMGs can be found in applications
with many operation hours such as: ventilation fans, conveyor belts, different mixers,
small wind turbines, etc. where the gain in improved efficiency and low maintenance
makes the use of a MG profitable, even though a higher investment might be needed
initially. Maybe the investment of a MIPMG is higher than the standard drive in an
application, but the size and weight reduction when e.g. changing from a the common
generator and gearbox solution to a MIPMG in a small wind turbine probably will
make the manufacturing and transport of the tower etc. cheaper, when the structure
can be made much lighter. Additionally, mounting of the tower and generator should
be more easy when the weight is reduced and thereby less expensive and the overall
investment of the wind turbine might end up cheaper, than with the mechanical gear
box.

Other more high-end applications e.g. space applications, ship propulsion, trucks,
busses, forklifts, trains, taxis and other vehicles with high use are also possible candi-
dates for the MIPMG. In BEVs, an enhanced efficiency and torque per mass will induce
an increased range of action or a reduction in battery package, which might justify the
use of a MIPMG.

6.4 Future Work

There are several interesting and essential research tasks for future work. Some of
these are mentioned below:

• The critical part regarding overheating in the manufactured MIPMG v.2 proto-
type turned out to be the end windings of the motor. An more effective way to
make a forced cooling of the copper, and especially the end windings is essential,
if the MIPMG should be operated with a high power density.

• One of the big challenges seen from a mechanical point of view is the manufac-
turing of the segment rotor. A simple and clever way to construct and assemble
such a rotor is important, if the MIPMG should be mass-produced.
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• The size and effect of the radial magnetic forces working on the segment rotor
could be analyzed regarding deformation and strength.

• A thermal model able to predict the heat development throughout the MIPMG
in different load scenarios would be a very useful design tool.

• A full measured efficiency map was never completed with the MIPMG v.2 proto-
type because of problems with the load bench.

• Refine the redesign of MIPMG v.2, and build a prototype to see if the prediction
can be proven correct.

• Transient 2D and 3D FEA to predict the core losses.

• Calculations of the bearing and windage losses should be verified by measure-
ments.

• The design of the MIPMG should be cost optimized regarding material use and
manufacturing methods in proportion to the performance.

• The natural frequency related to the rotor masses and the torsion spring has not
been calculated for either the MIPMG v.1 or MIPMG v.2. This calculation should
be performed in future designs.
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Abstract — This paper presents an investigation of 20% 

difference between the measured and calculated slip torque of a 
Motor Integrated Permanent Magnet Gear (MIPMG) prototype. 
The High Speed (HS) side of the Magnetic Gear (MG) was fixed 
by loading the motor when conducting the slip torque 
measurement. Suspicion of the motor saturating before the MG 
reached peek torque and thus measuring the maximum torque of 
the motor instead, made the method questionable. The MIPMG 
has been modified to lock the HS side of the MG mechanically 
and new measurements have been conducted but with the same 
low slip torque as result. It was realized that some magnets most 
likely are partly demagnetized due to an inappropriate magnetic 
design which can explain the measured slip torque to be lower 
than the results from static 2 and 3D FEA. With the discovered 
demagnetization and several years of experience with the 
technology, the MIPMG is theoretical redesigned and semi 
optimized regarding the use of magnet material while 
maintaining a reasonable torque density and high efficiency. 

Keywords— Slip torque; Rotational losses; Eddy current loss; 
Magnet Gear; Prototype; Demagnetization; FEA; Build factor. 

I. INTRODUCTION 

With the MIPMG design very high torque density and an 
impressive efficiency can be obtained, even from low speeds 
where the direct drive motors struggles to maintain a 
reasonable efficiency [1]. Various papers presenting different 
design topologies of MIPMGs have been published [1]-[12], 
and the interest for MIPMGs seems to be increasing.  

Today MGs and MIPMGs can be designed to have very 
impressive torque densities, above 150 [kNm/m3] has been 
measured on a MG prototype [13]. If the output speed of a 
MG should be more than a few hundred rpm, the design is 
difficult to make without compromising the efficiency if only 
focus is put on the torque density. 

The work in this paper is a continuation of the work 
conducted in [14]-[17] where the design phase, manufacturing, 
and prior tests of the MIPMG v.2 prototype are described. The 
measured slip torque of the prototype, i.e. the torque where the 
MG slips a pole pair, is about 870 Nm, it has a gear ratio of 
1:9, and a maximum output speed of 1200 rpm, which results 
in a relatively high maximum electrical frequency of 720 Hz. 
Figure 1 presents a cross-sectional view of the prototype 
investigated [1]. 

The content of this paper cover two subjects. The first part 
of the paper a difference of roughly 20% between the 
measured and calculated slip torque is investigated. The 
prototype has been modified to make a more reliable 
measurement possible and new measurements of the slip 
torque are presented. The calculated slip torque result from 2D 
and 3D static FEA are compared to the result of a 3D transient 

FEA. Based on the FEA results, the magnets on the LS rotor 
are assumed to be partly demagnetized causing the slip torque 
to be lower than first assumed. To support this assumption the 
measured back EMF generated from the LS magnets when the 
HS rotor is removed, is compared to the simulated back EMF 
with partly demagnetized magnets. 

 
Figure 1. Cross section view of the MIPMG design. 

In the second part of the paper the magnetic layout of the 
MIPMG is redesigned with the same outer dimensions and 
same type of materials.  

In the new design focus is put on minimizing 
demagnetization and reducing the amount of magnet material. 
The design is only semi optimized, i.e. many sweeps of the 
different parameters have been made in 2D FEA and the 
geometry is continuously changed regarding the torque 
capabilities and calculated rotational losses. The final design is 
a compromise between torque density, copper losses vs. 
rotational losses, efficiency and torque per kg magnet, because 
they are all connected, i.e. a design with very high torque 
density will suffer of high eddy currents at high speeds and 
thereby have a poor efficiency etc. 

II. SLIP TORQUE INVESTIGATION 

The slip torque is one of the main parameters in a MIPMG 
design, thus it is essential to be able to make an accurate 
estimate based on FEA. This section presents the work 
conducted to find the reason for roughly 20% difference 
between the measured slip torque on the prototype and the 
calculated results from both 2D and 3D static FEA.  

A. Modification of Prototype and Measurement 

The slip torque was at first measured by holding the HS 
motor by means of a DC-current and adding a torque to the 
output rotor [1].  The method was suspected to be inadequate 
due to saturation of the motor, thus the prototype has been 
modified making it possible to lock the HS rotor 



mechanically. The slip torque has been measured again, cf. 
Figure 2, and it could be concluded that the slip torque 
difference is not caused by a questionable measurement 
method. The average measured slip torque of four 
measurements was 873 Nm compared to the 2 and 3D FEA 
results of 1127 [Nm] and 1075 [Nm] respectively, i.e. a 
deviation of around 20%. The difference between the 2D and 
3D calculated slip torque is less than 5% and is assumed to be 
the end effects. 

 
Figure 2. Measured slip torque with the new locking 
system of the HS rotor. 

B. FEA Results   

It was discovered that the magnets on the LS side of the 
MG, due to an imperfect magnetic design and operation at 
high temperatures, may possibly be partial demagnetized. 

During a test at high speed, the water cooling pump for the 
MIPMG prototype had an operation failure and the prototype 
was not cooled for some time and became very hot. It is 
assumed that the LS magnets have been near or above 140 
[°C] and the pink parts of the LS magnet presented in Figure 3 
would then be almost demagnetized, cf. [18]. 

When the large pink part of the magnet in Figure 3 was 
defined as air and a 2D FEA calculation was conducted, the 
slip torque went below 750 [Nm], thus, a partial 
demagnetization of this part of the LS magnet is a plausible 
cause to the slip torque reduction. 

Only a few magnets are loaded as presented in Figure 3 at 
the time, but when the machine rotates all magnets will go 
through this load scenario. 

 
Figure 3. Loaded LS magnet. 

In a 3D transient FEA the LS side of the MG was turned 
while the HS side and segment cylinder was fixed, thus 
forcing the MG to slip. The 3D transient FEA is able to take 
the demagnetization into account and use new recoil lines after 
partial demagnetization. 

To include the demagnetization which happened at high 
temperature, the BH-curve for the magnet at 140 [°C] was 
biased to have the Residual Induction equivalent to 20 [°C], 
thus, getting the slip torque result corresponding to 20 [°C] 
including the demagnetization which happened at 140 [°C]. 
Because the FEA includes partial demagnetization, and due to 
the modified BH-curve using the recoil lines corresponding to 
140 [°C]  it can be seen in Figure 4 that the simulation starts at 
one peek torque, and as the rotor rotates the more magnets are 

partly demagnetized and the following slip torques are a bit 
smaller. 

The average of the last four slip torques on the segment 
cylinder in Figure 4 is 876 [Nm] which differ less than one 
percent from to the measured average slip torque of 873 [Nm]. 

 
Figure 4. Slip torque result by transient FEA including 
partial demagnetization. 

C. Back EMF Measurement without HS rotor  

When the measured and calculated back EMF based on 2D 
FEA are compared for the motor they are very close, cf. 
Figure 5. No demagnetization is expected to have occurred in 
the motor magnets, thus the back EMF estimate seems 
reliable. To verify the theory about demagnetization of the LS 
magnets, it was decided to remove the HS rotor from the 
MIPMG v.2 prototype and make a measurement of the back 
EMF generated by the LS magnets through the segment 
cylinder and then compare it to a calculated back EMF. 

 
Figure 5. Measured and simulated back EMF. 

In the 2D simulation the LS magnets were divided into two 
parts. The magnetic properties of the pink part of the LS 
magnet depicted in Figure 3 were modified to compensate the 
demagnetization of the magnet and the rest of the magnet 
remained the same as before. The BH-curve of the modified 
part of the magnet was changed by lowering the Residual 
Induction until the 2D simulated slip torque aligned with the 
measured slip torque. 

The result of the test is presented in Figure 6 together with 
a 2D simulation of the back EMF when the LS magnets are 
not modified. With the demagnetized magnets both the 
measured and simulated back EMF and the slip torque align, 
which indicate that demagnetization did happen and that a 2D 
FEA calculated slip torque seems fairly precise as long as no 
demagnetization occurs. In this comparison the end effect 
reduction of the 2D calculated slip torque compared to the 
measured slip torque is not taken into account. The Residual 
Induction should not have been lowered until the measured 
and 2D calculated torques aligned, but the simulated torque 
should be about 5% larger due the end effect reduction of the 
slip torque. This means that the simulated back EMF could be 
assumed to be a bit larger than the measured.  The magnet 
array of the LS rotor is 195 [mm] but the stack of the stator is 



only 115 [mm], thus some additional end effect flux were also 
assumed to increase the measured EMF a bit, thus it seems as 
if the two  enhancements of the EMF balance each other out. 

 
Figure 6. Back EMF test without HS rotor. Simulated back 
EMF is presented with and without partly 
demagnetization and compared to a measured back EMF. 

III. REDESIGN OF THE MIPMG V.2 

The slip torque and torque density are parameters in 
MIPMG designs which receive much attention, but to have an 
operating MIPMG with an output speed of more than a few 
hundred rpm focus should also be put on the rotational losses. 
Due to the magnetic layout of a MIPMG some parts of the 
machine will experience a fluctuating flux with relatively high 
frequency even at low speeds, naturally depending on the 
chosen pole configuration and gear ratio. 

In this section the MIPMG v.2 design investigated in the 
previous section is redesigned with focus on minimizing 
demagnetization and reducing the amount of magnet material. 
The outer dimensions will remain the same and the output 
speed is desired to be 1200 rpm and the slip torque to be 1000 
Nm. 

The design is only semi optimized, i.e. numerous sweeps of 
the different parameters have been made in 2D FEA and the 
geometry is continuously changed based on the results of 
torque capabilities and calculated rotational losses. 

A. Pole Number and Gear Ratio    

One of the advantages of the MIPMG design compared to 
the direct driven (DD) machine is the potential of high 
efficiency from very low speed. This is possible because the 
MIPMG can be designed to have very low copper losses, due 
to the gear ratio between the motor and output, i.e. the motor 
runs at higher speed and lower torque, thus lower current and 
copper losses.  

To justify the enhance complexity of the MIPMG when 
compared to a DD machine, the reduction of the copper loss 
should have a substantial size, thus the gear ratio should have 
a certain size. But again it is a tradeoff, because when the gear 
ratio is increased the frequency of the fluctuating flux in the 
machine and thereby the rotational losses are increased as 
well. 

When the diameter of the machine is fixed there will be an 
optimal gear ratio regarding the slip torque or torque per kg 
magnet used in the design of the MIPMG depending on the 
chosen pole number on the high speed side of the MG. In 
Figure 7 and Figure 8 the slip torque and torque per kg magnet 
with different number of poles on the HS side and different 
configurations of the LS magnet layout are presented in 
relation to different gear ratios. The magnet layouts referred to 
are depicted Figure 9. With the surface mounted and Halbach 
design the same amount of magnet is used, but for the old 

design a lot more magnet material is utilize, thus making this 
design a poor solution regarding torque per kg magnet. 

 
Figure 7. Torque vs. gear ratio. Different number of HS 
poles and LS magnet configuration. 

 
Figure 8. Torque per kg magnet vs. gear ratio. Different 
number of HS poles and LS magnet configuration. 

 
Figure 9. The three different LS magnet configurations. 
Left: Surface mount. Middle: Old design. Right: Halbach 
array. 

The presented designs in Figure 7 and Figure 8 are not 
optimized, but simply based on the same geometry where the 
pole number, gear ratio, and LS mag configuration are 
changed. The example is to get an idea of which design there 
would be prudent to continue with. The LS design used in the 
current prototype result in a reasonable high slip torque, but a 
very low torque per kg magnet, when compared to the 
Halbach design.  

Quite high torque per kg magnet is achieved in these 
designs even though no optimization is performed. This 
indicate that a really high toque per kg magnet could be 
derived if only the speed of the machine is slow enough, 
because experience shows that high eddy current losses will 
occur in such a design at higher speed which becomes evident 
in a late section of the paper.    

It is chosen to proceed with the Halbach array design and 
to compare the operation frequencies and copper losses in the 
different relevant pole configurations, the copper losses and 
electrical frequency are estimated and presented in TABLE I.  

The estimated copper losses are based on:  
• An output speed of 1200 [rpm] 
• An output torque of 750 Nm 
• A phase resistance of: RS = 0.02 [Ω] (Estimate based 

on current prototype) 



• A current constant of  Ccurrent = 1.6 [A/Nm] (Estimate      
based on current prototype) 

TABLE I.  ESTIMATED COPPER LOSSES WITH DIFF. CONFIGURATIONS 

Description 6 Poles 8 Poles 12 Poles
Gear Ratio max/min 16/12 14/8 10/5 
Motor Speed [rpm] 19200/14400 16800/9600 12000/6000 

Electrical Frequency [Hz] 960/6720 1120/640 1200/600 
Motor Torque [Nm] 46.9/62.5 53.6/93.8 75/150 

Current [A] 75/100 86/150 120/240 
Copper Loss [W] 338/600 444/1350 864/3456 

The copper loss is desired to be below 1% of the total 
output power of the machine to ensure high efficiency at low 
speed. With the chosen design specifications the maximum 
output power will be around 94 kW, thus the copper loss is 
desired to be below 1%, i.e. below 940 W.  

At first a 6 pole solution appear as the obvious choice 
when looking at the estimated copper losses, but from 
experience it is known that the high mechanical speed of the 
HS rotor can cause problems regarding mechanical stress, 
selection of bearings, bearings losses etc.. The original gear 
ratio and HS pole number of 9 and 8 respectively seems as a 
rational choice with the Halbach design as well, and is 
consequently chosen to the new design. 

B. Mechanical Improvments   

To simplify the new design regarding manufacturing, and 
increase the torque per kg magnet, the magnets were at first 
chosen to be surface mounted in the new design.  

On the outer cylinder which in this design is stationary 
glue should easily keep the magnets in place. The centrifugal 
forces are helping the motor magnets keeping in place, thus 
mounting them with only glue should not cause problems. 
However with the HS gear magnets glue is not considered to 
be enough because here the centrifugal forces will work in the 
wrong direction.  

A new HS rotor design where the HS gear magnets are 
installed into slots are presented in Figure 10. This design is 
more production friendly, because there is no thin bridge as in 
the MIPMG v2 design, cf. Figure 1. It is also believed than the 
magnets will be easier to mount.  

 
Figure 10. New proposed HS rotor design. 

To ensure the mechanical strength of the dovetail, which 
compose the magnets slot and keep the magnets in place, a 
mechanical 3D FEA is performed on the design at the 
maximum speed of 10,800 [rpm], cf. Figure 11. The result 
establish that from a mechanical point of view the dovetail is 
able to keep the magnets in place regarding the centrifugal 
forces, when the tensile strength of the used laminated steel is 
515 [MPa]. When magnets are manufactured a common 
tolerance is +/- 0.1 [mm], thus not nearly accurate enough for 

a slot mount without glue even though an extensive magnetic 
forces will help to keep the magnet in place. Consequently if 
the magnets are not glued they could start to vibrate under 
operation.  

 
Figure 11. Mechanical FEA on the new rotor layout at 
10800 [rpm]. 

C. Rotational Losses   

Minimizing the rotational losses of the design is a very 
time demanding task. Each design iteration demands long 
simulation time, and each result should be judged and 
compared to the torque capabilities and copper loss. 

When minimizing the rotational losses there are endless 
numbers of parameters which can be adjusted and mutual for 
them all are that they impact either the torque positively and 
losses negatively or vice versa. The task is then to find size of 
each parameter which results in the best ratio between the 
good and bad impact.  

To obtain a high slip torque an easy parameter to adjust is 
the air gap. In the latter section it was decided to remove the 
steel can around the motor and HS gear magnets. This results 
in much higher torque capabilities, cf. Figure 12, but in Figure 
13 it is made evident that a smaller air gap between the HS 
rotor and the segment cylinder or the removal of the steel can, 
results in much higher losses in especially in the HS magnets. 
The HS magnets experience a fluctuating load due to the 
segments of the segment cylinder, and flux variation becomes 
more pronounced the smaller the air gap becomes, and when 
the steel can is present, it helps to even out the flux variation, 
thus reducing the losses. 

 
Figure 12. Slip torque with different air gaps between HS 
rotor and segment cylinder, and a steel can with different 
material thickness around the HS rotor. 

After many simulations with different ratios between air 
gap and steel can thickness, it was decided to eliminate the 
steel can and increase the air gap even further than in the 
MIPMG v.2 design. When the steel can was removed and the 
thickness of the steel can was added to the air gap instead (air 
gap 1.5 [mm]  2.5 [mm]) the slip torque dropped about 3%, 
but the losses in the HS magnets also dropped about 3% and 



the total losses of the MIPMG dropped about 12%, when 
compared to the design with the steel can.  

 
Figure 13: Rotational losses with different air gaps 
between HS rotor and segment cylinder, and a steel can 
with different material thickness around the HS rotor. 

Another effective way to decrease the losses in the HS 
magnets is to even out flux variations caused by the segment 
cylinder by making some dummy sluts in the steel segments, 
[15], see Figure 14. 

 
Figure 14. Section of segment cylinder showing the dummy 
slot. 

Both width and depth of these dummy slots combined with 
the thickness of the bridge between the segments are crucial 
for the losses in the HS magnets. In Figure 15 the HS magnet 
losses without dummy slot and with two different widths of 
dummy slots are presented. In this example the HS magnet 
losses are reduced by 35% just by adding these dummy slots, 
and the price is a reduction of in slip torque of less than 2%, 
cf. Figure 16. 

 
Figure 15. Losses in HS magnets according to the layout of 
the dummy slots. 

The Halbach layout for the LS magnets was selected early 
in the design phase because of the improved torque 
capabilities. During the optimization it was found that an 
optimum design was when the tangential magnets in the 
Halbach array only composed about 20-30 % of the pole.  

When the field density of the design was checked, thus 
possible demagnetization, it was discovered that a huge part of 
the tangential magnet probably will be demagnetized. To get a 
reliable result from the simulations, the tangential magnets 
were cut in the upper corners and the entire bottom which 
eliminated the chance of demagnetization, cf. Figure 17. In 
Figure 17 a field density plot for an equivalent surface 
mounted magnet design is also depicted. With the surface 

mounted design no demagnetization seems to emerge, thus no 
magnet reduction is necessary. With the full magnet in the 
Halbach design in Figure 17 the 2D calculated slip torque was 
1114 [Nm], but when the corners are cut the slip torque drops 
to 1066 [Nm]. With the presented surface mount design, 
which use the exact same amount of magnet and are a lot 
simpler to manufacture and assembly, the slip torque was 
calculated to be 1031 [Nm], thus less than 4% extra slip torque 
is achieved by using the more complex Halbach design.  

 
Figure 16. Maximum/slip torque according to the layout of 
the dummy slots. 

However, the Halbach array has another advantage. Figure 
18 shows the flux density of the three same scenarios and from 
here it is clear that the LS yoke would be loaded much harder 
with at surface mounted design. I.e. with the Halbach design 
the yoke can be made smaller and thereby increase the 
effective radius and torque capability and still have the same 
iron losses in the yoke, or the yoke can remain the same and 
the losses will smaller, consequently the Halbach design was 
chosen for the further optimization. 

 
Figure 17. Field density with different magnet design. Left: 
Halbach where demagnetization occur. Middle: Halbach 
where the small magnets are cut so not demagnetization 
occur. Right: Surface mounted magnets. 

 
Figure 18. Flux density with different magnet design. Left: 
Halbach where demagnetization occur. Middle: Halbach 
where the small magnets are cut so not demagnetization 
occur. Right: Surface mounted magnets. 

With a fill factor of 0.45 the torque vs. current density is 
presented in Figure 19. In the new design much more torque 
per amp is achieved no matter the choice of motor magnet 
height. With a conductor area of 10 [mm2], and a assumed 
phase resistance of RS = 0.02 [Ω] (values based on the 
MIPMG v.2 prototype), the copper losses are calculated based 



on the current densities presented in Figure 19 and they are 
compared to the copper losses of the MIPMG v.2 design 
where the same conductor area and phase resistance are used, 
cf. Figure 20.  

 
Figure 19. Simulated motor torque per A/mm2 in the 
windings with a fill factor of 0.45. Different heights of 
motor magnets are compare to the MIPMG v.2 design 
which have motor magnet heigh of 4 [mm]. 

 
Figure 20. Estimated copper losses with different heights 
of motor magnets are compared to the calculated copper 
losses MIPMG v.2 design. 

It is clear that the new design will have much lower copper 
losses no matter the choice of motor magnet height compared 
to the MIPMG v.2 design. Based on the estimated copper 
losses, the motor magnets of the new design could settle with 
2.0 [mm] to attain the desired copper loss below 940 [W] at 
750 [Nm]. When the motor magnet height is increased from 
2.0 [mm] to 3.0 [mm] the rotational losses at maximum speed 
is only increased about 100 [W], but if an output torque above 
750 [Nm] is desired the copper loss is reduced many times the 
increase in rotational loss. 

There are infinite possibilities when trying to optimize, 
because all changes affect each other, and there are so many 
parameters that can be changed and design layouts that can be 
tested, e.g. in the work presented, four fundamental different 
segment layouts, which all could be adjusted in endless ways, 
were tested before a final layout of the segments was chosen. 

The final presented design is therefore not the optimal 
solution, but an improved version of the MIPMG v.2. The 
rotational losses are actually a bit higher in the new design 
when compare to the MIPMG v.2 design, cf. Figure 21. 

In the new design focus is not only put on reducing the 
rotational losses, but also on reducing the used amount of 
magnet, and keeping the copper losses low to improve the 
efficiency at lower speeds. It is particular the stator losses that 
are higher in the new design, which is due the surface mounted 

motor magnets instead of the buried magnets, but this is a 
tradeoff for lower copper losses and simpler manufacturing.  

The maximum output/slip torque of the new design is 
presented in Figure 22 and in TABLE II. the main parameters 
of the MIPMG v.2 and the redesign are presented.  

The calculated 3D transient slip torque is less than 1 % 
from the measurements and because the same 3D mesh is used 
in the 3D static FEA the result of 1075 [Nm] is also assumed 
to be very exact just without taking the demagnetization into 
account.  

 
Figure 21. Rotational losses of the final redesign compared 
to the MIPMG v.2 design where the demagnetization is 
taken into account. 
TABLE II.  MECHANICAL PARAMETERS OF THE MIPMG’S 

Description MIPMG 
v.2 

New 
Design 

Volume of active parts [L] 8.8 8.8 

Stack length of gear [mm] 195 195 

Stack length of stator and motor magnets [mm] 115 115 

Radius of the outer yoke [mm] 120 120 

Gear ratio 1:9 1:9 

Number of motor- and HS gear poles 8 8 

Number of poles on the outer cylinder 64 64 

Air gap between motor magnets and stator [mm] 1.0 1.0 

Air gap between HS rotor and the seg. cylinder [mm] 2.0 2.5 

Air gap between seg. cylinder and outer cylinder [mm] 1.0 0.75 

Mass of steel [kg] (Calculated) 29.54 28.37 

Mass of motor magnets [kg] (Calculated) 1.43 1.32 

Mass of  gear magnets [kg] (Calculated) 13.60 7.01 

Maximum stall torque @ 20[°C] [Nm] (2D Static FEA) 
/(3D Static FEA) 1127/1075 1055/-- 

Maximum stall torque @ 20[°C] [Nm] 
(Measured/Expected) /(3D Transient FEA) 873/876 1006/-- 

Torque density from active volume @ 20[°C] [Nm/l] 
(2D FEA)/(Measured/Expected) 128.0/99.2 119.9/114.3 

Maximum torque per kg magnet – MG magnets @ 
20[°C] [Nm/kg] (2D FEA)/(Measured/Expected) 82.9/64.2 150.5/143.5 

Maximum torque per kg magnet – All magnets  @ 20[°C] 
[Nm/kg] (2D FEA)/(Measured/Expected) 75.0/58.1 126.7/120.8 

The difference of about 5 % between the 3D static and 2D 
static is presume to be the end effects, thus the expected slip 
torque of the redesign will also be around 5% lower, due to 
end effects as long as no demagnetization occur. This results 
in an estimated slip torque of 1006 [Nm] with the new design. 



 
Figure 22. Maximum output/slip torque of the new design 
proposal compared to the torque of the MIPMG v.2 design 
when the demagnetization is taken into account. 

The main achievements with the new design are: 

• Use of magnet mass is reduced with 44 % 
• An expected increase in slip torque of 15 % 
• An expected increase of 224 %  in torque per kg 

magnet for the MG 

D. Efficiency 

In [17] the build factor including the bearing and windage 
losses is found to be 1.65 for the MIPMG v.2. By using a build 
factor of 2 on the calculated rotational losses presented in 
Figure 21, combined with the estimated copper losses in Figure 
20 with a motor magnet height of 3 [mm], the efficiency of the 
redesigned MIPMG is estimated and judged obtainable in a 
redesigned prototype. An estimated efficiency map with the 
rotational losses multiplied with two is presented in Figure 23.  

 
Figure 23. Estimated efficiency map. Based on the 
estimated copper losses and the calculated rotation losses 
multiplied with two. 

IV. CONCLUSION 

The work in this paper concludes that during the design 
phase of a MIPMG it is crucial to take demagnetization into 
account. With the MIPMG v.2 prototype the measured slip 
torque is only 77% of the one calculated with 2D FEA during 
the design phase. There is obviously a small reduction due to 
end effects, estimated to be around 5% based on 2D and 3D 
FEA comparison, and the rest of the deviation is caused by 
demagnetization.  

A redesign of the MIPMG v.2 is performed with focus on 
demagnetization, use of magnet material and efficiency. A 
nice result is obtained with a little higher rotational losses, but 
a lot lower copper losses than the MIPMG v.2 design. When 
compared to the MIPMG v.2 the use of magnet material is 
reduced with 44%, an increase in slip torque of 15% and an 

impressive increase of 224 % in torque per kg magnet for the 
MG are expected. 

An efficiency map is created based on the calculated 
rotational and copper losses, and although the rotation losses 
are multiplied with a build factor of 2, very impressive 
efficiencies are achieved almost from standstill. 
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Abstract — This paper presents a practical investigation of 
the eddy current losses caused by 3D effects in a Motor 
Integrated Permanent Magnet Gear (MIPMG). Two prototypes 
of a MIPMG have been designed and build to be used as 
traction units for an electric vehicle. The measured efficiency 
of the prototype MIPMGs is superior in urban traffic when 
compared to state of the art direct drives, even though the 
measured rotational losses are more than two times higher 
than estimated with calculations based on 2D Finite Element 
Analysis (FEA).  Based on 3D Magnetostatic FEA, the 
prototype has been modified to reduce 3D eddy currents in the 
machine. Material is removed and new parts are made in a 
non-conducting material. After the modifications of the 
prototype, the rotational losses have been measured and 
compared to the earlier measurements and the 2D based 
calculated losses. The rotational losses have been reduced, 
thus, making the gap between the measured and calculated 
losses smaller and increased the efficiency. Assumption 
regarding unaccounted losses is elaborated, and the presented 
work makes it possible to make the design of the next 
generation of MIPMG even better, with lower losses and 
higher efficiency. 

Keywords—Core losses; Magnet Gear; Prototype; Rotational 
losses; FEA; Build factor 

I.  INTRODUCTION  
The Motor Integrated Permanent Magnet Gear (MIPMG), 

a combined motor and gear unit consisting of a high speed 
permanent magnet motor integrated with a permanent Magnet 
Gear (MG), is starting to be a known and accepted technology. 
Various theoretical papers concerning MIPMGs have been 
published [1]-[12], and a number of papers have presented 
manufactured prototypes [13]-[22], but no obtainable 
commercial product have yet emerged.  

The MIPMG has potential to be a quite compact machine 
with a very high torque density and an impressive efficiency 
even from low speeds where the direct drive motors struggles 
to maintain a reasonable efficiency [21]. In general, focus on 
the efficiency of magnetic gears seems to be deprioritized 
compared to the high torque density. Most papers only present 
efficiency measurements of their MG or MIPMG prototypes 
in a few operations point [23]-[27] but the majority omits to 
include the efficiency of their prototype. The measured 
efficiency is rarely compared to expected/calculated efficiency 

like in [19]-[22], [28] and [29] and only a few efficiency maps 
for MIPMG prototypes have been published [21], [30]. 

Not much attention has been put on the distribution of 
losses in MGs and MIPMGs and nobody has presented an 
accurate distribution of the losses in an attempt to obtain the 
essential knowledge to make an optimized design regarding 
efficiency. In [19] a distribution of the rotational losses of a 
MIPMG is presented, but the calculated and measured total 
losses are more than a factor of two apart. The calculated 
losses in [19] are based on 2D FEA, therefore no 3D end-
effects are included and the machine suffers from some 
grinded surfaces which will contribute to some extra losses 
which are nearly impossible to predict. 

The work in this paper is a continuation of the work 
conducted to design, manufacture, and test two MIPMG 
demonstrators. The MIPMGs have been developed to be 
traction units in an old Audi A8 as part of electrical vehicle 
conversion project. The design phase, manufacturing of the 
prototypes and tests are described in [19]-[21]. In [19], the 
calculated losses of the first draft of the machine were 
presented, and the design and improvements regarding a 
previous build prototype are described together with the first 
measurements of the motor part in [20]. [21] present tests and 
measurements on the complete MIPMG prototypes.  

The prototype MIPMGs are able to deliver more than 850 
Nm before the MG slips, they have a gear ratio of 1:9 and a 
maximum output speed of 1200 rpm, which results in a 
relatively high maximum electrical frequency of 720 Hz. All 
passive parts of the machine are made in either stainless steel, 
fiberglass, or plastic material to minimize the losses and make 
the machine resistant to the climate under a vehicle. An 
exploded view of the design is presented in Figure 1, and the 
final manufactured parts of one of the MIPMGs are depicted 
in Figure 2.  

 
Figure 1. Exploded view of the designed MIPMG [21]. 



 
Figure 2. Manufactured parts for one of the MIPMGs [21]. 

Even though high efficiencies were measured in [21], and 
when compared to impressive direct drive traction machines, 
the MIPMG seems superior in urban traffic, the calculated and 
measured rotational losses, i.e. the losses occurring when the 
rotors rotate without current applied to the machine, differed 
with more than a factor two. The electro- magnetic design and 
loss calculations of the machine are purely based on 2D FEA, 
and speculations concerning eddy currents in the stainless 
steel end-shields were made. In [28], it is seen that eddy 
currents occur in the bearings rather far away from the active 
magnetic parts of the MG and in [27] and [31] flux in the 
housing and shaft is experienced. To follow-up the 
speculations made in [21], an investigation of losses in the 
end-shields was conducted in [22]. 

In [22], it was concluded that the big difference between 
the measured and calculated losses was not caused by losses in 
the end-shields of the motor and segment cylinder, but based 
on 3D Magnetostatic FEA, a rough estimation of eddy current 
losses in other parts of the machine was made. The work in 
this paper will continue the work conducted in [22] and make 
a practical investigation of the estimated losses. Section two 
summarizes the work presented in [22] and section three 
describes the new modifications of the MIPMG prototype. 
Measurements of the rotational losses before and after the 
modifications are compared in section four together with a 
presentation of potential additional losses. Efficiency maps of 
the MIPMG are presented in section five, and finally in the 
sixth and last section a conclusion is given. When referred to 
speed throughout this paper, it is the speed of the high speed 
rotor of the MIPMG, unless something else is stated.  

II. PREVIOUS CONDUCTED WORK 
Before the complete MIPMG was assembled, the motor 

part was tested alone. The rotational losses were measured of 
the motor part, and loss calculations based on 2D FEA were 
made of the motor alone as well. In Figure 3, the measured 
and calculated rotational losses are presented, and in Figure 4 
the ratio between the measured and calculated losses, or build 
factor as it commonly called [33]-[34], are depicted. Based on 
the two figures, it is judged that the loss calculations based on 
2D FEA seems reliable given that the measured and calculated 
rotational losses of the motor part alone are less than 20% 
apart when they are compared.  The motor and MG are 
magnetically decoupled in the MIPMG design, thus, the 
difference between the calculated and measured rotational 
losses of the complete MIPMG is estimated to be caused by 
3D end effects in the gear part of the machine, which are not 
taken into account in the analytical calculations based on 2D 
FEA. However the calculation method could also be 

insufficient on the gear part due to more complex flux paths 
and frequencies than in the motor. 

In [22], new end-shields to the high speed (HS) rotor and 
the segment cylinder in non-conducting material were made 
and measured rotational losses with the old and new end-
shields were compared. In Figure 5, an example of two 
identical end-shields, one made in stainless steel and one in 
the non-conducting material PEEK, are shown. The results are 
revealed in Figure 6, and all the measurements are aligned, i.e. 
none or only very small eddy current losses occur in the end-
shields. 

 
Figure 3. Measured and 2D FEA based calculated rotational 
losses of the motor part alone and the complete MIPMG. 

 
Figure 4. Build factor for the complete MIPMG and the motor 
part alone. 

 
Figure 5. Identical end-shields in stainless steel and PEEK. 



A 3D magnetostatic FEA was performed on a simplified 
CAD model of the MIPMG, and it was confirmed that no flux 
variation occur in the modified end-shields, but it revealed that 
a fluctuating flux is present in the end-rings of the segment 
cylinder and the end-rings of the fixed cylinder, marked with 
green and red respectively in one end of the simplified CAD 
model in Figure 7. 

 
Figure 6. Measured rotational losses with stainless steel and 
PEEK end-shields. 

A very rough estimate of the eddy current losses in the 
end-rings were calculated, and the size of these estimated 
additional losses indicated that they could represent the 
difference between the calculated rotational losses based on 
2D FEA and the measured rotational losses, cf. Figure 8, [22]. 

 
Figure 7. Section view where one of the end rings of the fixed 
cylinder and the segmented cylinder are highlighted red and 
green, respectively. 

 
Figure 8. The measured, the calculated (2D FEA), and the 
calculated (2D FEA) included estimated additional rotational 
losses (3D FEA). 

III. MODIFICATION OF THE PROTOTYPE 
It is desired to see if the rotational losses can be reduced in 

the prototype by altering the end-rings of the segment cylinder 
and the fixed cylinder. Consequently, new end-rings for the 
segment cylinder have been made in PEEK, and material has 
been removed in the end-rings of the fixed cylinder.  

The steel segments of the segment cylinder have an 
overhang of 5.3mm in each side compared to the length of the 
magnet arrays on the HS rotor and the fixed cylinder. When 
the steel segments are longer than the magnets, extra eddy 
current losses in the end-shields and reduced slip torque are 
observed in [24] and [25], thus when new end-rings are 
manufactured, they are made wider and the steel segments are 
shortened to the same length as the magnet arrays. In Figure 9, 
the modifications and their effect on the flux density in the 
material is presented. To the left in the figure, the original 
design is shown. In the middle the length of the steel segments 
are made shorter, and the width of the end-ring is increased. 
Because the original end-ring was made in stainless steel, 
which has almost the same permeability as PEEK, the change 
in the flux density is caused by the shortened steel segments, 
and not the change in material. It is clear from the figure that 
due to the shorter steel segments the leakage flux is not 
penetrating the fixed end-ring as deep as before. To the right 
in Figure 9, a lot of material has been removed in the fixed 
end-ring, resulting in almost no flux variation in the remaining 
material. Leakage flux is still present in the segment end-ring, 
but this does not induce any losses because of the non-
conducting PEEK material. 

The variation of the slip torque is only a few newton 
meters in the three simulations presented in Figure 9, thus it is 
not expected that the modifications will result in measurable 
changes of the slip torque in the prototype. 

Once, one of the prototypes had a bad breakdown due to an 
uncontrolled acceleration which resulted in very high speed. 
The high speed rotor was deformed and pushed against the 
segment cylinder, resulting this to deform as well. It was 
decided to make the modifications on this already broken 
segment cylinder, to ensure not to ruin the functional one. In 
Figure 10, laminations are removed to make the lamination 
stack shorter. Afterwards the ends of the fiberglass rods were 
cut, the stack was straightened out and the new PEEK end-
rings were mounted. The inside of the segment cylinder were 
grinded during the breakdown, which vaguely can be seen in 
Figure 10, and it was necessary to do a little machining on the 
outside of the cylinder to remove the deformations peaks in 
one end of the cylinder. These actions could affect the results 
due to increased eddy current losses in the steel laminations 
and should be considered.  

In Figure 11, the modified segment cylinder with PEEK 
end-rings is presented together with the “original” cylinder 
with end-rings in stainless steel. The material in the end-rings 
of the fixed cylinder has been milled away as illustrated to the 
right in Figure 9. 



 
Figure 9.  Modifications of the end-rings of the segment and the fixed cylinder. Left: original design. Middle: New wider PEEK segment 
end-ring. Right: New PEEK segment end-ring and removed material on fixed end-ring.

 
Figure 10. Laminations are removed on the broken segment 
cylinder to make it shorter. 

 
Figure 11. The "original" and the modified segment cylinder 
with a shorter stack and PEEK end-rings. 

IV. MEASUREMENTS AND RESULTS 
New measurements of the rotational losses have been 

made with the “original” segment cylinder, before any 
modifications, after the material was removed on the fixed 
cylinder, and at last measurements where both the material on 
the fixed cylinder was removed and the modified segment 
cylinder was mounted, were conducted.  

The rotational losses are calculated based on the measured 
decelerations of the machine and the resulting moment of 
inertia of the rotor by (1).  

         (1) 

Where  is the moment of inertia of the rotor and  is 
the mechanical angular velocity. The resulting moment of 
inertia of the rotor configurations are found by a CAD 
program. To insure consistency of the measurements, 
measurements of each loss scenario were repeated several 
times and controlled with a power analyzer when the machine 
was operated as motor. Figure 12 presents the measurements 
together with the calculated losses based on 2D FEA. 

At 8000 rpm, the rotational loss is reduced with 294W, or 
about 60% of the rough estimation of 496 W made in [22], 
when the material on the fixed cylinder is removed. When the 
end-rings of the segment cylinder are changed to PEEK, the 
rotational losses are at 8000rpm reduced with 458W, or about 
35% of the 1294W estimated in [22]. Even though the loss 
reduction is smaller than estimated in [22] it is still a good 
result. At 8000 rpm, the measured rotational losses are 
reduced about 22% and the build factor is decreased from 2.25 
to 1.65. 

 
Figure 12. Measured rotational losses for each modification step 
of the prototype together with the calculated losses based on 2D 
FEA. 



If a new prototype was build identical to the modified 
prototype, the build factor would undoubtedly be smaller. This 
is a fact by a number of reasons. Firstly, the surface of the 
steel laminations of the modified segment cylinder is damaged 
due to the breakdown and machining, and at the same time it 
is the part in the machine experiencing the highest frequency, 
thus, additional eddy current losses will be present in the 
segment cylinder, and the actually loss reduction is larger than 
the measurements indicate. A fair estimate would be that also 
in the segment end-rings a loss reduction equivalent to 60% of 
the estimated reduction made in [22] would occur. If that were 
the case, the build factor at 8000rpm would be 1.46. Secondly, 
the MIPMG prototypes have been disassembled and 
assembled again countless times, each time the steel 
laminations and bearings are damaged a bit, both causing 
additional losses. The last obvious reason would be that the 
currently used HS rotor and stator also have had an accident, 
where material had clogged the air gap causing the surfaces to 
experience some degree of grinding and at last blocked the 
rotor totally.  

The rotational losses for the MIPMG without the HS rotor 
mounted have both been measured and calculated as well. In 
this scenario, it is assumed that the end-effects would be 
negligible because the flux from the LS magnets would 
primarily run through the segment cylinder and back due to 
the large air gap between the segment cylinder and stator. In 
Figure 13, the build factor for the motor alone, the MIPMG 
without HS cylinder, and the complete MIPMG as a function 
of the HS rotor speed, are presented. In all situations, the build 
factor is under 1.8, and with all the known sources to 
additional losses mentioned above taken into account, the 
result is satisfactory. If the assumption of negligible end-
effects without the HS rotor is correct, the comparable size of 
the build factor with and without the HS rotor could indicate 
inaccuracy of the used calculation model, incorrect material 
data, or other factors as damages surface due to processing, or 
assembly, unexpected large bearing or windage losses etc. 

 
Figure 13.  Build factor for the complete MIPMG, without the 
HS rotor, and for the motor alone. 

In [20], it was experienced that at 5000 rpm a friction loss 
of 250W was developed in the seals of just one bearing, thus, 
the bearing losses have potential to be larger than calculated. 

The bearing losses are calculated by the use of the SKF 
Bearing Calculator [35]. In [19], an experiment with an E-core 
made in laminated steel showed that by grinding the laminated 
steel on the air-gap surfaced, the eddy current losses increased 
with up to a factor of 2. 

To give an idea of the effect of a grinded surface in the 
MIPMG, a calculation is made where the lamination thickness 
in the segment cylinder is changed from 0.20mm to 0.35mm 
which roughly corresponds to half of the laminations being 
short-circuited. The resulting build factor is presented in 
Figure 14 together with different scaling of the bearing losses, 
which illustrate the effect on the build factor with additional 
bearing losses. 

Even though a new prototype was made where no surfaces 
were damaged and bearings were running optimal, it would 
probably be difficult to obtain a build factor much below 1.5. 
According to [32] and [33], build factors above 2 are not 
abnormal, and is accepted practice when designing electrical 
machines. The manufacturing process of the machine parts is 
usually the main reason for deviation between the calculated 
and measurement results. Each process and material handling 
alters the laminations crystalline structure and implies 
increasing losses [32]. In [34], it is stated that in one operation 
point the iron losses are increased by 20% just because of laser 
cutting.  

 
Figure 14. Build factor with 0.35 mm steel laminations on the 
segment cylinder or scaled bearing losses. 

 
Figure 15. The calculated rotational losses. 



In Figure 15 and Figure 16, it is evident that the laminated 
steel parts in the prototype compose the largest part of the 
rotational losses which are all laser cut, thus, a great deal of 
losses could be hidden here.  Also each batch of material will 
differ and seldom fit the datasheet precisely, and keeping in 
mind that the simplified calculation method only gives an 
estimate of the losses, the accomplishment to obtain a build 
factor below 1.8 under the mentioned circumstances is 
actually a fine result. 

 
Figure 16. Normalized rotational losses. 

V. EFFICIENCY 
Even before the modifications with the “high” rotational 
losses, impressive efficiencies have been measured with the 
prototypes. The efficiency measurement has been limited by 
problems with the load machine, and a full mapping has yet 
not been possible. In Figure 17, the measured part of the 
efficiency map of the MIPMG is presented and in Figure 18 an 
equivalent estimated full efficiency map is depicted. The 
estimated efficiencies of the MIPMG are calculated based on 
the measured rotational losses presented in Figure 3 combined 
with DC copper losses calculated with a constant phase 
resistance equivalent to a winding temperature of 100 ºC, and 
currents corresponding to the different torque levels [21]. 

There is a good agreement between the measured and 
estimated efficiency maps, and the estimation method seems 
like a reasonable way to forecast realistic efficiencies. In 
Figure 19, the estimated efficiency map based on the 
measured rotational losses after the modifications of the 
prototype is revealed. The efficiency lines are moved a little 
down in torque and speed, resulting in very high efficiencies 
in almost all operation points. 

If a build factor of 1 was possible to obtain, efficiencies 
above 95% could be achieved, cf. Figure 20. From Figure 19, 
it is evident that the MIPMG is a very efficient machine, and 
Figure 20 indicated that it has potential to become even more 
efficient. This MIPMG design is not optimized regarding 
efficiency, but instead it is a compromise between efficiency 
and torque density. With the gained knowledge to reduce the 
3D effects, an optimization primarily towards efficiency could 
lead to some impressive MIPMG designs. 

 

 
Figure 17. Measured efficiency map before any modifications. 

 
Figure 18. Estimated efficiency map based on measured 
rotational losses and calculated copper losses. 

 
Figure 19. Estimated efficiency map based on measured 
rotational losses after the modifications and calculated copper 
losses. 



 
Figure 20. Estimated efficiency map based on the both calculated 
rotational and copper losses. 

VI. CONCLUSION 
Prior to the work conducted in this paper, the measured 

and the 2D based calculated rotational losses for the motor 
part alone were less than 20% apart, but when the gear part 
was included the maximum build factor got close to 2.4. It was 
expected that eddy current losses exist in the ends of the 
MIPMG prototype due to 3D effects. These are not included in 
the estimated losses, because they are calculated based on 2D 
FEA.  

Based on previous 3D FEA results in [22], it was 
concluded that some additional losses exists in the end rings of 
the fixed cylinder and the segment cylinder. Rough 
estimations of these losses indicated that they could have a 
size that could compose the difference between the calculated 
and measured rotational losses.  

Material was removed in the ends of the fixed cylinder, 
and a deform segment cylinder was straightened and new 
PEEK end-rings were mounted. The reductions of the 
rotational losses due to the changes of the fixed and 
segmented cylinder were about 60% and 35% of the estimated 
loss reductions in [22] respectively. Because the surfaces on 
the used segment cylinder are partly grinded, the eddy current 
losses in the steel laminations will increase, thus, it is assumed 
that the loss reduction caused by the modifications of the 
segment cylinder actually is bigger than illustrated by the 
measurements. At 8000 rpm, the measured rotational losses 
are reduced about 22%, and at this speed the build factor is 
now 1.65 compared to 2.25 without modifications. 

It is estimated that a build factor much below 1.5 will be 
difficult to achieve with the simplified calculation methods 
and the uncertainties of material data when the materials have 
been processed in different ways, etc. The archived result of a 
build factor below 1.8 is very acceptable when compared to 
work conducted by others, even though it is difficult to find 
references where measured and calculated losses are 
compared. However, [28] and [29] present simulated and 
measured rotational losses which result in a build factor of 
around 3 and 3.5 respectively.  

With the reduced rotational losses, really good efficiencies 
are achieved in a wide speed and load range. This is illustrated 
by an efficiency map based on the measured rotational losses. 

 The work covered in this paper provides knowledge how 
to improve the design of the next generation of MIPMG, to 
make it even better, with fever losses, and higher efficiency. 
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Motor Integrated Permanent Magnet Gear
in a Battery Electrical Vehicle

Tommy V. Frandsen, Laszlo Mathe, Member, IEEE, Nick Ilsoe Berg, Rasmus Koldborg Holm,
Torben N. Matzen, Member, IEEE, Peter Omand Rasmussen, and Kasper K. Jensen

Abstract—This paper presents the physical construction and
test results of two new demonstrators of a motor integrated
permanent magnet gear (MIPMG), which is a second version of
an already tested demonstrator. The demonstrators will be used as
traction units for a battery electrical vehicle and the background
for the specifications are elaborated. Simulated and measured
results of rotational losses of the first and second versions are
compared. The efficiency of the new design is investigated and
compared with three direct-drive motors in a few operating points,
and the MIPMG v.2 seems superior when used as a traction unit
in urban traffic.

Index Terms—Core losses, direct drive, electric vehicle, finite-
element analysis (FEA), magnetic gear (MG), motor integrated
permanent magnet gear (MIPMG), permanent magnet.

I. INTRODUCTION

THE magnetic gear (MG) has several potential advantages
compared with the mechanical gearbox such as reduced

acoustic noise and vibration; peak torque transmission capabil-
ity, i.e., inherent overload protection; no lubrication or mechan-
ical contact except the bearings, with these characteristically
reduced maintenance; and improved reliability can be expected.
Prior to the millennium several patents and papers regarding
MGs were published such as [1]–[7]. With the milestone pa-
per [8] from 2001 that theoretically showed the possibility
to obtain torque density in the range of 100 kN · m/m3, the
interest of MGs increased in the academic world and physical
demonstrators of MGs have been made such as in [9] and [10],
various topologies have been proposed [11]–[13], and various
ways of integrating the MG with an electrical machine have
been presented [14]–[20]. No significant commercial applica-
tions have yet emerged probably because the technology needs
to demonstrate better performances in terms of lower losses,
simpler manufacturing/assembly processes, and because of the
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high utilization of permanent magnets in the MG, the price of
its rare earth materials needs to settle on a low level.

The work presented in this paper is the continuation of the
work accomplished in [20], where the design details of the
motor integrated permanent magnet gear (MIPMG) (version 2)
are elaborated, and here, only experimental data for the motor
part was available. The design of the new MIPMG v.2 was
based on the work conducted in [19], where the highest pub-
lished experimentally validated torque density of a combined
permanent-magnet motor/gear unit (92 N · m/l) was presented.
The measured rotational dependent losses for the demonstrator
build in [19] (MIPMG v.1) were too excessive, and many
aspects in the assembly and manufacturing of the demonstrator
had scope for improvements. In [20], it is described how the
losses are reduced, and how the mechanical design is improved,
and initial tests with the motor part were presented. The new
MIPMG v.2 is designed as a traction unit for a battery electrical
vehicle (BEV). A BEV is a perfect application to target in terms
of performance as the automotive sector is now driving the
electrical machine development, resulting in many impressive
machines that the MIPMG can be compared with. However, the
current cost issue for the magnets and the relative low usage of
a BEV would require really high efficiency that could induce
a reduction in battery size, inverter size, and electricity cost,
which could compensate for the higher price of the traction unit.
If efficiency gains actually are demonstrated with the MIPMG,
applications with a much higher utilization and thereby more
significant energy savings could currently be more attractive for
the MIPMG.

II. BACKGROUND

The MIPMG v.2 has been designed as a part of a BEV
conversion project. More specifically, an Audi A8 Quattro from
1996 has been converted. The relative old model had to be
chosen if the ancillary components such as light, windows,
etc., should work when the engine control unit is removed
without making any major changes to the electrical system
of the car. Another point in choosing the model was its wide
wheel gauge and four-wheel drive, which makes it possible
to mount two traction units in the rear end without making
changes to the suspension or braking systems, and, at the same
time, have plenty of room in the engine compartment and
trunk for batteries and inverters. Furthermore, the AUDI A8
is fabricated with an aluminum frame that makes it relatively
light compared with its size. The two traction units should be
directly mounted to each rear wheel with a straight driveshaft

0093-9994 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Simulated acceleration with different torques applied to the wheels.
τw = wheel torque (flat road, no wind).

Fig. 2. Power with different torques applied to the wheels. τw =
wheel torque (flat road, no wind).

and thereby avoiding a mechanical gearbox and differential.
The driveshaft solution is also avoiding the large unsprung mass
compared with direct-drive wheel motors.

To establish the desired performance of the traction units, a
simulation model based on an equilibrium diagram, the weight,
and the dimensions of the original Audi were made [21]. In
Fig. 1, the acceleration of the Audi is depicted when different
total torques are applied to the wheels of the car.

If each unit is able to deliver a constant torque of 600 N · m
during acceleration, then the car will be able to reach a ve-
locity of 100 km/h in about 15 s, which will be sufficient for
many users. It is not the purpose to match the cars’ original
performance; thus, the output torque of the unit up to a speed
equaling 100 km/h was fixed to 600 N · m. The stall torque of
the gear would have to be higher to ensure a safety margin to
the output torque, but also to guarantee the possibility of full-
motor braking. With 600 N · m applied on each unit, the power
would be about 46 kW at 100 km/h, cf. Figs. 1 and 2; thus, the
peak power of the machines should be 50 kW minimum.

With the chosen output torque and minimum peak power, the
BEV will be able to climb a hill with a slope of more than 16%
with a speed of 100 km/h, cf. Figs. 3 and 4.

The center of gravity for the Audi was found for the empty
car and with a total weight of 1820 kg, the maximum braking
torque on dry asphalt was calculated. This would indicate the
minimum stall torque of the MIPMGs to do 100% regenerative
braking. The maximum braking torque on the front and rear
wheels for the car alone were calculated to be 1914 and

Fig. 3. Torque needed at different velocities with different slopes of the road.
VV = vehicle velocity.

Fig. 4. Power needed at different velocities with different slopes of the road.
VV = vehicle velocity.

657 N · m, respectively. Then, if the point of gravity is assumed
to be the same when the car is loaded with 300 kg correspond-
ing to a driver, two passengers and some luggage, resulting in
a total weight of 2120 kg, the maximum braking torque of the
rear wheels and thereby the minimum stall torque of the gear
should be 765 N · m

This value could only be used as a guideline during the de-
sign phase, because the final weight and placement of the center
of gravity after the conversion was unknown. Nevertheless, the
final total weight of the BEV ends up in the same neighborhood
because more than 600 kg was removed from the car when
the motor, gearbox, fuel tank, etc., were dismounted; and the
main components in the new drivetrain ends up around 600 kg;
battery pack ≈ 400 kg, inverter ≈ 30 kg, and 2 × MIPMGs of
approximately 82 kg each. The center of mass might change a
bit due to another weight distribution, and to make sure that the
gear will not stall in the car, it is designed with a stall torque
somewhat higher than 765 N · m [1213 N · m, according to 2-D
finite-element analysis (FEA)].

III. MANUFACTURED DEMONSTRATORS

The design details of the MIPMG v.2 are described in [20],
and here, the main components are presented shortly without
specific details. In Fig. 5, an exploded view of the MIPMG v.2
is shown, and the main components of the unit can be divided
into the stator and shaft, the high-speed rotor, the segmented
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Fig. 5. Exploded view of the MIPMG v.2.

Fig. 6. Main components of the MIPMG v.2. From left: the stator, the
high-speed rotor, the segment cylinder (low-speed rotor), the stationary outer
cylinder, and finally, the completely assembled machine.

Fig. 7. Mass distribution of materials in the MIPMG v.2.

cylinder, and the stationary outer cylinder. The stator is as-
sembled using the shaft, and this represents one-half of the
high-speed motor. The high-speed rotor serves as the rotor of
the motor and high-speed input for the MG. The segmented
cylinder acts as a magnetic modulator and, in this design, also
as low-speed high-torque output cylinder of the MG. The outer
cylinder in this design is made stationary. This made mounting
in the car easier and made it possible to add liquid cooling
around the low-speed gear magnets, which was important due
to a major loss percentage occurred in this part of the MIPMG
v.1, as evident in [19]. The manufactured main components
of the MIPMG v.2 are all presented in Fig. 6 together with a
completely assembled MIPMG v.2.

Fig. 7 depicts a pie chart presenting the mass distribution of
the MIPMG v.2. A very high amount of magnets were used
in this design; however, it is a demonstrator, and no special
optimization regarding use of material has been conducted;
thus, there is room for improvements.

IV. MEASUREMENTS AND RESULTS

A. Cooling of the MIPMG v.2

Before the two assembled demonstrators were loaded, the
cooling capabilities of the machines were tested. The MIPMG
v.2 is liquid cooled in the shaft and outer cylinder [20], and
several thermocouples are distributed throughout the machine,
with more placed in the copper windings. From the simulations,
it is experienced that the core losses are not significantly

Fig. 8. Temperature measured in winding when dc currents are applied.

Fig. 9. Temperature measured in winding when a dc current of 100 A is
applied in 5 min and then turned off.

affected when the machine is loaded. When the machines
were driven without load for an hour at a speed equivalent to
110 km/h in the vehicle, the maximum temperature rise in any
of the thermocouples throughout the machine was about 25 ◦C.
To test the temperature rise in the windings when a current is
added, the three phases were connected in series, and different
dc currents were supplied while the temperature of the copper
was measured.

The nominal torque of the machines is chosen to be 248 N · m
[20], which corresponds to an RMS current of approximately
44 A. In Fig. 8, it is clear that even without the cooling turned
on, the winding temperature of the machine only increases
50 ◦C after three hours at a current very close to the nominal.
When the current is turned off, the temperature drops relatively
fast; thus, the machine is conducting the heat very well. With
60 A applied, the temperature rises substantially faster, but
when the cooling is turned on, the rising temperature is stopped
relatively fast and becomes more or less steady just above
80 ◦C. When the current is turned off, the temperature drops
very fast, which indicates an efficient cooling system.

For the MIPMG v.2 to deliver the 600 N · m, an RMS current
of 107 A (10.7 A/mm2) should be supplied to the machine. In
Fig. 9, the windings are supplied a dc current of 100 A, which
lead to a temperature rise of 70 ◦C within approximately 5 min.
It should not be a problem to drive the machine up to around
155 ◦C (copper thermal class 200 and EH grade magnets);
thus, the measurement indicates that it will be possible to drive
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Fig. 10. Cooling test with 250-N · m load and a speed corresponding to
100 km/h in the BEV.

Fig. 11. Cooling test with 235- to 195-N · m load and a speed corresponding
to 80 km/h in the vehicle.

the machine with peak power in more than 5 min. When the
current is turned off, the temperature drops fast again. When
mounted in the car, this indicates that several shortly following
accelerations and braking would not lead to thermal problems.

After positive rotational and dc-current tests, the MIPMG
v.2 was driven at different speeds and loads to monitor the
development of the temperatures. Fig. 10 presents the temper-
atures when the MIPMG v.2 is loaded with nominal load, i.e.,
∼250 N · m, at a speed corresponding to 100 km/h in the BEV.
Although this is twice the torque needed to drive the car at this
speed or driving with 20 m/s headwind, the maximum tempera-
ture rise in the endwindings after 9–10 min are only about 60 ◦C
and 25 ◦C in the shaft and low-speed gear magnets. During the
test, the efficiency of the MIPMG v. 2 was measured to be 86%.

In Fig. 11, the test is started when the MIPMG v.2 is already
at operation temperature. During this test, the load is 235 N · m
in about 9 min and then lowered to 195 N · m for approximately
8 min at a speed corresponding to 80 km/h. In the first 9 min, the
end-winding temperatures rises with approximately 33 ◦C and
the shaft temperature with approximately 10 ◦C, when the load
is reduced from 235 to 195 N · m, the temperatures approach
steady state; thus, a maximum rise of only 3 ◦C and 1.5 ◦C
occurs in the following 8 min in the end winding and shaft,
respectively. One of the end winding reaches a temperature of
136 ◦C, which should not be a problem due to the insulation
class; however, to play it safe, the test was terminated here not

Fig. 12. Cooling test with ∼500 N · m load and a speed corresponding to
10 km/h in the BEV. Torque needed to drive 10 km/h = 33 N · m.

Fig. 13. Cooling test with a constant speed corresponding to 25 km/h in the
BEV and steps in the load of 450, 300, and 50 N · m. Torque needed to drive
25 km/h = 41 N · m.

to damage the machine before it was tested in the vehicle. With
the load of 235 N · m, the efficiency was measured to be 86%,
and when the load was lowered to 195 N · m, the measured
efficiency was 85%.

When the machines had been tested in the vehicle, they were
dismounted form the vehicle, and further cooling tests have
been conducted in the test bench, where higher temperatures
have been allowed.

In Fig. 12, the machine was driven at a speed equivalent
to 10 km/h and loaded with just above 500 N · m. Within
approximately 6 min, the machine is loaded with the maximum
end-winding temperature rise is about 105 ◦C. To drive the
vehicle at this speed, only 33 N · m is needed according to simu-
lation; thus, this is a hypothetical example when an acceleration
normally does not take minutes but seconds.

Fig. 13 present a three-step test. The machine is driven at a
constant speed corresponding to 25 km/h and exposed to three
load steps. At first, the machine is added 450 N · m and within
3 min, the maximum end-winding temperature rises from
90 ◦C to 161 ◦C. Then the load is reduced to 300 N · m and
within the following 3 min the temperature drops to 146 ◦C,
which indicates that it should not be a problem to drive the
machine continuous at nominal load, i.e., ∼250 N · m, and
keep the temperature below 155 ◦C. The load is reduced to
∼50 N · m, just above the 41 N · m needed to drive the vehicle
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Fig. 14. Cooling test with a constant speed corresponding to 50 km/h in the
BEV. Torque needed to drive 50 km/h = 60 N · m.

Fig. 15. Cooling test with a constant speed corresponding to 50 km/h in the
BEV. The load is varied to simulated urban traffic. Torque needed to drive
50 km/h = 60 N · m.

according to simulation and after about 7 min, the maximum
temperature hit 90 ◦C again.

In urban traffic, the speed is normally around 50 km/h, and
a lot of accelerations will occur. In Fig. 14, the machine is
operating at a speed corresponding to 50 km/h and loaded
with 300 N · m in 35 min before the maximum end-winding
temperature has increased 65 ◦C and hits 155 ◦C. Only 60 N · m
is needed to drive 50 km/h and with this load, the temperature
drops below 100 ◦C in less than 10 min. A zoom of the 10 min
between 45 and 55 min in Fig. 14 are depicted in Fig. 15.
Here, the load torque is varied between 0 and 330 N · m in
about 7 min, trying to represent a drive cycle in the city with a
lot of accelerations. During the fluctuating load, the maximum
temperature stays below 115 ◦C, and when the torque remains
300 N · m the temperature slowly starts to rise.

B. Rotational Losses

The rotational losses of the machine are the losses present
when the machine is rotating without current applied. Fig. 16
shows the calculated rotational losses of the MIPMG v.1 and
v.2. At a speed equivalent to 135 km/h in the vehicle, a factor of
“8” in reduction of the losses is present with the new design
according to the 2-D FEA calculations, i.e., the losses are
reduced to one-eighth with the new design compare to the old,

Fig. 16. Two-dimensional FEA calculated rotational losses of the MIPMG v.1
and v.2.

Fig. 17. Measured rotational losses of the MIPMG v.1 and v.2. M1 =
machine one and M2 = machine two.

and a factor of “6.1” at a speed corresponding to 60 km/h.
In Fig. 17, the measured rotational losses of all three demon-
strators (MIPMG v.1 and MIPMG v.2 machine one and two)
are presented. Between the measured results, a factor of “4.3”
in difference is reached between the measured losses of the two
designs at an equivalent speed of 60 km/h, i.e., not as good as
expected but still a significant reduction. Considering that the
measured stall torque of 857 N · m in the new design is 64.8%
larger than the old and that the rotational losses compared in
the term of W/N · m at an equivalent speed of 60 km/h, in v.2
is 1.69 W/N · m compared with 11.94 W/N · m in v.1, the new
design is roughly improved with a factor of “7”.

When the measured and calculated losses of the new design
are compared, a deviation of about a factor of “2.5” is present.
This deviation could be caused by several aspects such as
the use of a simplified core loss model, larger bearing losses
than expected, this was experienced in [20], and speculations
regarding eddy currents in the end-shields has been made but at
this point not been further investigated. That is, it is considered
as future work.

The rotational losses have been measured on the high-speed
motor part alone, and this opens up the possibility to estimate
the loss distribution between the motor and the gear part of the
MIPMG v.2. In Fig. 18, the measured rotational losses of
the motor and complete unit are presented together with the
estimated losses of the gear part alone.
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Fig. 18. Measured rotational losses through spindowns for the motor part
alone and the total MIPMGM v.2. Total decoupling between motor and gear
is assumed, and the rotational losses for the gear part is then estimated to be the
difference between the two measurements.

Fig. 19. Efficiency plot for MIPMG v.2, i.e., machine two. The plot is based
on the measured rotational losses and calculated copper losses equivalent to the
current needed to deliver the different torques.

C. Efficiency

Based on the measured rotational losses presented in Fig. 17
combined with dc copper losses calculated with a constant
phase resistance equivalent to a winding temperature of 100 ◦C,
and currents corresponding to the different torque levels, the
efficiencies for the MIPMG v.2 depicted Fig. 19 are estimated.

The electromagnetic torque, i.e., τe, is calculated based on
the permanent flux linkage, i.e., λpm, and the current, iq ,

τe =
3 · p

4
λpm · iq. (1)

The permanent flux linkage is found as the amplitude of the
first harmonic of the measured back electromotive force divided
with the electrical angular velocity, i.e., ωe

λpm =
|emf1.ham.|

ωe
. (2)

The electromagnetic torque can also be written as

τe = Kτe
· iq = τload + τloss (3)

where Kτe electromagnetic torque constant, τload is the load
torque, and τloss is the rotational losses described as a torque
component that changes with the velocity cf. Fig. 20. That is, at

Fig. 20. Rotational losses transformed in to an equivalent torque loss
component.

Fig. 21. Torque constant change due to rotational losses and load size.

high speed, a higher current is needed to deliver the same output
torque than at lower speed, since the loss torque component is
increased.

The current needed for different torque levels to make the
estimated efficiency map in Fig. 19 is found for each load torque
and velocity

iq(τload, ωm) =
τload + τloss(ωm)

Kτe

. (4)

If a torque “constant” of the machine is described as output
torque divided with the current, it will not be a constant in this
case. The loss torque component affects the torque “constant”
differently, according to the size of the load; with a lower
load, the loss torque component will be more dominating. The
velocity and load effect of the torque “constant” is illustrated
in Fig. 21.

Before the demonstrators were mounted in the BEV, they
were only loaded cautiously and not at maximum speed and
torque to avoid the risk of machine or inverter failures, before
successful test in the converted BEV. Thus, the efficiency was
only partially mapped. The result of these measurements for
machine two is presented in Fig. 22.

The measured peak efficiency at the present time has been
above 92%, and the measured efficiencies have a good agree-
ment with the efficiencies depicted in Fig. 19; thus, the es-
timation of the total losses as the measured rotational losses
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Fig. 22. Efficiency measurement conducted on MIPMG v.2, i.e., machine two.

combined with the dc copper losses seems to be a reasonable
assumption in this case. However, this assumption cannot be
used in all cases, e.g., with Magnomatics’ PDD4k [24]. From
their efficiency map, the losses decrease when the current
becomes higher, i.e., at the same speed, the losses decrease
when the load increases.

After successful test in the converted BEV, the MIPMG
v.2 machine two was dismounted from the Audi and a full
efficiency mapping of the machine and a stall torque test were
planned; however, problems with the test setup did not make
the mapping possible at present.

D. Efficiency Comparison

The EVO AF-240 axial flux traction motor is comparable in
size, weight (80 kg) and peak torque (800 N · m) [22]. It is a
very efficient motor, but at urban speed, the MIPMG v.2 seems
superior. For example, at 20 km/h with 300-N · m load and
50 km/h with 600-N · m load (acceleration), the efficiency is
lower than 75% for the EVO. In the same two points, the effi-
ciency of the MIPMG v.2 is about 92% and 93%, respectively.

With the YASA-750 axial flux wheel motor [23], it is the
same story, and at urban speed, the MIPMG v.2 seems superior.
The YASA motor is a very impressive machine with a com-
parable peak torque (790 N · m) and with a total weight of only
33 kg. The cooling system must be highly efficient as well, with
only 33 kg of mass to distribute up to 30 kW of losses/heat. In
the same comparison points as for the EVO motor, i.e., 20 km/h
with 300-N · m load and 50 km/h with 600-N · m load the
efficiency is lower than 60% and 62% for the YASA motor
versus 92% and 93% for the MIPMG v.2.

Another impressive machine is the Protean PD18 in-wheel
motor [25]. With a mass of only 31 kg, it is able to deliver a
peak torque of 1000- and 700-N · m continuous [25]. Again,
this wheel motor must be equipped with an efficient cooling
system, since at continuous torque and power, the motor has
about 12 kW of losses [26], which seem high for the low mass
to distribute the heat.

In the same comparison points as for the EVO and YASA
motor, i.e., 20 km/h with 300-N · m load and 50 km/h with
600-N · m load, the efficiency is about 70% and 75% compared
with 92% and 93% for the MIPMG v.2.

Fig. 23. Result of stall torque test compared with simulations with different
dc currents applied to the motor.

E. Stall Torque Measurement

The stall torque of the MIPMG v.2 machine two was mea-
sured, after it was dismounted from the BEV, by holding the
high-speed motor by means of a dc current and adding a
torque to the low-speed output rotor. When the torque gets high
enough, the motor slips a pole pair, but if the current applied
to the motor is large enough, then it will be the MG that that
slips a pole pair. Thus, the approach has been to turn up the
current until the torque did not become higher, and then it must
be the gear that slips. In Fig. 23, the result of the stall torque
test is presented together with simulated torque when different
currents are applied. When a dc current of 330 A was applied, a
torque of 857 N · m was measured before the slip happened, and
when higher currents were added, the slip still happened around
857 N · m; consequently, the stall torque of the gear is around
857 N · m, which lead to a torque density of 99.7 kN · m/m3

for the active volume. During these tests, the cooling capability
of the copper was put to the test; when 350 A was applied in
31 s, the maximum temperature rise in the copper was 90 ◦C,
which is considered reasonable.

Fig. 23 shows that some saturation happens in the motor,
when more than 150 A is applied; however, these effects are
not accounted for in the simulation, when a higher current is
needed to deliver the wanted torque than predicted.

When torque is applied, a relative angle displacement be-
tween the low- and high-speed rotors will occur in the MG.
This angle displacement can be described by a sine curve with
the stall torque as amplitude [9]. To attempt to create such a
curve, both the angle displacement of the high-speed rotor and
the output rotor were measured together with the torque. During
the test, torque was first added in one direction then shifted
to the other, where it was increased until the slip happened.
Fig. 24 presents a measurement with 330 A applied by the
dc supply.

Unfortunately, it was only possible to measure the angle of
the output rotor with a very poor resolution and a fit to the
measured points was made, cf. Fig. 24, to be able to make a
plot of the torque versus the relative angle displacement, cf.
Fig. 25. An ideal sine curve is added in Fig. 25, and it is clear
that the result is affected by the poor angle measurement of the
output rotor.
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Fig. 24. Example of stall torque measurement. The two rotor angles are
measured together with the applied torque.

Fig. 25. Attempt to plot the torque related to the relative angle displacement
between the high- and low-speed rotor. An ideal sine curve is added in the plot
for comparison purpose.

TABLE I
SPECIFICATIONS FOR THE MIPMG V.1 AND V.2

F. Specifications of the MIPMG v.1 and v.2

In Table I, the main specifications for both versions of the
MIPMG are listed.

G. Mounting the MIPMG v.2’s in the Audi

In Fig. 26, the machines have been mounted in the modified
rear-axle housing; and in Fig. 27, the final unit is mounted in the
Audi and the hoses for the cooling system are being connected.

Fig. 26. MIPMG v.2’s mounted in the modified rear-axle housing.

Fig. 27. MIPMG v.2’s mounted in the car.

After the conversion, the car was weighed again, with only
a 20-kg increase in total weight from 1820 to 1840 kg, where
the front had become 60 kg lighter, and the rear 80 kg heavier.
When the car was weighed before the conversion, the 90-L
fuel tank was almost empty. With this placed in the rear end,
the new weight of the rear end will be comparable with the
weight before the conversion when the fuel tank was full. At the
current time, the center of gravity has not been measured after
the conversion, but it is expected that it has moved toward the
rear end due to the new weight distribution; however, the height
is difficult to predict. If the placement of the point of gravity is
assumed to be the same as before, the conversion and the total
weight are increased with only 20 kg, resulting in a total weight
of 2140 kg, including a load of 300 kg, the maximum braking
torque of the rear wheels and thereby the minimum stall torque
of the gear should be 773 N · m to obtain full regenerative
braking, which gives a margin of approximately 10% to the
measured stall torque of 857 N · m.
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The converted Audi has been tested numerous hours on a
track with a torque limitation of 400 N · m, and the MIPMG
v.2’s have performed perfect up at 80 km/h, which was the
maximum achievable speed at this track with the 400-N · m
limitation.

V. CONCLUSION

In this paper, the test results of the MIPMG v.2 have been
presented. The MIPMG v.2 has been designed as a part of a
BEV conversion project, where the selected specifications are
based on the desired performance of the converted BEV and
the physical limitations regarding dimensions. The output of
the project is two well-functioning tractions units, which have
proven to be able to deliver a high torque and the measured
efficiency at a particularly low speed is very high, whereas the
converted BEV is superior in urban traffic. The design is proven
to have an efficient cooling system, and high efficiencies, above
92% have been measured. The rotational losses are reduced
with a rough factor of “7” compared with the MIPMG v.1.

The stall torque of the MG is measured to an impressive
857 N · m that result in a torque density of 99.7 kN · m/m3,
which is one of, if not the highest published experimentally
validated torque density of a combined permanent-magnet
motor/gear unit.

A deviation of about a factor “2.5” between the measured
and calculated rotational losses of the MIPMG v.2 is present;
however, the investigation of this deviation is considered in
future work.
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Abstract — This paper presents an investigation of the eddy-
current losses caused by 3D effects in a Motor Integrated 
Permanent Magnet Gear (MIPMG). Two prototypes of a 
MIPMG have been designed and build to be used as traction units 
for an electric vehicle. The measured efficiency of the MIPMG is 
superior in urban traffic when compared to state of the art direct 
drives, even though the measured rotational losses are up to more 
than 230% higher than estimated with calculations based on 2D 
FEA.  A hypothesis was that large eddy-currents occur in the 
end-shields of the machine which are made of stainless steel. In 
order to validate or reject this hypothesis a practical approach is 
taken by manufacturing new end-shields in a non-conducting 
material. Measurements of the rotational losses with the new end-
shields proved the hypothesis wrong. The results with the new 
end-shields are verified by 3D FEA and a new hypothesize is 
made regarding the source of the additional rotational losses. 

I. INTRODUCTION 
In 2001 the milestone paper [1] theoretically indicated the 

possibility to obtain a torque density around 100kNm/m3 with 
a permanent magnet gear (MG) and this initiated the still 
increasing interest of MGs in the academic world. Today 
torque density above 150kNm/m3 has been measured on a MG 
prototype [2]. 

A Motor integrated Permanent Magnet Gear (MIPMG) is a 
combined motor and gear unit consisting of a high speed 
permanent magnet motor integrated with a permanent magnet 
reduction gear. Various ways of integrating the MG with an 
electrical machine have been presented [3]-[12], but no 
significant commercial applications with MGs have yet 
emerged, probably because the technology needs to 
demonstrate better performances in terms of lower losses, 
simpler manufacturing and reduced costs. However there are a 
few examples of activities in the industry e.g. [13]-[16].   

 As part of a larger project where an Audi A8 was 
converted into an electrical vehicle, two MIPMGs have been 
developed to be traction motors. Prior work conducted to 
design, manufacture, and test the MIPMGs is described in 
[17]-[20]. An exploded view of the design is presented in 
Figure 1. 

 
Figure 1. Exploded view of the designed MIPMG. 

Two prototype MIPMGs were mounted in the Audi as 
traction units each able to deliver up to 850 Nm before the MG 
would slip [19] and [20]. The MIPMG is designed to a 
maximum speed corresponding to 150 km/h in the Audi, which 
results in a relatively high maximum electrical frequency of 
720 Hz. All passive parts of the machine are made in stainless 
steel, fiberglass or plastic material to minimize the losses and 
make the machine resistant to the climate under a vehicle. The 
final manufactured parts of one of the MIPMGs are depicted in 
Figure 2.  

 
Figure 2. Manufactured parts for one of the MIPMGs [19]. 

The electro- magnetic design and loss calculations of the 
machine are purely based on 2D FEA which combined with 
approximated calculation methods results in a difference up to 
more than 230% between the calculated and the measured 
rotational losses, i.e. the losses occurring when the rotors 
rotate without current applied to the machine, cf. Figure 8 and 
Figure 9. 

Despite higher losses than expected, high efficiencies have 
been measured with the MIPMG prototypes, and compared to 
impressive direct drive traction machines the MIPMG seems 
superior in urban traffic, [20]. In Figure 3 the measured part of 
the efficiency map of the MIPMG is presented. The 
measurements have been limited by problems with the load 
machine and a full mapping has yet not been possible. 

 
Figure 3. Measured efficiency of the MIPMG 
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In this paper an investigation of the difference between the 
measured and calculated rotational losses is presented. In [20] 
a hypothesis that eddy-currents occur in the end-shields of the 
machine, which are made in stainless steel and not included in 
the calculations due to the use of only 2D FEA, was made. 
This hypothesis is investigated by a practical approach in this 
paper, i.e. new end-shields in a non-conducting material have 
been manufactured and the rotational losses with the old and 
new end-shields are compared in section two. In section three 
the loss distribution between motor and the complete unit is 
examined. With a simplified model of the MIPMG a 3D 
Magnetostatic finite element analysis in ANSYS is executed. 
Based on the result of this, a new hypothesis about the extra 
losses is made in section four. In section five additional losses 
based on the 3D FEA are estimated and presented. In the sixth 
and last section a conclusion is given. 

II. NEW NON-CONDUCTING END-SHIELDS 
In [21] it is seen that eddy-currents occur in the bearings 

rather far away from the active magnetic parts of the MG and 
in [22] flux in the housing and shaft is experienced. Thus, the 
hypothesis made in [20], that eddy-currents occur in the end-
shields of the machine seems plausible. To examine the 
hypothesis, new end-shields in a non-conducting material have 
been manufactured and the measured rotational losses with the 
old and new end-shields are compared in this section. 

The new end-shields had to be made in a non-conducting 
material which is able to withstand high temperatures i.e. 
minimum 155°C which was chosen to be maximum operating 
temperature in [19] and [20], and still have great strength and 
be able to transfer a high torque. 

A thermoplastic called Polyether ether ketone (PEEK) has 
a melting temperature of 343°C, a tensile strength of 100MPa 
and can be purchased in an even stronger version with glass or 
carbon fiber reinforcements. The material is rather expensive 
but very suitable choice from a learning point of view. In 
ANSYS 3D mechanical stress simulations was made of the 
end shields and the ordinary PEEK without reinforcements 
should be able to withstand a load of more than 600Nm.  

In Figure 4 the new PEEK end-shields are presented and in 
Figure 5 two identical end-shields made in stainless steel and 
PEEK are shown. The rotational losses of the two assemblies 
with stainless steel and PEEK end-shields were identified by 
spin out measurements. The results are revealed in Figure 6 
and all the measurements are aligned. I.e. no or only very 
small eddy-current losses occur in the end-shields. 

 
Figure 4. New end-shields for the motor and segment cylinder made in PEEK. 

 
Figure 5.  End-shield in stainless steel and PEEK. 

 
Figure 6. Measured losses with stainless steel and PEEK end-shields. 

Even though the hypothesis of large eddy-currents 
occurring in the end-shields was proved wrong a great 
experience was gained by performing this test. It is now clear 
that a similar design could be made with end-shields in other 
materials, for example aluminum, which is cheaper, lighter, 
and have good thermal properties. 

III. LOSS DISTRIBUTION MOTOR VS. COMPLETE MIPMG 
The rotational losses of the motor alone were measured 

before the complete MIPMG unit was assembled. Due to the 
design of the MIPMG where the motor and MG part are 
decoupled, it is possible to make some reflections of the 
relationship between the motor and the total rotational losses. 
2D FEA has been made with the motor alone as well and in 
Figure 7 the ratio of the motor losses divided with the total 
losses is presented.  

The proportion between the calculated motor and total 
losses is more or less constant from a few hundred rpm and up, 
but the ratio of the measured losses is decreasing when the 
speed is increasing. I.e. with the measured losses the gear 
contribution becomes more and more dominating when the 
frequency increases, which is not the case with the calculated 
losses. This indicates that some losses are not accounted for in 
the loss calculations of the gear part or the calculation method 
is insufficient. 

In Figure 8 the measured and calculated rotational losses 
for the complete MIPMG and the motor part alone are 
depicted. It is clear from Figure 8 that the calculated motor 
losses are very close to the measurements, thus the 2D FEA 
and the calculation methods seems reliable. It suggests that the 
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source of the loss difference between measurement and 
calculation could be caused by some 3D effects in the gear, 
which of cause is not included in the analytical calculations 
based on 2D FEA. The ratio between the measured and 
calculated losses of the motor and complete unit indicates the 
same, cf. Figure 9. The maximum deviation of the rotational 
losses of the motor is less than 20% whereas the maximum 
deviation of the gear losses is more than 230%. 

 
Figure 7. The rotational loss ratio for the motor part and the complete MIPMG 

both for the measured and calculated losses. 

 
Figure 8. Measured and calculated rotational losses of the motor part and the 

complete MIPMG. 

 
Figure 9. The ratio between measured and calculated losses. 

The axial length of the magnets and the segments of the 
segment cylinder is 196mm and 206.6mm respectively, i.e. the 
segments are 10.6mm longer than the magnets. When the steel 
segments are longer than the magnets extra eddy-current losses 
in the end-shields and reduced slip torque is observed in [23] 
and [24]. This could indicate that even though no additional 
losses where measureable in the end-shields, losses could 
occur in the end rings of the cylinders and higher slip torque 
could have been achieved with a shorter segment cylinder. 

To locate a possible source to the unaccounted losses in the 
MG it was decided to make a 3D Magnetostatic finite element 
analysis in ANSYS and thereby get an idea in which parts an 
undesirable flux is present. 

IV. 3D MAGNETOSTATIC FEA 
The CAD model of the MIPMG was simplified by 

suppressing the outer end-shields and shaft, removing holes 
and insignificant complex geometry etc. The simplified CAD 
model was imported into ANSYS Workbench and a 
Magnetostatic analysis was performed. The maximum mesh 
size in the air gaps, the active steel, and the magnets were 
reduced until the output torque converged, which entailed 
6,474,147 nodes and 4,755,176 elements. 

In Figure 10 the flux density of the simplified MIPMG is 
presented in a section view and it is vaguely seen that flux 
appear in the stainless steel in then ends of three cylinders. 
When all the active parts of the machine is removed it is clear 
that flux emerge in the stainless steel in the ends where the 
active parts are mounted, cf. Figure 11. 

 

 
Figure 10. Section view of the simplified MIPMG depicting the flux density. 

The ends are identical and in Figure 12 a zoom of one end 
is presented, with a modified flux density scale, revealing that 
the low speed gear magnets seem to cause a varying flux in the 
end ring of the stationary outer cylinder which is keeping the 
magnets in place. An insert was made, by removing material, 
with almost the half magnet height to avoid this; however this 
apparently was not sufficient. 

Furthermore it is clear that flux actually is present in the 
end-shields even though no measurable losses appear in them. 
In the ends of the laminated electrical steel of the segment 
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cylinder and high speed rotor, a thin stainless steel ring is 
mounted. These rings are impossible to see in Figure 12 
because the rings and end-shields look like one part. In Figure 
13 the end-shields are hidden and the two rings become 
visible. 

  

 
Figure 11. Section view showing the flux density of the inactive stainless steel 

parts of the MIPMG. 
 

 
Figure 12. Zoom of the relevant parts regarding the additional losses. 

 
Figure 13. Same zoom as Figure 12 but with the end-shield hidden which 
makes the rings between the laminated steel and the end-shields visible. 

The flux in the high speed rotor ring appears uniform and 
the positions of the magnets are very pronounced. It is 
estimated to be a constant flux which will not cause losses. 
When the rings are seen from the other side, cf. Figure 14, the 
flux density again looks uniform in the high speed rotor ring 
and equally sized in the segment cylinder ring. I.e. no 
fluctuating flux is transferred to the end-shields and therefor 
no losses should be present. 

 

 
Figure 14.  The end rings seen from the other side. 

Based on the observations made of the flux densities in the 
inactive parts of the MIPMG it is chosen to look more into the 
flux variations of the end rings of the segmented cylinder and 
the stationary outer cylinder and make a rough estimate of the 
eddy-current losses emerging in these parts. 

V. ESTIMATION OF ADDITIONAL LOSSES 
In the previous section it was realized that a fluctuating 

flux is present in the end rings of the segmented cylinder and 
the stationary outer cylinder. In this section an estimate of 
these losses will be made. To make it clear which parts are 
being investigated the rings referred to are depicted in Figure 
15. 

 
Figure 15. Section view where one of the end rings of the stationary outer 

cylinder and the segmented cylinder are highlighted red and green, 
respectively. 

To estimate the losses the Steinmetz equation for eddy-
current losses is used: 
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    (1) 

Where  is the eddy-current loss density [W/m3],  is 
the eddy-current coefficient,  is the frequency, and  is the 
amplitude of the flux density. The eddy-current coefficient, , 
is geometry depended and is calculated as [25]: 

   (2) 
 
Where  is the resistivity of the material in question, and  

is the thickness of the material. The equation is derived for 
calculating losses in thin laminated steel where the 
thickness, , is much smaller than the other dimension defining 
the area that the flux is penetrating [25]. In this case the 
defining dimensions used are close to equal and the equation 
may be quite inaccurate, however it will be usable to give a 
rough estimation. Furthermore the size of the flux variations 
are readings from the FEA results, the frequencies are 
estimated based on the FEA and the known design and 
operation of the MIPMG, and no harmonics are included. 

A. The End Ring of the Segment Cylinder 
The estimated losses for the end rings of the segment 

cylinder are split into two calculations with different volumes 
and frequencies.  

When the flux density in the ring is seen from the end, 
Figure 16, it is obvious that the large high speed magnets are 
pronounced and between each pronounced magnet the flux 
density is remarkable lower, marked with “one”. The change 
in flux density used in the first calculation is the difference 
between marking one and two in Figure 16. This flux change 
will occur twice for each electrical period i.e. with twice the 
relative frequency between the high speed rotor and the 
segment cylinder. In this calculation the height of the ring is 
used as limiting dimension, cf. Figure 16, and the change is 
deemed to emerge in 75% of the ring based on the side view 
presented in Figure 17. From the side view it is clear that some 
of the volume has a flux variation with a higher frequency but 
this is ignored.  

 
Figure 16. Flux density of the end ring of the segment cylinder - end view. 

Within each pronounced magnet a jump in flux density 
happens several times due to the linkage between the high 
speed gear magnets, the steel segments and the low speed gear 
magnets. This jump is judged to happen seven times for each 
electrical period and penetrate half the thickness of the ring. 
Thus, only 50% of the volume is used in the calculation. The 
limiting dimension, , is set to be the width of the steel 
segments.  

In Figure 18 the estimated losses in one of the end rings of 
the segment cylinder is presented. The high and low frequency 
in the legend refer to the two calculations described above. 

 

 
Figure 17. Flux density of the end ring of the segment cylinder - side view. 

 
Figure 18. Estimated additional losses in each end ring of the segment 

cylinder. 

B. The End Ring of the Stationary Outer Cylinder 
The loss estimastion of the end rings of the stationary outer 

cylinder is done in the same manner as with the rings of the 
segment cylinder, where flux varations, volumens ect. are 
estimated. A section view of the end ring is presented in Figure 
19. Here it is possible to see various flux hot spots which will 
change with different frequencies when the machine is rotating 
and affect differens volumes.  

Four calculations with four different flux varations, 
volumens, and frequencies are made. In Figure 20 a section 
view of four discs, representing the volumes used in these 
calculations, is depicted. 
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The flux change in the volume represented by disc one is 
caused by an alternating activ north or south pole and will 
therefor occur with the frequency of the high speed magnets, 
thus the electrical frequency. It is assumed than only 75% of 
the volume in disc one is affected and the limiting dimension 
is set to be the width of the disc (depth of the insert). 

 
Figure 19. Flux density in a section view of one of the end rings of the 

stationary outer cylinder. 

The flux in disc two is assumed to vary with seven times 
the electrical frequency and the limiting dimension is set to be 
the width of the disc. The volume represented by disc three is 
also assumed to have a flux changing with seven times the 
electrical frequency and again the limiting dimension is set to 
be the width of the disc. The flux change in disc four is 
estimated to be with twice the electrical frequency and the 
limiting dimension is set to be the width of the disc. 

 
Figure 20. Section view defining the four areas used in the calculations. 

In Figure 21 the total estimated losses of one end ring of 
the stationary outer cylinder are displayed together with the 
estimated losses of each of the four discs.  

 
Figure 21.Estimated additional losses in each end ring of the stationary outer 

cylinder. 

Figure 22 present the calculated rotational losses combined 
with the estimated additional losses from the end rings of the 
segment and stationary outer cylinder. It seems like the 
measured losses actually becomes more and more linear as the 
frequency increases when compared to the calculated/ 
estimated losses. This tendency could be caused by the effect 
of inductive limited eddy-currents. With the Steinmetz 
equation, used to calculate the losses, only the resistivity of the 
material is used to determine the size of the eddy-current loop, 
but if the inductance was included it would actually suppress 
the current when higher frequencies are applied. 

 
Figure 22. The measured, the calculated, and the calculated included estimated 
additional rotational losses. 

The calculated additional losses are probably a 
conservative estimate. The Steinmetz equation is used on 
massive steel and not on very thin lamination. Both the size of 
the flux variations and the frequencies are assumptions based 
on a static 3D FEA, and no higher harmonics are included. All 
the aforementioned points out that the estimated additional 
losses only can be considered as a hint that additional losses of 
a fair size caused by 3D effects are present in the MIPMG. 
However the size of the estimated additional losses indicates 
that these could represent the difference between the calculated 
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rotational losses based on 2D FEA and the measured rotational 
losses. 

VI. CONCLUSION 
Two prototypes of a MIPMG have been designed and build 

to be used as traction units for an electrical vehicle. Very high 
efficiencies have been measured with the prototypes even 
though the measured rotational losses are up to more than 
230% higher than estimated with calculations based on 2D 
FEA.   

A hypothesis was that eddy-current losses occurred in the 
end-shields of the machine. These are made in stainless steel 
and not included in the loss calculations due to the use of only 
2D FEA and could therefore explain the huge difference 
between the calculated and measured rotational losses. This 
hypothesis was proven wrong by comparing the rotational 
losses of the machine when the stainless steel end-shields and 
some new end-shields made in the non-conductive material, 
PEEK, were mounted and no measurable difference was 
detected. 

Measured rotational losses for the motor part alone have a 
fine agreement with the calculated losses which indicates that 
the calculated losses based on 2D FEA are reasonable. The 
ratio of the measured rotational losses for the motor divided 
with the losses of the complete MIPMG revealed that the 
losses for the MG part became more dominating when the 
frequency is increased. Both observations above suggest that 
additional losses could be caused by some 3D effects in the 
MG part.  

A 3D Magnetostatic finite element analysis in ANSYS was 
conducted to locate in which parts an undesirable flux is 
present. Based on the 3D FEA result it was concluded that 
some additional losses exists in the end rings of the stationary 
outer cylinder and the segment cylinder. Rough estimations of 
these losses indicate that they could have a size that would 
compose the difference between the calculated and measured 
rotational losses. Furthermore it is confirmed that no 
significant oscillating flux is present in the end-shields and 
thereby verifying the result of the measurements with the new 
PEEK end-shields. 

The work covered in this paper makes it possible to make 
the design of the next generation of MIPMG even better, with 
fever losses and with the use of cheaper and lighter materials. 
If it desired to have a full understanding of the origin of all the 
rotational losses a transient 3D FEA should be conducted. 
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Abstract— This paper presents the preliminary work 
conducted to design a magnetic gear (MG) integrated with a 
fan and driven by an grid connected induction machine (IM). 
A start-up problem with a MG, which occurs due to a high 
oscillating torque and a high breakdown torque of the IM 
when starting up directly from grid, has been investigated. 
Based on a preliminary design proposal of a MG-fan system a 
simulation model is developed and the effect of changing 
different parameters has been studied. A test set-up has been 
build and different tests are carried out to verify the simulation 
model. The relation between the mass moment of inertia of the 
low and high speed side of the MG and their effects on the 
start-up problem have been examined. It is concluded by 
simulation that an increased mass moment of inertia on the 
high speed side of the MG can overcome the start-up problem, 
and this is verified by adding extra mass moment of inertia on 
the test-setup. Good agreement between the calculated natural 
frequency of the test system and measurements has been 
experienced, both with and without extra mass moment of 
inertia added to the system.  

I. INTRODUCTION 
Before year 2000 several patents and papers regarding 

MGs were published such as [1]-[7], but it was the 
milestone paper [8]  from 2001 that theoretically indicated 
the possibility to obtain a high torque density around 100 
kNm/m3 that initiated the still increasing interest of MGs in 
the academic world. Since then physical prototypes of MGs 
have been made like [9] and [10] and various topologies 
have been proposed [11]-[13]. No significant commercial 
applications have yet emerged, probably because the 
technology needs to demonstrate better performances in 
terms of lower losses, simpler manufacturing/assembly and 
reduced costs. However there are a few examples of 
activities in the industry e.g. [14]-[17].  

It is desired to design a new high efficient and high 
reliable wall mounted ventilation system. The existing wall 
mounted ventilation systems are typically driven with the 
use of a grid connected IM and a belt drive. The function of 
the belt drive is to match the fan speed (typically 300-600 
rpm) to the speed of a two or four pole IM. A direct drive 
high pole count grid supplied IM is typically disregarded 
due to large size, low efficiency and low power factor.  

The belt drive is a simple and cheap gear solution but it 
comes with several disadvantages. It will either occupy a 
great deal of the flow area when the motor has to be placed 
eccentric to the fan which result in a decreased flow area/ 

flow efficiency and induce transmission efficiency issues 
due to small diameter pulleys, or it will have a very long 
belt drive which means poor transmission efficiency and 
reduced reliability [18], cf. Figure 1 and Figure 2. With time 
the belt and pulleys will wear and thereby lose torque 
transmission capabilities and efficiency and at some point 
they will need replacement. 

In order to potentially improve the efficiency and 
reliability of a ventilation system, two interesting solutions 
are possible in form of either a direct drive permanent 
magnet motor or a magnetic geared IM. Even though the 
permanent magnet motor may be the most efficient solution, 
it needs an inverter which adds cost, and it is rarely able to 
match the lifetime of a rugged IM in a harsh environment 
typically seen for many wall mounted fans. On the other 
hand modern inverters are not seen as the bottleneck in 
many applications and may be designed to acceptable 
lifetimes.      

If reliability and simplicity is weighted high, the other 
efficient solution could potentially consist of an MG 
combined with a standard of the shelf IM. This solution will 
be studied in this paper. 

With the proposed MG solution a planetary MG could 
be designed to work as the hub for the fan with a concentric 
placed IM and thereby maximized flow area, cf. Figure 3. 
The MG has several potential advantages compared to a belt 
system such as: higher conversion efficiency, peak torque 
transmission capability i.e. inherent overload protection, no 
mechanical contact except the bearings and thereby reduced 
maintenance and improved reliability. 

During the preliminary design phase of a suitable MG it 
was realized that if the MG was designed with only a small 

 
Figure 1. Example of a ventilator 
with a motor placed in the flow area. 

 
Figure 2. Example of a ventilator 
with a long transmission belt. 
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margin between the slip torque (the maximum output torque 
before the pole pairs in the MG starts to slip) and the 
nominal load torque, the MG would simply slip during start-
up. 

 
Figure 3. Example of concentric placed IM which results in a maximum 
flow area. 

When starting the IM directly from the grid it results in a 
high oscillating starting torque [18] which will actuate the 
MG and make it slip, if the slip torque of the MG is not high 
enough. Another problem when starting up with an IM is 
the breakdown torque, which often for of the shelf motors is 
three-four times higher than the nominal torque [18] and 
thereby requires the MG to be oversized, if it should not 
slip. This will result in higher cost and lower efficiency. 

No previous work has described the issues emerging, 
when using a MG in an application where an IM is used 
with a direct start from the grid. Thus, this is considered as 
the contribution of this paper.  

 The paper is organized in seven sections where the first 
section is this introduction. The next section describes a 
dynamic simulation model of the complete system 
consisting of an IM, a MG and a fan which is able to 
simulate the start-up process. In the third section the 
simulation model is used to investigate various start-up 
scenarios with different number of poles, inertia etc. Section 
four processes a practical validation of the simulation model 
where an equivalent test set-up has been build with an 
available magnetic spur gear, a fan and an IM. Section five 
deals with resonance frequencies both experimentally and 
theoretically. Section six discusses a design proposal for the 
given fan application, and finally the conclusion is given in 
section seven.  

II. SIMULATION MODEL 
In the following section the equations for the mechanical 

system of a fan, MG and IM is derived.  The mechanical 
equations are then used to build a simulations model in 
MATLAB Simulink combined with a PLECS model of the 
IM.  

The load torque consisting of a simple fan load and the 
loss components of the MG can be described by:     . ·  (1) 

Where  is the angular velocity of the low speed (LS) 
side of the gear,   is the mass moment of inertia of the 
fan,   is the mass moment of inertia of the LS side of the 
MG,  is the fan constant,  is the viscous friction 
including some core losses of the MG,  is a core loss 
constant and  is the dry friction.  

A MG performs as a torsion spring when it is loaded, 
and the torque output from the gear, thus the load torque, 
can be described as a sine function of the relative angular 
displacement between the low and high speed rotors of the 
MG, where the maximum amplitude will be the slip torque 
of the gear, i.e. the torque where the gear slips. In Figure 4 
the relation between the relative angular displacement 
between the rotors and the output torque is depicted. From 
this, it is clear that if the relative angular displacement is 
small the torque will in- or decrease almost linearly as 
illustrated with the red line, thus for each combination of 
slip torque and pole numbers a specific torsion spring 
constant will exist. In Figure 4 the slip torque of the 
MG, , is 35 Nm and defined from the LS side of the 
MG,   is the number of pole pairs on the LS rotor of the 
MG and the relative angular displacement, ∆  is defined as:  ∆   ·       (2) 

Where the angle subscripts refer to the low and high 
speed side and  is the gear ratio. I.e. the load torque can 
also be stated as:  ∆ · ·   (3) 

A torsion spring constant describing the slope of the red 
line in Figure 4 can be defined as the derivative of (3) when ∆ 0:   ·  (4) 

The torsion constant seen from the HS side can be 
derived as:    · ·     (5)  

 
Figure 4. Output torque from the MG as a function of the relative angular 
displacement between the rotors. 
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The needed motor torque can be written as:     ∆ ·· ·1       (6) 

Based on equation (1)-(3) and (6), the simulation model 
is build in Matlab Simulink and PLECS, and the simulations 
results are elaborated in the following sections. 

III. SIMULATION RESULTS 
How the different parameters of the system influence the 

start-up of an IM combined with a fan and a MG, when 
starting up directly from grid, is in this section examined by 
simulation. 

For the simulation, motor parameters together with 
speed-torque curves were provided by Grundfos for a 750W 
IE3 2 and 4 poled machine. At first speed-torque curves for 
the two machines were simulated and compared with the 
ones provided by Grundfos and fortunately there where 
good agreement. The simulation results presented in this 
section are with these Grundfos motors, but during the 
research simulations with various IMs from several different 
companies, both 2 and 4 poled, have been conducted and the 
results all had the same tendencies. The parameters for the 
MGs in the presented simulations are from a design 
proposal with ferrite magnets and an outer diameter of 
220mm where the gear ratio with the 2 poled motor is 8 and 
with the 4 pole machine the gear ratio is 4. The fan should 
rotate with the same speed no matter which motor is chosen 

and since the 2 poled machine rotates with twice the speed 
of the 4 poled version, it will have double the gear ratio. 

In Figure 5, the machines are started directly from the 
grid with an ideal gear (no torsion spring implemented, i.e. 
(3) is omitted from the model). From the figures, it is 
evident that during start-up the torque reaches magnitudes 
two-three times higher than the actual load torque. The 
torque starts oscillating with very high amplitude and next it 
goes through the breakdown torque of the motor. These 
tendencies indicate that the slip torque of the MG needs to 
be substantially higher than the nominal torque to withstand 
the start-up. This makes the MG an expensive and less 
efficient solution given that much more material needs to be 
used in proportion to, if the motor was ramped up in speed. 
Figure 6 depicts the first second of the start-ups in Figure 5. 
Here the load torque is simply the motor torque multiplied 
with the gear ratio due to the ideal gear, and these zooms 
clearly show that oscillations occur with the grid frequency 
of 50Hz [19].  

When the torsion spring is added in the model of the 
MG, i.e. (3) is included, the oscillations of start-up torques 
on the motor and load side will not have the same frequency 
as it is presented in Figure 7. The system with the 2 poled 
machine reaches a peak torque on the load side almost twice 
the size of the maximum load. Even though the system with 
the 2 poled machine has a much higher acceleration, it 
reaches approximately double speed in 2/3 of the time, cf. 
Figure 5, it is the load torque of the system with the 4 poled 
machine that reaches the slip torque of the MG and the MG 
starts to slip.  

 
Figure 5. Start-up torque and speed when the gear is modelled as ideal, i.e. without the torsion spring.  

Left: 2 poled machine. Right: 4 poled machine. 

 
Figure 6. Zoom of start-up torque for motor and load when the gear is modelled as ideal, i.e. without the torsion spring.  

Left: 2 poled machine. Right: 4 poled machine. 
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The major difference between the two systems is the 
mass moment of inertia of the load seen from the motor 
side. The 4 poled machine sees an equivalent mass moment 
of inertia from the load which is four times higher although 
the actual mass is the same on both systems. The reason for 
this is the gear ratio. The total equivalent mass moment of 
inertia seen from the motor can be written as:  ·    (7) 

From (7) it appears that the mass moment of inertia from 
the load only affect the motor with  1/  of the actual 
inertia, thus when the 2 poled motor system has a gear ratio 
of 8 compared to 4 with the 4 poled motor system, then the 
mass moment of inertia from the load will have four times 
the impact on the motor with the 4 poled system. 

It can be concluded that a low mass moment of inertia of 
the load, when operating with a MG is preferable, but in 
most cases the load inertia would be fixed. In this system, it 
is not possible to decrease the mass moment of inertia of the 
fan as the fan design already is optimized and the mass 
inertia of the LS side of the MG is negligible compared to 
the one of the fan. If the mass moment of inertia on the 
motor side is increased it will slow down the system. In 
Figure 8 the mass of the HS rotor of the gear is made 3 
times higher and here only a small overshoot of the load 
torque appears with the 2 poled motor and the MG does not 
slip with the 4 poled motor. In Figure 9 it is presented how 
the size of the mass moment of inertia on the HS side of the 
MG affects the start-up time and torque oscillations with the 
2 poled motor. 

Increasing the pole number of the MG will make the 

 
Figure 8. Start-up with three times higher mass of the high speed side of the MG than in Figure 7. 

Figure 9.The effect of increasing the mass moment of inertia on the HS side of the MG when starting up with the 2 poled motor. In 
the sweep only the HS inertia is changed and the scale is based on examples above. 

 
Figure 7. Start-up torque when the torsion spring is included in the simulation model.  

Left: 2 poled machine. Right: 4 poled machine. 
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slope of the red line in Figure 4 more steep, thus the torsion 
spring more stiff, cf. (4) and (5). An increase in slip torque 
of the MG has the same effect, but according to the 
simulations an enhanced stiffness of the torsion spring 
actually increases the amplitude of the oscillations of the 
output torque, therefore it is not desireable, besides the 
economically aspect, to increase the slip torque (oversize the 
MG) or use too many poles in the design.  

With lower voltage, than grid voltage, the breakdown 
torque of the IM is lowered and the system have a slower 
response, cf. Figure 10, which both help eliminate the start-
up problem but the system is supposed to run directly from 
the grid and therefore this is not the solution. Much similar 
results are achieved if long supply cables are added in the 
simulation since the impedance increase with the cable 
length. 

 
Figure 10. Start-up torque with diff. voltages supplied to the 2 poled motor. 

From the simulations conducted, it can be concluded that 
the following would help to make a successful start-up 
directly from grid with an IM and a MG. 

• Low mass moment of inertia on the LS side 
• High mass moment of inertia on the HS side 
• A high gear ratio of the MG as it will reduce the 

effective mass moment of inertia of the load by a 
factor of one divided with the gear ratio squared 

IV. VERIFICATION OF THE SIMULATION MODEL 
To verify the simulation model and test different 

operation scenarios a test set-up has been build with a 
magnetic spur gear with a fan mounted on the LS side and 
an IM attach to the HS. The magnetic spur gear was an 
available demonstrator with a gear ratio of 4. Even though 
the spur gear is a very poor design for a MG regarding 
utilization of the magnets, it will perform fine in this test 
set-up.   

Between the IM and MG, the output torque from the IM 
is measured with a torque transducer and on each rotor of 
the MG an encoder is mounted. The test set-up is depicted 
in Figure 11. To make tests with an increased mass moment 
of inertia, a disk which can be mounted on the spacer 
between the IM and torque transducer was at disposal. This 
disk increased the inertia with about a factor ten, which was 
proven to be more than enough. 

 
Figure 11. Test set-up to validate the simulation model. 

The slip torque of the gear was unknown and therefore 
this was the first measurement accomplished. During this 
measurement, the HS and LS rotor of the MG was 
alternately locked and the opposite rotor was very slowly 
rotated several revolutions while the torque was measured. 
The slip torque was then defined as a mean value of all the 
measurements. A torque measurement when turning the HS 
rotor is presented in Figure 12.  

 
Figure 12. Measured torque/angle curve on the HS side of the magnetic 

spur gear. 

To determine the mass moment of inertia, all the parts of 
the test set-up were weighed one by one, drawn in 3D CAD 
where the density of the materials was adjusted so that the 
mass would fit the measured one, and finally the CAD 
program would give a very precise value for the mass 
moment of inertia of the parts. 

The remaining mechanical constants in (1) and (6) were 
estimated by fitting to a series of steady state torque 
measurements at different speeds of the system and spin 
outs from maximum speed with and without the fan and 
with and without the extra mass moment of inertia. 

The estimated mechanical constants of the system and 
the credibility of the mechanical part of the simulation 
model was verified by comparing simulated and measured 
speed during spinouts without the fan, with the fan, and with 
the fan and the extra mass moment of inertia, cf. Figure 13. 

The combined electrical/mechanical simulation model 
was verified by performing several start-ups with different 
magnitudes of the supply voltage and comparing the 
simulated and measured speeds. The result is presented in 
Figure 14 and it can be concluded that the simulation model 
describe the reality in a satisfactory manner. 
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Figure 13. Simulated and measured spin-outs of the test system in three 

scenarios: without fan, with fan, and with fan and extra HS inertia.  

 
Figure 14. Simulated and measured start-ups of the test system with 

different voltages supplied to the IM. 

Both the simulation and measurement show a starting 
pole slip with a phase rms voltage of 171V and 186V 
supplied. With a phase voltage of 199V and 230V the MG 
slips completely and in the simulation this induces the 
motor to speed up to no-load speed. However with the test 
system the MG constantly slips pole pairs but the LS rotor is 
still assign a torque contribution which makes it rotate with 
an asynchronous speed, thus the HS side does not reach no-
load speed. 

The disk to increase the mass moment of inertia was 
mounted and equivalent start-up tests were carried out. 
Again a good resemblance between the measured and 
simulated responses is observed, cf. Figure 15. With the 
large inertia added, the start-up time is prolonged 
significantly and no indication of slip emerges at any 
voltage level. 

 
Figure 15. Simulated and measured start-ups of the test system with 

different voltages supplied the IM and extra inertia added on the HS side. 

Figure 16 depicts a simulation of the electromagnetic 
motor torque and load torque when the IM is connected 
directly to grid, and within less than 0.1s the MG slips. In 
Figure 17 the IM is also connected directly to grid but here 
the extra inertia is added the HS rotor and the motor is now 
accelerating very slow and the MG is able to transmit the 
applied torque without slipping.  

 
Figure 16. Simulation of the start-up torque with grid voltage applied. 

 
Figure 17. Simulation of the start-up torque with grid voltage applied and 

the extra mass moment of inertia is added on the HS side. 

V. NATURAL FREQUENCIES OF THE SYSTEM 
It would not be desirable if the natural frequency of the 

system is close to the operating frequency or a multiple, 
therefore it is important to investigate this. The equivalent 
mass moment of inertia of the HS side seen from the LS 
side and vice versa can be written as:    ( 8)   ( 9) 

The natural frequency can be calculated seen from the 
HS or LS side with use of the torsion spring constant found 
in (4) and (5) and the equivalent mass moment of inertia (8) 
and (9): ·  ·

   (10) 

From (10) it can be concluded that if it is prudent to 
lower the natural frequency the mass moment of inertia can 
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be increased on either the HS or LS side and vice versa, cf.  
Figure 18. 

 
Figure 18. Natural frequency as a function of mass moment of inertia.  

A comparison between the calculated natural frequencies 
and the frequencies of the torque oscillations from 
simulations with different mass moment of inertias of the 
HS side of the gear has been conducted. When counting the 
simulated torque oscillations, they are consistent with the 
calculated natural frequencies.  

When measuring the start-up torque on the test set-up, 
with the extra inertia added, it is evident that the system 
passes some natural frequencies. In Figure 19 a measured 
start-up torque is presented and in Figure 20 a zoom of the 
resonance peak that occurs around time ≈ 9.5s is shown. 
The torque in Figure 20 oscillates with a frequency just 
around 10.25Hz which fits the calculated natural frequency 
of 10.25  perfectly.  

 
Figure 19. Measured start-up torque with a rms phase voltage of 83V and 

the extra mass moment of inertia added on the HS side. 

 
Figure 20. Zoom of resonance peak in Figure 19. 

When the test system is started without the extra inertia, 
it spins through the resonance speeds much faster, and 
resonances are not as obvious in the torque measurements. 
However, during start-up, the torque oscillates with a 
frequency just above 13Hz which matches the calculated 
natural frequency of 13.02  well, cf. Figure 21. 

When grid voltage is supplied the test system, the steady 
state speed of the HS and LS rotors are about 2940rpm and 
735rpm, respectively, which entails a mechanical frequency 
of 49Hz of the HS side and 12.25Hz of the LS side. The 
latter frequency is close to the systems natural frequency of 13.02 . If adding the extra inertia, the system will 
operate at a frequency just above the natural frequency of 10.25  which is not desirable.  

 
Figure 21. Measured start-up torque with a rms phase voltage of 142V. 

From a frequency point a view, it would be preferable to 
lower the mass moment of inertia, increase the gear ratio or 
change the spring constant by altering the pole configuration 
of the gear and thereby increase the natural frequency and 
have a margin to the steady state frequency, cf. Figure 18, 
(4)-(5) and (8)-(10). If the HS inertia is reduced it would not 
be possible to start up the system form grid.  An increased 
gear ratio would contribute positively to the start-up 
problem, but would also result in a different steady state 
speed, which in the test system would not matter, but in the 
desired fan design, this would not be a possible solution.  

From the experience elaborated above, focus should 
differently be put on the natural frequencies of the system, 
when designing the final system and when changing the 
parameters of the system awareness of the consequence for 
the natural frequency should be given. 

VI. DESIGN PROPOSALS 
The work presented in this paper is preliminary work 

accomplished to design a MG for a specific system 
consisting of an IM, MG and a fan. With use of 2D FEA 
twelve different design proposals have been examined. Half 
of the designs are with ferrites magnets and the other half 
with NdFeB magnets. The designs are based on three 
different outer diameters (160mm, 220mm and 270mm) and 
a version for both a 2 and 4 poled IM.  

In this study, the estimated material use and 
consequently the material price have been compared. At the 
time of the comparison the material prices indicated that the 
active materials of all the NdFeB solutions were about a 
factor ~2.6 cheaper than the solutions with ferrite magnets 
as much more material is needed with the ferrite solutions.  

The NdFeB solutions are more compact and can be 
made with a smaller reduction in flow area. When the 
comparison was made, the prices of the active materials 
were significantly lower with a NdFeB solution, but it has 
some drawbacks; uncertainty about future prices of the 
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magnets, some corrosion issues, eddy current losses in the 
magnets and most crucial in this design, a much lower mass 
moment of inertia of the HS side compared to a ferrite 
solution.  

Before the dynamic simulations made it clear that a high 
mass moment of inertia on the HS side of the system was 
desirable, different 3D CAD design proposals were devised 
with use of NdFeB magnets where compacts designs were 
achievable. Facing the reality of the needed inertia, the latest 
3D CAD design proposal is based on ferrite magnets. 
Besides the larger inertia, this solution also benefits by a 
steadier price of the materials and a major hurdle of sealing 
the magnets sufficient regarding corrosion, due to the harsh 
operating environment of the system, is no longer a 
problem. In Figure 22 a 3D CAD design of a MG with 
ferrite magnets and an outer diameter of 220mm integrated 
with a fan and combined with a 550W IM is presented.  

 
Figure 22. Exploded view of a 3D CAD design of a MG integrated with a 
fan and combined with an IM. The design is with ferrite magnets, an outer 
diameter of 220mm and a 550W IM. 

VII. CONCLUSION 
In this paper the start-up problem of a grid connected IM 

combined with a MG has been investigated. A design for a 
MG in a system with an IM and a fan is desired, thus a 
simulation model of such a system is build and used as tool 
for a parameter study. Simulations indicate that if the gear 
ratio is fixed then the most effective way to overcome the 
start-up problem is to have a large mass moment of inertia 
on the high speed side of the system.  

A test set-up of an equivalent system has been made, and 
through several measurements of both the mechanical 
system alone and the combined mechanical and electrical 
system, the simulation model has been validated. The 
solution of the start-up problem by increasing the mass 
moment of inertia has been demonstrated on the test system 
with success. 

The natural frequencies of the test system with and 
without the extra mass moment of inertia added have been 
calculated and compared to the frequencies of measured 
torque oscillations and they are consistent.  

Different design proposals of a MG with ferrite and 
NdFeB magnets have been compared and due to a desired 

high mass moment of inertia of the HS side of the MG and 
corrosion issues, a ferrite design could be an interesting 
solution. The latest 3D CAD design proposal is briefly 
presented and discussed. 
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Abstract— This paper presents the physical construction and 
test results of two new demonstrators of a Motor Integrated 
Permanent Magnet Gear (MIPMG), which is a second version 
of an already tested demonstrator. The demonstrators will be 
used as traction units for a Battery Electrical Vehicle (BEV) 
and the background for the specifications are elaborated. 
Simulated as well as measured results of rotational losses of the 
first and second version are compared. The efficiency of the 
new design is investigated and compared to the drivetrain of 
the Tesla Roadster and two direct drive axial flux motors in a 
few operating points, the MIPMG v.2 seems superior when 
used as traction unit in urban traffic. 

I. INTRODUCTION 

The magnetic gear (MG) have several potential 
advantages compared to the mechanical gearbox such as; 
reduced acoustic noise and vibration, peak torque 
transmission capability i.e. inherent overload protection, no 
lubrication or mechanical contact except the bearings, with 
these characteristic reduced maintenance and improved 
reliability can be expected. Prior to the millennium several 
patents and papers regarding MG’s were published such as 
[1]-[7].With the milestone paper [8] from 2001 which 
theoretically showed the possibility to obtain a torque 
density in the range of 100 kNm/m3 the interest of MG’s 
increased in the academic world and physical demonstrators 
of MG’s have been made like in [9] and [10], various 
topologies have been proposed [11]-[13] and various ways 
of integrating the MG with an electrical machine have been 
presented [14]-[20]. No significant commercial applications 
have yet emerged probably because the technology needs to 
demonstrate better performances in terms of lower losses, 
simpler manufacturing/assembly processes and because of 
the high utilization of permanent magnets in the MG the 
price of its rare earth materials needs to settle on a low level. 

The work presented in this paper is the continuation of 
the work accomplish in [20]. In this work the design details 

of the Motor Integrated Permanent Magnetic Gear (version 
2) are elaborated and here only experimental data for the 
motor part was available. The design of the new MIPMG 
v.2 was based on the work conducted in [19] where the 
highest published experimentally validated torque density of 
a combined permanent magnet motor/gear unit (92 Nm/l) 
was presented. The measured rotational dependent losses for 
the demonstrator build in [19] (MIPMG v.1) were too 
excessive, and many aspects in the assembly and 
manufacturing of the demonstrator had scope for 
improvements.  In [20] it is described how the losses are 
reduced and how the mechanical design is improved and 
initial tests with the motor part was presented. The new 
MIPMG v.2 is designed as traction unit for a BEV. A BEV 
is a perfect application to target in terms of performance 
because the automotive sector is now driving the electrical 
machine development, resulting in many impressive 
machines which the MIPMG can be compared with. 
However the current cost issue for the magnets and the 
relative low usage of a BEV would require a really high 
efficiency that could induce a reduction in: battery size, 
inverter size, electricity cost, which could compensate for 
the higher price of the traction unit. If efficiency gains 
actually are demonstrated with the MIPMG, applications 
with a much higher utilization and thereby more significant 
energy savings could currently be more attractive for the 
MIPMG. 

II. BACKGROUND 

The MIPMG v.2 has been designed as a part of a BEV 
conversion project. More specifically an Audi A8 Quattro 
from 1996 has been converted. The relative old model had 
to be chosen if the ancillary as, light, windows etc. should 
work when the Engine Control Unit (ECU) is removed 
without making any major changes to the electrical system 
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of the car. The model was mainly chosen because of its 
wide wheel gauge and four wheel drive, that makes it 
possible to mount two traction units in the rear end without 
making changes to the suspension or breaking systems, and 
at the same time have plenty of room in the engine 
compartment and trunk for batteries and inverter. Further 
the AUDI A8 is fabricated with an aluminum frame which 
makes it relative light compared to its size. The two traction 
units should be mounted directly to each rear wheel with a 
straight driveshaft and thereby avoiding a mechanical 
gearbox and differential. The driveshaft solution is also 
avoiding the large unsprung mass compared to direct drive 
wheel motors.   

To establish the desired performance of the traction units 
a simulation model based on an equilibrium diagram, the 
weight and the dimensions on the original Audi was made. 
In Figure 1 the acceleration of the Audi is depicted when 
different total torques are applied to the wheels of the car. 

 
Figure 1. Simulated acceleration with different torques applied to the 

wheels.  τw = Wheel Torque. (flat road, no wind) 
 

If each unit is able to deliver a constant torque of 600 Nm 
during acceleration, then the car will be able to reach a 
velocity of 100 km/h in about 15 seconds, which will be 
sufficient for many users. Thus, the output torque of the unit 
up to a speed equaling 100 km/h was fixed to 600 Nm. The 
stall torque of the gear would have to be higher to ensure a 
safety margin to the output torque, but also to guarantee the 
possibility of full motor braking. With 600 Nm applied on 
each unit the power would be about 46 kW at 100 km/h, cf. 
Figure 1 and Figure 2, thus, the peak power of the machines 
should be minimum 50 kW. 

 

 
Figure 2. Power with different torques applied to the wheels.  

τw = Wheel Torque (flat road, no wind) 

 With the chosen output torque and minimum peak power 
the BEV will be able to climb a hill with at slope of more 

than 16% with a speed of 100 km/h, cf. Figure 3 and Figure 
4. 

 
Figure 3. Torque needed at different velocities with different slopes of the 

road. VV = Vehicle Velocity. 

 
Figure 4. Power needed at different velocities with different slopes of the 

road. VV = Vehicle Velocity 

The center of gravity for the Audi was found for the 
empty car and based on that and the total weight of the car 
of 1820 kg, the maximum breaking torque on dry asphalt 
was calculated. This would indicate the minimum stall 
torque of the MIPMG’s to do 100% regenerative breaking. 
The maximum breaking torque on the front and rear wheels 
for the car alone were calculated to be 1914 Nm and 657 
Nm, respectively. Then if the point of gravity is assumed to 
be the same and the car is loaded with 300 kg corresponding 
to a driver, two passengers and some luggage resulting in a 
total weight of 2120 kg the maximum breaking torque of the 
rear wheels and thereby the minimum stall torque of the 
gear should be 765 Nm. 

This number could only be used as a guideline during the 
design phase, because the final weight and placement of the 
center of gravity after the conversion was unknown. 
Nevertheless, the final total weight of the BEV ends up in 
the same neighborhood because more than 600 kg was 
removed from the car when motor, gearbox, fuel tank etc. 
were dismounted and the main components in the new 
drivetrain ends up just around 600 kg. Battery pack ≈ 400 
kg, Inverter ≈ 30 kg and 2 x MIPMG’s of approx. 82 kg 
each. The center of mass might change a bit due to another 
weight distribution, and to make sure that the gear won’t 
stall in the car it is designed with a stall torque somewhat 
higher than 765 Nm (923 Nm according to 2D FEA). 
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III. THE MANUFACTURED DEMONSTRATORS 

The design details of the MIPMG v.2 are described in 
[20] and in this section the main components are presented 
shortly without specific component details. In Figure 5 an 
exploded view of the MIPMG v.2 is shown and the main 
components of the unit can be divided into the stator and 
shaft, the high speed rotor, the segmented cylinder and the 
stationary outer cylinder. The stator is assembled using the 
shaft and this assembly represents one half of the high speed 
motor. The high speed rotor serves as the rotor of the speed 
motor and high speed input for the magnetic gear. The 
segmented cylinder acts as magnetic modulator and in this 
design also as low speed, high torque output cylinder of the 
magnetic gear. The outer cylinder in this design is made 
stationary. This makes mounting in the car easier and made 
it possible to add liquid cooling around the low speed gear 
magnets, which was important due to [19] where it was 
experienced that a major loss percentage occurred in this 
part of the MIPMG v.1. The manufactured main 
components of the MIPMG v.2 are presented in Figure 6 
together with a complete assembled MIPMG v.2.  

 
Figure 5. Exploded view of the MIPMG v.2. 

 
Figure 6. The main components of the MIPMG v.2. From left; the stator, 

the high speed rotor, the segment cylinder (low speed rotor), the stationary 
outer cylinder, and at last the complete assembled machine. 

Figure 7 depicts a pie chart presenting the mass 
distribution of the MIPMG v.2. A very high amount of 
magnets were used in this design, however it is a 
demonstrator and no special optimization regarding use of 
material has been conducted, thus there is room for 
improvements.  

 
Figure 7. Mass distribution of materials in the MIPMG v.2. 

IV. MEASUREMENTS AND RESULTS 

A. Cooling of the MIPMG v.2 
Before the two assembled demonstrators were loaded the 

cooling capabilities of the machines were tested. The 
MIPMG v.2 is liquid cooled in the shaft and outer cylinder 
[20] and several thermocouples are distributed throughout 
the machine, with more placed in the copper windings. 
From the simulations it is experienced that the core losses 
are not affected significantly when the machine is loaded. 
When the machines were driven without load for an hour at 
a speed equivalent to 110 km/h in the vehicle, the maximum 
temperature rise in any of the thermocouples throughout the 
machine was about 25 °C. To test the temperature rise in the 
windings when a current is added, the three phases were 
connected in series and different DC-currents were supplied 
while the temperature of the copper was measured.  

The nominal torque of the machines is chosen to be 248 
Nm [20] which correspond to an RMS current of approx. 44 
Amp. In Figure 8 it is clear that even without the cooling 
turned on, the winding temperature of the machine only 
rises 60 ºC after three hours at a current very close to the 
nominal. When the current is turned off the temperature 
drops relatively fast, thus the machine is conducting the heat 
very well. With 60 Amps applied the temperature rises 
substantially faster but when the cooling is turned on the 
rising temperature is stopped relatively fast and becomes 
more or less steady just above 80 ºC. When the current is 
turned off the temperature drops very fast which indicates 
an efficient cooling system. 

 
Figure 8. Temperature measured in winding when DC-currents are applied. 

 

To deliver the 600 Nm, 107 Amps should be supplied to 
the windings. In Figure 9 the windings are supplied 100 
Amps which lead to a temperature rise of 70 ºC within 
approx. 5 minutes. It should not be a problem to drive the 
machine up to around 155 ºC (copper insulation class 200 
and EH grade magnets), thus, the measurement reveals that 
it will be possible to drive the machine with peak power in 
more than 5 minutes. When the current is turned off the 
temperature drops fast again. When mounted in the car this 
indicates that several shortly following accelerations and 
braking would not lead to thermal problems.  
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Figure 9. Temperature measured in winding when a DC-current of 100 

Amp is applied in five minutes and then turned off. 
 

After positive rotational and DC-current tests the 
MIPMG v.2 was driven at different speeds and loads to 
monitor the development of the temperatures. Figure 10 
present the temperatures when the MIPMG v.2 is loaded 
with nominal load, ~250 Nm, at a speed corresponding to 
100 km/h in the BEV. Eventhough this is twice the torque 
needed to drive the car at this speed or driving with 20 m/s 
headwind, the maximum temperature rise in the 
endwindings after nine-ten minutes are only about 60 ºC and 
25 ºC in the shaft and low speed gear magnets. During the 
test the efficiency of the MIPMG v. 2 was measured to be 
86%. 

 

 
Figure 10. Temperature test with 250 Nm load and a speed corresponding 

to 100 km/h in the BEV. 

In Figure 11 the test is started when the MIPMG v.2 is 
already at operational temperature. During this test the load 
is 235 Nm in about nine minutes and then lowered to 195 
Nm for approximately eight minutes at a speed 
corresponding to 80 km/h. In the first nine minutes the end 
winding temperatures rises with approx. 33 ºC and the shaft 
temperature with approx. 10 ºC, when the load is reduced 
from 235 Nm to 195 Nm the temperatures approaches 
steady state, thus a maximum rise of only 3 ºC and 1.5 ºC 
occurs in the following eight minutes in the end winding 
and shaft respectively. One of the end winding reaches a 
temperature of 136 ºC which should not be a problem due to 
the insulation class, but to play it safe the test was 
terminated here. With the load of 235 Nm the efficiency was 
measured to be 86% and when the load was lowered to 195 
Nm the measured efficiency was 85%. 

 

 
Figure 11. Temperature test with 235-195 Nm load and a speed 

corresponding to 80 km/h in the vehicle. 

B. Rotational losses 

Figure 12 shows the calculated rotational losses of the 
MIPMG v.1 and v.2. At a speed equivalent to 135 km/h in 
the vehicle, a factor of “8” in reduction of the losses is 
present with the new design according to the 2D FEA 
calculations and a factor of “6.1” at an equivalent speed of 
60 km/h. In Figure 13 the measured rotational losses of the 
two designs are presented. Between the measured results a 
factor of “4.3” in difference is reached between the 
measured losses of the two machines at an equivalent speed 
of 60 km/h, i.e. not as good as expected but still a 
significant reduction. Considering that the measured stall 
torque of 857 Nm in the new design is 64.8% larger than the 
old and that the rotational losses compared in the term of 
W/Nm at an equivalent speed of 60 km/h, in v.2 is 1.69 
W/Nm compared to 11.94 W/Nm in v.1, the new design is 
roughly improved with a factor of “7”.  

 
Figure 12. Calculated rotational losses of the MIPMG v.1 and v.2. 

 
Figure 13. Measured rotational losses of the MIPMG v.1 and v.2. M1 = 

Machine One and M2 = Machine Two. 
 

When the measured and calculated losses of the new 
design are compared, a deviation of about a factor of “2.6” 
is present. This deviation could be caused by several things 
such as the use of a simplify core loss model, larger bearing 
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losses than expected, this was experienced in [20], and 
speculations regarding eddy currents in the end-shields has 
been made but at this point not been further investigated, 
however it is considered future work. 

The rotational losses have been measured on the high 
speed motor part alone and this opens up the possibility to 
estimate the loss distribution between the motor and gear 
part of the MIPMG v.2. In Figure 14 the measured 
rotational losses of the motor and complete unit are 
presented together with the estimated losses of the gear part 
alone.   

 
Figure 14. Measured rotational losses through spindowns for the motor part 

alone and the total MIPMGM v.2. Total decoubling between motor and 
gear is assumed and the rotational losses for the gear part is then estimated 

to be the difference between the two measurements. 

C. Efficiency 
Based on the measured rotational losses presented in 

Figure 13 combined with DC copper losses calculated with 
a constant phase resistance  equivalent to a winding 
temperature of 100 ºC, and currents corresponding to the 
different torque levels, the efficiencies for the two MIPMG 
v.2’s depicted in Figure 15 and Figure 16 are calculated.  

The peak efficiency is calculated to be 92.9% and 93.1% 
for machine “One” and “Two” respectively.  

Before the demonstrators were mounted in the BEV they 
were only loaded cautiously and not at maximum speed and 
torque to avoid the risk of machine or inverter failures, 
before successful test in the converted BEV. Thus, the 
efficiency was only mapped partial. The results of these 
measurements are presented in Figure 17 and Figure 18. 

The measured peak efficiency at the present time has 
been above 90% and the measured efficiencies seem to 
agree nicely with the efficiencies depicted in Figure 15 and 
Figure 16 however at low speeds the calculated efficiencies 
seems to deviate in some degree. With the calculated 
efficiencies the enhanced ohmic resistance caused by cables 
and connections between the MIPMG and the power 
analyzer has not been taken into account and may be the 
cause of this deviation. Still the estimation of the total losses 
as the measured rotational losses combined with the DC 
copper losses seems to be a reasonable assumption in this 
case. However, this assumption cannot be used in all cases 
e.g. with Magnomatics’ PDD4k [24]. From their efficiency 

map the losses decrease when the current becomes higher 
i.e. at same speed the losses decreases when the load 
increases. 

 
Figure 15. Efficiency plot for machine “One”. The plot is based on the 

measured rotational losses and calculated copper losses equivalent to the 
current needed to deliver the different torques.  

 
Figure 16. Efficiency plot for machine “Two”. The plot is based on the 

measured rotational losses and calculated copper losses equivalent to the 
current needed to deliver the different torques. 

 

 
Figure 17. Efficiency measurement conducted on machine "One". 

 

 
Figure 18. Efficiency measurement conducted on machine "Two". 
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The torque needed to drive the Audi at different speeds 
and conditions was found by simulation. The three lines in 
the efficiency maps represent the torque needed to drive the 
Audi in different conditions: magenta = no headwind and 
flat road; green = headwind of 10 m/s and flat road; blue = 
no headwind and 6% slope of the road. 

After successful test in the converted BEV the MIPMG 
v.2 machine two was dismount from the Audi and a full 
efficiency mapping of the machine and a stall torque test 
were planned, however problems with the test set up didn’t 
make the mapping possible at present. 

D. Efficiency comparison 
At the torque needed to drive the Audi at different speeds 

the efficiency of both the MIPMG v.2 and the designed 
inverter were measured and the result is presented in Figure 
19, where it is compared to the drivetrain efficiency of the 
Tesla Roadster [21]. At urban speed (0-50 km/h) the 
drivetrain of the MIPMG v.2 is around 10-15% more 
efficient than the drivetrain of the Roadster which imply the 
possibility for a smaller battery pack or longer driving 
range. 

 
Figure 19. Efficiency on the complete drivetrain (inverter and MIPMG v.2 
machine "Two") compared with the drivetrain of the Tesla Roadster. The 
torque needed to drive the Audi at different speeds is found by simulation. 

The EVO AF-240 axial flux traction motor is comparable 
in size, weight (80 kg) and peak torque (800Nm) [22]. It is a 
very efficient motor, but again at urban speed the MIPMG 
v.2 seems superior. E.g. at 20 km/h with 300 Nm load and 
50 km/h with 600 Nm load (acceleration) the efficiency is 
lower than 75% for the EVO. In the same two points the 
efficiency of the MIPMG v.2 is about 85% and above 90%, 
respectively.  

With the YASA-750 axial flux wheel motor [23] it is the 
same story, at urban speed the MIPMG v.2 seems superior. 
The YASA motor is a very impressive machine with a 
comparable peak torque (750Nm) and with a total weight of 
only 25 kg. The cooling system must be highly efficient as 
well, when up to 20 kW of losses and only 25 kg mass to 
distribute the heat. In the same comparison points as for the 
EVO motor i.e. 20 km/h with 300 Nm load and 50 km/h 
with 600 Nm load the efficiency is lower than 70% and 75% 

for the YASA motor versus 85% and 90% for the MIPMG 
v.2.  

E. Stall Torque Measurement 
The stall torque of the MIPMG v.2 machine two was 

measured after it was dismounted from the BEV. A d-
current was applied to the motor of the MIPMG v.2 by 
means of a DC-supply. Then when the rotor is turned the 
current will move from a d-current to a q-current and the 
torque will build up. When the current is pure q-current the 
maximum torque is reached and if the torque is still 
increased then the rotor will slip a pole pair. If the current 
applied to the motor is large enough then it will be the 
magnetic gear which slips one pole pair instead of the 
motor. Thus, the approach have been to repeat this test and 
turn up the current each time until the torque didn’t become 
higher, then it must be the gear that slips or the motor is 
totally saturated. In Figure 20 the result of the stall torque 
test is presented together with simulated torque when 
different currents are applied. When a DC-current of 330 
Amps was applied a torque of 857 Nm was measured before 
the slip happened and when more current was added the slip 
still happened around 857 Nm, thus the stall torque of the 
gear is around 857 Nm, which lead to a torque density of 
99.7 kNm/m3. During these tests the cooling capability of 
the copper was put to the test, when 350 Amps was applied 
in 31 seconds the maximum temperature rise in the copper 
was 90 ºC which is considered reasonable. Figure 20 shows 
that some saturation happens in the motor, when more than 
150 Amp is applied, however these effects are not 
accounted for in the simulation. A higher current is needed 
to deliver the wanted torque than predicted by the 
simulation. The simulation reaches the 2D FEA calculated 
stall torque of 923 Nm at almost the exact same current as 
the actual measurement reaches the stall torque of 857 Nm. 

 
Figure 20. Result of stall torque test compared to simulations with different 

currents applied to the motor. 

When torque is applied a relative angle displacement 
between the low and high speed rotors will occur in the 
magnetic gear. This angle displacement can be described by 
a sine curve with the stall torque as amplitude [9]. To 
attempt to create such a curve both the angle displacement 
of the high speed rotor and the output rotor were measured 
together with the torque. During the test, torque was first 
added in one direction then shifted to the other where it was 
increased until the slip happened. Figure 21 presents a 
measurement with 330 Amps applied by the DC-supply. 
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Figure 23. The MIPMG 
v.2's mounted in the 
modified rear-axle 

Unfortunately, it was only possible to measure the angle of 
the output rotor with a very poor resolution and at fit to the 
measured points was made, cf. Figure 21, to be able to make 
a plot of the torque versus the relative angle displacement, 
cf. Figure 22. An ideal sine curve is added in Figure 22 and 
it is clear that the result is affected by the poor angle 
measurement of the output rotor. 

 
Figure 21. Example of stall torque measurement. The two rotor angles are 

measured together with the applied torque. 

 
Figure 22. Attempt to plot the torque related to the relative angle 

displacement between the high and low speed rotor. An ideal sine curve is 
added in the plot for comparison purpose. 

Due to the diameter/length ratio of the MIPMG v.2 
compared to the MIPMG v.1 the end effects result in a 
smaller difference between the measured and the 2D FEA 
calculated stall torque. The 2D FEA calculated stall torque 
of the MIPMG v.1 was reduced with 19% but the measured 
stall torque of 857 Nm in version 2 induces a reduction of 
only 7%. 

F. Specifications of the MIPMG v.1 and v.2 
In TABLE I. the main specifications for both versions of 

the MIPMG are listed. 

TABLE I.  SPECIFICATIONS FOR THE MIPMG V.1 AND V.2 

Description MIPMG v.1 MIPMG v.2 

Nominal motor speed [rpm] 5,791 
(62 km/h) 

9,146 
(129 km/h) 

Maximum motor speed [rpm] 
14,000 

(196 km/h) 
10,800 

 (150 km/h) 

Maximum output torque [Nm] 480 600 

Maximum output power [kW] ~33 ~64 

Maximum stall torque @ 20[°C]  
[Nm] (2D FEA)/(Measured) 642/520 923/857 

Torque density from active  
volume @ 20[°C] [Nm/l]  
 (2D FEA)/(Measured) 

113/92 107.4/99.7 

G. Mounting the MIPMG v.2’s in the Audi 
In Figure 23 the machines have been mounted in the 

modified rear-axle housing and in Figure 24 the compiled 
unit is mounted in the Audi and the hoses for the cooling 
system are being connected.  

After the conversion, the car 
was weighed again, with only 
20 kg increase in total weight 
from 1820 to 1840 kg, where 
the front had become 60 kg 
lighter and the rear 80 kg 
heavier. When the car was 
weighed before the conversion 
the 90 L fuel tank was almost 
empty. With this placed in the 
rear end the new weight of the 
rear end will be comparable 
with the weight before the conversion when the fuel tank 
was full. At the current time the center of gravity has not 
been measured after the conversion, but it is expected that it 
has moved towards the rear end due to the new weight 
distribution, however the height is difficult to predict. If the 
placement of the point of gravity is assumed to be the same 
and the total weight is increased with only 20 kg resulting in 
a total weight of 2140 kg including a load of 300 kg, the 
maximum breaking torque of the rear wheels and thereby 
the minimum stall torque of the gear should be 773 Nm to 
obtain full regenerative breaking, which gives a margin of 
approx. 10% to the measured stall torque of 857 Nm. 

 
Figure 24. The MIPMG v.2's mounted in the car. 

The converted Audi has been tested numerous hours on a 
track with a torque limitation of 400 Nm and the MIPMG 
v.2’s have performed perfect up at 80 km/h which was the 
maximum achievable speed at this track with the 400 Nm 
limitation.  

V. CONCLUSION 

In this paper the test results of the MIPMG v.2 are 
presented. The design is proven to have an efficient cooling 
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system, and high efficiencies, above 90% have been 
measured. The rotational losses are reduced with a rough 
factor of “7” compared to the MIPMG v.1. The MIPMG v.2 
is designed to be a traction motor for an Audi A8 which is 
being converted into a BEV and the measured efficiency at 
especially low speed is very high why the converted BEV is 
superior in urban traffic.  

A stall torque of the magnetic gear is measured to 
impressive 857 Nm which only diverge 7% from the torque 
calculated with 2D FEA. A measured torque density of 99.7 
kNm/m3 is one of, if not the highest published 
experimentally validated torque density of a combined 
permanent magnet motor/gear unit.  

A deviation of about a factor “2.6” between the measured 
and calculated rotational losses of the MIPMG v.2 is 
present, however the investigation of this deviation is 
considered future work. 

The MIPMG v.2 has been designed as a part of a BEV 
conversion project where the selected specifications are 
based on the desired performance of the converted BEV and 
the physical limitations regarding dimensions. The output of 
the project is two well-functioning tractions units which 
have proven to be able to deliver a high torque and to be 
very energy efficient. 
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Experimental Evaluation of a Motor-Integrated
Permanent-Magnet Gear

Peter Omand Rasmussen, Tommy V. Frandsen, Kasper K. Jensen, and Kenneth Jessen

Abstract—This paper presents test results of a new motor-
integrated permanent-magnet gear and clarifies a path for future
optimizations. The demonstrator, whose fabrication is also de-
scribed, is initially targeting electrical traction for vehicles. Basic
measured parameters in the forms of back electromotive force,
stall torque, and inductances are all in line with finite-element
calculations. However, very high rotational losses are present in
the demonstrator, and these losses are higher than the calcula-
tions. Some of the losses are present due to poor aspects in the
fabrication of the demonstrator, while others are identified to be
caused by a nonoptimal diameter/length aspect ratio. The torque
density is superior, and the copper losses are only a fraction of the
copper losses in other traction motors. With the proposed changes
to reduce the rotational losses, it is believed that the unit has a
great potential for traction applications.

Index Terms—Core losses, direct drive, electric vehicle, finite-
element analysis (FEA), magnetic gear, permanent magnet (PM),
PM synchronous machine (PMSM).

I. INTRODUCTION

MAGNETIC gears have been a known technology for
more than a century, but the technology has not achieved

much attention before the milestone paper [1]. The paper [1]
is neither rich on references to previous magnetic gears in the
history, like [2]–[5], nor experimental results. However, based
on finite-element analysis (FEA) on a permanent magnetic
gear with modulating steel segments, the authors in paper [1]
arrive at a “practical” number of 100 kN · m/m3 for the torque
density for this particular magnetic gear type. This number is
very important when it is used for some simple comparison to
commercial electrical machines. For small- and medium-sized
permanent-magnet (PM) machines, the torque density number
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for a fully assembled machine with housing, end shields, etc.,
is typically in the range of 10–20 kN · m/m3 in continuous
operation. Even though the 100 kN · m/m3 in torque density
is calculated from the cylindrical volume from stack length and
outer yoke diameter (end shields and housing are ignored), it
has motivated significant research and practical experience so
that the technology either can be matured, ignored, or find its
paths to unique applications.

Since the milestone paper [1] was published a decade ago,
research and experience have been presented in [6]–[11], where
various gearing topologies, calculation methods, performance
data, etc., have been presented. Even though many publications
have been presented in the area, not many are dealing with
efficiency and losses. In [8] and [10], successful prototypes
are presented with measured efficiencies above 90%, but there
are also publications where the efficiency is rather low, mainly
caused by various unfavorable aspects in the physical assembly
of the prototype [6], [12]. In [9], the rotational losses are
around four times higher than the calculated core losses, and
the remaining losses were claimed to be mechanical losses.

The magnetic gear is not directly comparable to an electrical
machine, but by adding an electric machine with the magnetic
gear, the combined system reaches a significantly higher torque
density than a standard electric machine [1]. Prior to [1], an
attempt to integrate an axial PM machine with a magnetic gear
[5] was done, but it turned out not to be successfully due to the
small mechanical tolerances.

In [1] and to some extent also in [5], the electrical machine is
placed as an axial extension of the gear, and in [7], the machine
is placed outside and around the magnetic gear. Both forms of
integration are not optimal from the torque density point of view
since the electrical machine will take up space without giving
the magnetic gear higher torque transferring capabilities. In [7],
it is explained that the magnetic gear virtually is gearing the
magnets remanence to 6.4 T, i.e., a factor five higher remanence
than traditional NdFeB magnets. However, this factor five may
be equalized by the fact that the machine only needs 2 A/mm2

before the magnetic gear stalls. For liquid-cooled machines,
typically used for traction applications, it is not uncommon to
see current densities at 10–20 A/mm2, i.e., the remanence gain
is canceled.

In [13]–[17], the electrical machine is integrated inside the
“empty” space of the magnetic gear, which means that the
torque density of the total device is not seriously affected by
the electrical machine. Reference [17] differs from the others
in the sense that the machine and gear are carefully designed
together such that the end turns are not taking up additional

0093-9994/$31.00 © 2013 IEEE
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Fig. 1. Exploded view of an MIPMG, which was introduced in [17].

space. The machine and gear are magnetically decoupled, the
high inductance in the machine allows good field weakening
capabilities, and the gearing ratio is matched to the machine
and gear physical torque densities. There is an inadequacy of
experimental data in [17] to both back up the design and to
identify areas requiring further exploration. This is the main
aspect to be covered in this paper.

This paper is organized with a section giving a brief de-
scription of the previously designed and finally assembled unit.
Next, basic experimental results are presented together with
calculation results. The rotational losses are much higher than
tolerated, and during the design stage, these losses have not
been addressed adequately. Therefore, a section is dealing with
calculation and identification of origins for various rotational
losses such that future generations can be better optimized. The
magnetic gear part has a special modulating segment cylinder,
and this segment cylinder is made in two different versions. The
results and discussion about the different segment cylinders are
also presented. The unit is also driven in motor operation at
relatively low speed, and in this operation, few experimental
results are presented. A section about future work and direc-
tions for optimization is presented, and finally, a conclusion is
given.

II. MIPMG

In Fig. 1, an exploded view of the motor-integrated PM gear
(MIPMG) is visualized, and in Appendix, more details about its
layout are given.

The inner part of the MIPMG is an outer-rotor PM syn-
chronous machine (PMSM). The outer rotor for the PMSM
consists of 2.5-mm-thick magnets, working for the motor,
and a laminated yoke (0.2-mm-thick laminations) section to
magnetically decouple the armature flux from the magnetic
gear. The yoke section is covered with 9-mm-thick magnets,
on the outside (high-speed gear magnets), which is secured
against centrifugal forces with a 3-mm-thick titanium sleeve.
The yoke section is relatively high, which means that the
armature flux from the stator coils does not have to pass the
high-speed gear magnets and other gear parts, which would
have resulted in lower inductance and poor field weakening ca-
pabilities [17]. Also, the relatively large yoke section functions
as a bridge/yoke for the high-speed gear magnets in the two
ends, such that the stack of the machine can be made shorter.
The magnetic field from the thick magnets is modulated by a
segment cylinder; cf. Fig. 2.

Fig. 2. Original segment cylinder.

Fig. 3. New segment cylinder made in composite material (G-Etronax EP 11
from Elektro-Isola A/S) and SMC (STX M7 SMC from Hoganäs), which is
pressed, sintered, and stream blurred by FJ Sintermetal.

The segment cylinder is made of 0.2-mm-thick laminated
steel, and the open slots are potted with polyurethane into alu-
minum end parts. Six 4-mm-austenitic stainless steel bolts were
used to compact and secure friction for the laminations. The
bolts were electrically insulated from the aluminum end parts
to avoid large induced circulating current paths, but induced
currents in the bolts are not avoided. This weak aspect, together
with the fact that the used polyurethane loses its mechanic
properties at 115 ◦C, motivated the fabrication of a new segment
cylinder with composite material and soft magnetic composite
(SMC); cf. Fig. 3.

Initially, all laminations should have been 0.2 mm thick,
but due to lack of material, the outer rotor was made with
0.5-mm-thick laminations (see Table II for details regarding
dimensions, magnets, etc.). In Fig. 4, a picture of the final
assembled machine is shown, where the unequal washes are
used in the balancing of the outer low-speed rotor. In order to
be able to lock the internal high-speed rotor, holes are made in
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Fig. 4. Final assembled machine.

TABLE I
MAIN DATA FOR THE MIPMG

the end shields of both the rotor and segment cylinder. Two sets
of holes are made in the high-speed rotor such that it is possible
to lock the rotor in both the d- and q-axes. In the end shields of
the low-speed rotor (output rotor), relatively large openings are
made such that this rotor can be rotated while the high-speed
rotor is fixed. With this arrangement, it is possible to make stall
torque tests.

The original design of the MIPMG presented in [17] has
been slightly modified during the construction phase. Some
40-MGOe magnets were used in the calculations while the
prototype was equipped with 38-MGOe magnets on the outer
rotor and 35-MGOe magnets on the inner high-speed rotor. The
reason for using weaker magnet was to have a better safety
margin against temperature rise. By using the data from the
actual magnets and minor aspect of the practical magnetic arc,
glue, etc., the stall torque from the gear was reduced from the
743 N · m presented in [17] to 642 N · m with a new 2-D FE
calculation.

In the original design, it was expected to have a fill factor
of 0.6 for the windings. However, due to lack of winding
expertise, it was not possible to get the number of turns into
the machine, as expected, and the fill factor was reduced
to 0.4 (the Remy hairpin motor has a fill factor of 0.73
[18]). With the practical winding and less strong magnets,
the 2-D FE calculated electromotive force (EMF) constant is
0.0674 Wb/rad for the motor.

Based on the practical modifications of the design, which
initially was described in [17], the calculated and measured
main data are summarized in Table I and the Appendix.

Fig. 5. Three-phase back-EMF measurement, at 1260 r/min on the motor side.

III. EXPERIMETAL RESULTS—BASIC MEASUREMENTS

In order to evaluate the basic properties of the MIPMG back
EMF, torque-angle characteristic (stall torque), inductance, dc
resistance, and no-load (generator) losses were measured.

Emf Measurement: By rotating the low-speed rotor with a
servomotor at ∼143 r/min, the back EMF from line to neutral
is captured; cf. Fig. 5. The star point is made inside the machine,
giving more space for only three instead of six wires though the
hollow shaft. To be able to measure the phase-to-neutral back
EMF, a thin measuring wire is connected to the star point and
sent through the hollow shaft together with the phase windings.

From Fig. 5, a nice symmetry and balance are seen for the
three phases. The EMF constant based on the measurement is
0.0639 Wb/rad, which is 5% lower than the 2-D FEA predicted.

The phase back EMF has dominant five and seven harmonics,
which is very common for concentrated windings and the
specific slot pole configuration.

Torque-Angle Characteristic: To measure the torque-angle
characteristic, a torque transducer with a rating of 1000 N · m
is placed between the low-speed rotor and a bar able to carry
different weights. The high-speed rotor is locked, and the angle
of the low-speed rotor is measured with a dial gauge. In Fig. 6,
the results are shown with various weights on the bar.

The stall torque was measured as 520 N · m (which is 19%
lower compared to 2-D FE), indicating large end effects which
naturally are presented in machines with large saliency in
the air gap (like in switched reluctance machines), i.e., the
modulating segment cylinder. The angle at which the gear stalls
is slightly larger than expected. The deviation in angle could be
caused by internal torsion and the simple angle measurement
method. The measured stall torque results in a torque density of
92 kN · m/m3 calculated from the gear cylindrical outer vol-
ume with end shields and housing ignored.

Another important feature of the MIPMG is the magnetic
decoupling between the motor and the gear part of the device.
This decoupling is illustrated by the simulated torque-angle
characteristic illustrated in Fig. 7. It can be seen here that
removing the gear parts of the MIPMG does not influence
the motor torque and that removing the stator and motor
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Fig. 6. Measured torque-angle characteristic.

Fig. 7. Torque-angle characteristics, from one electric period on the motor
side. The motor torque is multiplied by the gearing ratio Gr.

magnets does not influence the gear torque which substanti-
ates the claim that the motor and gear parts are magnetically
decoupled.

Inductance: The inductance was measured in both the d-
and q-axes by applying a three-phase variable voltage at the
phase terminals. By using a power analyzer, it was possible
to measure/calculate the inductance to 0.596 mH, while the
2-D FEA predicted value was 0.567 mH, i.e., a 4.9% deviation.

No-Load Losses in Generator Operation: To identify speed-
dependent losses (i.e., bearing, windage, magnet, core losses,
etc.), a load machine is attached, via a torque transducer, to the
low-speed rotor. The unit is then rotated with the load machine,
and the torque and speed are logged; cf. Fig. 8.

In Fig. 8, it can be seen that the rotational losses are approx-
imately 3.9 kW at a speed of 3500 r/min with the high-speed
rotor when it is equipped with the titanium sleeve and when
the segment ring is made with laminations. Since the MIPMG
unit has no special cooling systems, it is not worth to overheat
and destroy the machine by operating it up to maximum speed,
which is 14 000 r/min in the design process described in [17].

Generally, the machine parameters in the forms of stall
torque, back EMF, and inductance are as expected, but the
rotational losses are much higher than tolerated. The fact is that
not much attention has been addressed to the rotational losses

Fig. 8. Measured power–speed characteristic in no-load condition. Losses
with the steel segment cylinder in Fig. 2, and the SMC segment cylinder
in Fig. 3, with and without titanium sleeve mounted. The reason for the
significantly higher losses in the SMC will be discussed in a later section.

Fig. 9. Bearing losses calculated by the SKF model [20].

in the design process where the stall torque has been the key
parameter.

Even though the machine has significant losses, it may still
work as a good demonstrator to obtain experience regarding
the rotational losses, which is required to optimize future
generations.

IV. PREDICTION OF ROTATIONAL LOSSES

The rotational losses have its origin from two areas, namely,
mechanical and magnetic.

Mechanical Origin: The mechanical losses are caused by
friction in the bearings and by air friction mainly in the air gaps.
The MIPMG has four bearings, and the losses are calculated
by the method proposed by SKF [20]. The predicted bearing
losses as a function of the motor speed are depicted in Fig. 9,
where it can be seen that the losses are slightly higher at lower
temperature caused by the increased lubrication viscosity.

There are three air gaps in the machine, the air friction losses
are calculated by the method proposed in [21], and the losses
as a function of motor speed are depicted in Fig. 10. The losses
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Fig. 10. Losses due to air friction in the different air gaps.

in the gap between the high-speed rotor and segment cylinder
are most pronounced because of the high speed, large diameter,
and full stack length. The windage losses between the stator
and high-speed rotor are lower because of a lower diameter and
a shorter stack. The windage between the segment cylinder and
low-speed rotor can be ignored because of the relatively low
speed.

From the curves in Figs. 9 and 10, it can be seen that the
losses at 3500 r/min are maximum 40 W from the bearings and
only 10 W from the air friction, which only is a fraction of the
measured total rotational losses of 3900 W.

Magnetic Origin: The losses of magnetic origin are present
in all laminations in the forms of hysteresis, eddy current, and
excess losses. However, also significant eddy-current losses
are present in all conducting materials like magnets, titanium
sleeve, windings, securing bolts, end shields, etc.

Core Losses in Laminations: In order to have a simplified
approximation of the core losses in the laminations, the method
proposed in [22] is used, where manufacturer datasheets of the
losses are approximated with Benotti’s functional description
of the losses, i.e.,

Pcore = KhfBα + Kef
2B2 + Kexf

1.5B1.5 (1)

where Pcore is the total loss, Kh is the hysteresis coefficient,
Ke is the eddy-current coefficient, Kex is the excess loss
coefficient, α is the Steinmetz coefficient, f is the frequency,
and B is the amplitude of the flux density. Since both 0.2-
and 0.5-mm laminations are used in the MIPMG, two sets of
parameters are needed.

With help of the 2-D FEA calculations, the radial and tan-
gential components of the flux density are extracted in each
element. This is done in all parts of the machine 200 times
during one period. Then, by making a fast Fourier transform
on the radial and tangential components of the flux density
of one period, the amplitude of the different harmonics is de-
rived, which corresponds to B in (1). The connection between
frequency in the different machine parts and the mechanical
velocity is easily converted taken the gear ratio, the geometry,
and the pole pair number into account.

Fig. 11. Losses in the steel parts in no-load condition.

Fig. 12. Losses in the steel parts in full-load condition.

In Fig. 11, the results for the four components made in
laminated steel are shown, when the relative angle between the
two rotors in the gear is set to zero, i.e., no load. In Fig. 12,
the results for the same four components are depicted but with
the relative angle between the two rotors in the gear set to
maximum load, i.e., 90◦ and full current in the windings.

From the results in Figs. 11 and 12, it is clear that the losses
in the 0.5-mm laminations of the outer low-speed rotor yoke
could have been reduced a great deal if the 0.2-mm laminations
had been available for this as well.

Titanium Sleeve: The main purpose with the titanium sleeve
is to secure the high-speed gear magnets against centrifugal
forces. Even though the large high-speed gear magnets mainly
make a dc flux through the titanium sleeve, it was discovered
that the leakage flux between the magnets was not constant but
changed according to the position in proportion to the segments
of the segment cylinder. Although there is 1-mm steel between
the segments in the segment cylinder, this becomes totally
saturated by the leakage flux and behaves as air. In Fig. 13, the
leakage flux density between two magnets when the saturated
steel bridge is directly opposite the two magnets is depicted.
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Fig. 13. Flux density plot depicting the area between two high-speed gear
magnets. It is possible to see the saturation effects in the steel between the
steel segments in the segment cylinder. The estimated area used in the loss
calculations is marked with a dotted line.

Fig. 14. Calculated losses in the nonmagnetic parts in generator mode.

The flux density variation in the titanium sleeve would pro-
duce eddy currents. Since titanium is nonmagnetic, there will be
no hysteresis and excess losses in it. Therefore, the eddy-current
term in (1) is the only term used to estimate the losses in the
titanium cylinder. The eddy-current coefficient Ke is geometry
depended, and because the flux only changes in a small part
of the cylinder, it is necessary to approximate a defined area in
which the flux changes occur to be able to do the calculations.
This estimated area and the dimensions used to calculate Ke

are shown in Fig. 13. Ke is calculated from

Ke =
π2τ2

6ρ
(2)

where ρ is the resistivity of the material in question. As in-
dicated in Fig. 13, both the fluxes in the x- and y-directions
are considered, and therefore, two eddy-current coefficients
must be calculated: one for the x-direction, using τx, and one
for the y-direction, using τy . In Fig. 14, the calculated losses
in the titanium sleeve are illustrated without current in the
windings.

Fig. 15. Calculated losses in the magnets in generator mode.

The magnets on the high-speed gear side are attached with
glue, and according to the theory, it should be safe to operate
the high-speed rotor up to 10 000 r/min without losing the
magnets because of the centrifugal forces. The titanium sleeve
has thus been removed, and test up to 3500 r/min has been
conducted; cf. Fig. 7. At 3000 r/min, the difference between
the two measurements with and without the titanium sleeve is
around 500 W. This is similar to the calculated losses in Fig. 14.
At 10 000 r/min, the losses would be more than 6 kW, which is
far from acceptable.

Eddy-Current Losses in the Winding: The winding is made
as a foil winding typically used in high-frequency transformers
to reduce skin effects. However, the orientation direction is
not desirable in relation to eddy currents from the slot leakage
by the magnetic field created by the coils. Even in generator
operation, much flux from the magnets is passing though the
foils in the “wrong” direction, and at 3000 rpm, the calculated
eddy-current losses are 104 W; cf. Fig. 14. At 10 000 r/min, the
losses are 1162 W, which are more than three times the con-
ventional copper losses at full load (∼350 W). This means that
the winding layout needs special attention in future generations.
The calculations of the eddy currents are based on the same
simple approximation as for the calculations of eddy currents
in the titanium sleeve.

Eddy-Current Losses in the Magnets: The magnets on the
low-speed rotor are exposed to both the permeance variation
from the segment ring and the magnetic field from the thick
magnets on the high-speed rotor, which operates at relatively
high frequency. Even though the low-speed magnets have a
small width (≈6 mm), it is not good enough to avoid excessive
eddy-current losses. By using similar calculation methods as
used for the titanium sleeve, the losses in all magnets without
currents are calculated and presented in Fig. 15. From Fig. 15,
it can be seen that the losses are dominated by the low-speed
gear magnets. At 3000 r/min, the losses are around 400 W. The
losses in the 12 single pieced magnets on the high-speed rotor
are not that high even though they are not segmented. They are
not seeing any huge variation from the segment cylinder due to
the relatively large air gap caused by the titanium sleeve. The
eddy-current losses in the motor magnets are relatively high
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Fig. 16. E-cores used to determine the effects of grinding the steel lamina-
tions. The right picture is without a grinded core, and the left is with a grinded
core.

in proportion to their volume even though these magnets are
segmented axially in ten pieces.

Additional Losses: Bolts are used in all parts to secure the
laminations. The eddy-current losses in the bolts on the low-
speed rotor and in the stator are relative low, but the losses in
the bolts in the high-speed rotor and in the segment cylinder are
somewhat higher. At 10 000 r/min, the losses in the bolts in the
high-speed rotor and in the segment cylinder are calculated to
approximately 50 and 150 W, respectively; cf. Fig. 14.

Extra losses will exist in the end shields, coating of the
magnets, and windage in the ends will also add to the total
losses; however, these losses are ignored in the estimation of
the total loss.

After the assembly of the different steel parts, which were
manufactured by a spark erosion machine, their surfaces were
grinded to remove rust and blur. This “practical” aspect may
give additional eddy currents in the surface, which is very
difficult, if not impossible, to calculate. To get an idea of the
influence, an E-core with and without surface grinding was
manufactured; cf. Fig. 16. The coil was supplied with a linear
amplifier with variable voltage and frequency. The induction
in the core was maintained around 0.3 T while the frequency
was varied up to 10 kHz. By measuring the supplied power and
subtracting the dc copper losses, Fig. 17 was constructed. From
the figure, it can be seen that the grinded surfaces cause a loss
increase of almost a factor of two.

Total Rotational Loss Comparison: In Fig. 18, the total
calculated losses in the MIPMG are depicted. At 3000 r/min,
the total calculated losses are around 1720 W, which, compared
to the measured losses at approximately 3 kW (cf. Fig. 8),
gives a factor of 1.74 in difference. It was expected that the
calculated losses would be lower not only because of the
simplified calculation methods but also due to several ignored
loss contributions like eddy current in magnet coating and end
shields, windage in the ends, etc.

However, the difference is most likely due to the extra losses
caused by the grinded surfaces. As it was illustrated by the E-
core experiment (cf. Fig. 17), the additional losses caused by
this treatment could lead to a loss increase up to a factor of
two. Even though the calculated losses are considerably lower
than the measured, there are still more than 16-kW losses at
10 000 r/min, which is far from acceptable.

Fig. 17. Measured losses in the E-core with and without grinded laminations.

Fig. 18. Total calculated losses in the machine in generator mode.

V. SMC AND COMPOSITE SEGMENT CYLINDER RESULTS

The SMC and composite segment cylinder was made as
a possible replacement for the weakly constructed segment
cylinder made of the laminated steel. The construction of a
composite cylinder with SMC segments is simpler, and it was
assumed that the losses would decrease or be relatively unal-
tered compared to the cylinder made of steel laminations. Even
though the SMC material loss properties are slightly worse in
comparison with the 0.2-mm laminations, there would not be
any short-circuited surfaces, no stainless steel bolts, and no
aluminum end rings which could contribute to the losses.

The results with the new segment cylinder both with and
without the titanium sleeve are presented in Fig. 8. The replace-
ment of segment cylinder gave a rise of ∼1.1 kW in the losses at
3000 r/min. This was not expected and could not be explained
by calculation with datasheet parameters.

The resistivity of the manufactured SMC segments was
measured, and it was verified that the resistivity was about
20 times lower than it was supposed to be according to the data
sheet. By testing segments from different stages of the manu-
facturing process, it was concluded that a steam bluing, done
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Fig. 19. Measured efficiency of the MIPMG. High-speed velocities are
displayed.

to increase the tensile strength of the SMC, caused the reduced
resistivity.

Because of this manufacturing mistake of the SMC segments,
it was not possible to make any conclusions whether the SMC
would have been a good alternative to the steel laminations in
this part of the machine or not with respect to losses, but it
was confirmed that the stall torque remained the same. Further
positive experience has been taught regarding the composite
cylinder, it could be made in one part, and it was able to handle
the torque and generated heat.

VI. MOTOR OPERATION

I order to get some experience with the MIPMG operating
as motor, a standard frequency converter from Danfoss was
used operating the unit in open loop. Position sensors were
not installed in the unit, because this simplified the construc-
tion. The MIPMG was loaded up to 220 N · m, which was
the maximum limit of the load machine. At this load, the
MIPMG had a measured efficiency around 80% up to a speed of
2500 r/min on the high-speed side. In Fig. 19, the measured
results are shown in various load points.

VII. PERSPECTIVE AND FUTURE WORK

There is no doubt that much more attention has to be paid to
rotational losses, which means more focus on the assembly, the
selection of materials, and the overall design.

The MIPMG was originally designed as an alternative trac-
tion unit for an electric vehicle, without mechanical transmis-
sion, and the diameter for the unit was simply set equal to the
diameter for some commercial traction motors. This resulted
in too many poles. The top speed for the unit corresponds to
200 km/h, which only is required by high-end vehicles. By
reducing the top speed and using a smaller diameter (fewer
poles with longer length having less influence of 3-D effects),
the rotational losses will be significantly decreased.

An initial design of the next generation of the MIPMG is
already made, with a smaller diameter, fewer poles, and a longer

Fig. 20. Total calculated losses in the new design.

stack length. In this version, only 0.2-mm laminations will be
used. The stall torque of the gear is a bit higher than the first
generation, and the losses are reduced significantly. In Fig. 20,
the losses from the first calculations are shown, and already
at this stage, a reduction with more than a factor of four is
achieved compared to the losses presented in Fig. 18.

With the current very low fill factor, the Cu losses (50 ◦C
and dc resistance) are 340 W when the machine is operating
at 480 N · m, which is close to the stall torque of the mag-
netic gear. The double-sided axial flux motor (yokeless and
segmented armature)[19], which currently has received at lot
of attention, has 1439-W losses at the same temperature and
is only delivering 120 N · m. If the motor in [19] simply has
its diameter and number of poles doubled (408 mm), the torque
would be 480 N · m, which is comparable. The Cu losses would,
in this situation, be 2878 W, i.e., almost ten times higher. With
the positive aspect of very low copper losses and the potential
of significantly reduced rotational losses, the unit presented
in this paper may have strong appeal to be used for traction
applications.

VIII. CONCLUSION

In this paper, experimental results of an MIPMG have been
presented together with predicted values by various calcula-
tions. The torque density is impressive, and the copper losses
are low. The MIPMG has excessive rotational losses mainly
caused by the used material, assembly mistakes, and a poor
starting point for the design. Design recommendations to miti-
gate these aspects have also been addressed in this paper, and it
is believed that the MIPMG has a good potential to be used as
a traction motor for various electrified vehicles.

APPENDIX

In this Appendix, detailed information regarding the layout
of the MIPMG is given. This entails a cross-sectional view of
the machine (cf. Fig. 21) and a table with dimensions, pole
numbers, and information regarding the windings (cf. Table II).

The windings used are a rectangular copper band with the
dimensions 0.5 mm × 20 mm (10 mm2). The type of magnets
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used is N3825 for the low-speed rotor, and it is N3530 for the
high-speed rotor magnets.

Fig. 21. Cross section of the MIPMG.

TABLE II
DIMENSIONS AND WEIGHT OF THE MIPMG
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Abstract — This paper presents a new demonstrator of a 
motor integrated permanent magnet gear for traction 
applications. The main purpose of the new demonstrator is to 
reduce rotational losses, which in the first version were too 
high.   

To mitigate the high rotational losses several aspects are 
improved in the design such as lower diameter/length ratio, 
imbedded and segmented magnet design, dummy slots etc. 
Also, improvements in the mechanical and thermal layout are 
addressed by using the central segmented cylinder as output 
and adding liquid cooling.  

The calculated rotational loss is reduced with more than a 
factor “8” resulting in a simulated efficiency above 95% in a 
broad torque-speed range. The 2D FEA calculated torque 
density of the new demonstrator is 107 kNm/m3 compared to 
113 kNm/m3 from the first version. I.e. the loss reduction has 
not been a compromise with torque density. Various 
manufactured parts are presented together with some initial 
measurements.  

 

Keywords -- Magnetic gear, Permanent magnet, Core losses, 
Finite element analysis, Electric vehicle.  

 

I. INTRODUCTION  
During the last decade, the academic attention to 

permanent magnetic gears has increased significantly. The 
starting point for this attention has been the milestone paper 
[1], which theoretically demonstrated that it was possible to 
obtain a torque density in the range of 100 kNm/m3 with 
strong NdFeB magnets. Prior to this paper several important 
patents [2], [3], [4] and papers such as [5], [6], [7], [8] and 
[9] have also dealt with magnetic gearing technology. 
Through the last decade, the research has moved from 
presenting physical demonstrators [10], [11], various 
topologies [12], [13], [14] and analytical calculation 
methods to various ways of integrating the magnetic gear 
with a motor [15], [16], [17], [18], [19] and [20]. No 
significant commercial applications have emerged, 

presumably because of the high utilization of permanent 
magnets, but also due to the simple fact that the technology 
needs to demonstrate better performances in terms of lower 
losses and simpler manufacturing and assembly.  

The starting point for this paper is the Motor Integrated 
Permanent Magnet Gear (MIPMG) presented in [20], which 
in this paper is referred to as MIPMG v.1 (Motor Integrated 
Permanent Magnet Gear version 1). Even though the 
MIPMG v.1 has the highest published experimentally 
validated torque density of a combined permanent magnet 
motor/gear unit (92 Nm/l), the rotational dependent losses 
were too excessive, and many aspects in the assembly and 
manufacturing of the demonstrator had scope for 
improvements. In the paper [20] some future aspects 
regarding reduction of rotational losses were highlighted, 
and this paper will be a continuation, where the design and 
test of a second generation, MIPGM v.2 (Motor Integrated 
Permanent Magnet Gear version 2),  is presented. Besides 
the reduction of the rotational losses, the MIPGM v.2 is 
designed with focus on simpler manufacturing and assembly 
of the machine and a more robust construction. The 
application area of the MIPMG v.2 is traction in electric 
vehicles, and it is the intention to manufacture two 
demonstrators and implement them into a donor car (AUDI 
A8) for field testing. 

First the paper will introduce the MIPMG v.2 by 
describing its initial sizing and layout. Next, the individual 
parts are described, analyzed and compared to parts in the 
previous version. Calculated performance characteristics in 
terms of core losses, torque density, machine parameter etc. 
of the whole unit are presented together with measured data 
of the available parts. Perspectives and future works are 
discussed and finally a conclusion is given.  

The project is supported by the European Regional Development Fund. 
(Grant no. ERDFR-08-0011) 
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II. LAYOUT AND INITIAL SIZING OF MIPMG V.2 
From the experience gained with MIPMG v.1 [20], it 

was clear that frequency depended losses were too 
excessive, and measures to reduce the frequency had to be 
taken. A simple method to reduce the frequency is to limit 
the top speed of the vehicle, which the unit has to be applied 
to. The MIPMG v.1 was designed for a top speed of 196 
km/h [19], which is a much higher speed than the current 
general trend of top speeds for electrical vehicles. With this 
in mind, the top speed was simply reduced to 150 km/h.  

The MIPMG v.1 had a gear ratio of 8.83 which resulted 
in a good balance between the motor and gear torque, thus, a 
similar gear ratio seemed desirable for the MIPMG v.2. To 
get the frequency further down it is necessary to reduce the 
number of poles, which is highly related to the diameter and 
thus the diameter/length ratio for similar torque ratings. 
Various configurations with different number of poles, gear 
ratios, and outer diameters were considered. Besides 
lowering the frequency, available bearings for the relatively 
high speeds, distance between ground and the MIPMGs 
(diameter), length, torque ratings, amplitude of cogging 
torque etc. had to be investigated during these 
considerations. It was found that 8 poles on the high speed 
rotor together with a gear ratio of 9 were feasible, i.e. a 
frequency reduction of 2/3 compared to MIPMG v.1 (12 
poles).  

Keeping in mind that the mass of MIPMG v.1 was 
around 60 kg and vehicle dynamics seams affected with an 
unsprung mass above 30 kg [21], it is not initially feasible to 
use a MIPMG as a wheel motor.  

With the donor car’s limitations and a wish for reduced 
mechanical transmission (i.e. no gear and differential), a 
configuration with two machines placed back to back and 
straight drive shafts for high efficiency is chosen, cf. Figure 
1. Due to desired lengths of the drive shafts and the 
construction of the undercarriage of the donor car the 
dimensions of the MIPMG v.2 becomes very 
limited.

 
The “available” volume for the MIPMG v.2 and various 

improvements resulted in an increase in stall torque, (based 
on 2D FEA), from 642 Nm to 923 Nm compared to the 
MIPMG v.1. The increase in stall torque is achieved even 
though the air gaps are increased to reduce the flux density 
in some critical parts regarding losses and secure a more 
robust mechanical construction, cf.  TABLE I.  

The MIPMG v.1 was constructed with the outer rotor as 
the output drive which meant that the demonstrator only 
could be mounted in one shaft end. With the MIPMG v.2 
the final drive is the segmented cylinder, and the outer 
cylinder is made stationary. This enables the possibility to 
mount the machine on the entire outer cylinder, thus 
ensuring a better mechanical structure, and provide the 
possibility for liquid cooling. However, the price paid for 
this improvement is the counter acting torque form the high 
speed rotor. I.e. a reduction of the stall torque with a 
fraction of 1/(gear ratio). Due to the relatively high gear 
ratio, the reduction in stall torque is “only” 11% compared 
to a configuration where the outer rotor acts as the output 
drive like with the MIPMG v.1. 

A cross sectional view of the final design of the MIPMG 
v.2 is presented in Figure 2 and for comparison, the cross 
section view of the MIPMG v.1 is depicted in Figure 3. In 
TABLE I.  some key dimensions and mechanical parameters 
of both the new and old version are presented.  

 

 

 

Figure 3: Cross section view of the MIPMG v.1. 

 

Figure 2: Cross section view of the MIPMG v.2. 

 
 

Figure 1: Two MIPMG v.2 machines mounted back to back and 
connected to the wheels of the car with driveshafts. 
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TABLE I.  MECHANICAL PARAMETERS OF THE MIPMG’S 

Description MIPMG v.1 MIPMG v.2 

Volume of active parts [L] 5.66 8,6 

Stack length of gear [mm] 100 195 

Stack length of stator and motor 
magnets [mm] 

60 115 

Radius of the outer yoke [mm] 134.25 120 

Gear ratio 1:8.83 1:9 

Number of motor- and high speed 
gear poles 

12 8 

Number of poles on the outer cylinder 106 64 

Copper fill factor 0.4 0.4 

Number of turns per teeth 14 12 

Winding cross section area [mm2] 10 10 

Mass of copper [kg] 3.3 2.0 

Mass of steel [kg] 20 28.9 

Mass of magnets [kg] 6.9 15.4 

Air gap between motor magnets and 
stator [mm] 

0.7 1.0 

Air gap between high speed rotor and 
the segmented cylinder [mm] 

0.75 2.0 

Air gap between segmented cylinder 
and outer cylinder [mm] 

0.75 1.0 

III. PRESENTATION, DESIGN AND COMPARISON OF THE 
INDIVIDUAL PARTS   

A. Low speed/Fixed rotor 
A detailed section view of the old and the new outer 

cylinder is depicted in Figure 5 together with a picture of the 
manufactured v.2 lamination. In MIPMG v.1 this outer 
cylinder was the output drive, but in v.2 this cylinder is 
fixed. The magnets are no longer surface mounted but 
buried in the steel to eliminate gluing of magnets and 
thereby also to eliminate the risk of failure by losing a 
magnet. The magnets in v.2 are magnetized in the tangential 
direction and formed in such a way that a flux concentration 
is created, cf. Figure 4.  

 

 

 
This gives a higher stall torque, reduces the Eddy 

currents in the magnets, and a mechanical design without 
use of glue to hold the magnets. All in all this results in a 
more robust machine. The air pockets above the magnets are 
added to minimize the flux leakage between the magnets.  

 
In the MIPMG v.1 the magnets had a width of 6 mm 

which was the limiting dimension regarding Eddy currents. 
In the MIPMG v.2 the magnets have a different shape and 
they are magnetized tangential instead of radial, thus, the 
radial height becomes the limiting dimension for the 
tangential flux and the width for the radial flux, if no 
segmentation is conducted in the axially direction. Both the 
width and height are relatively large (~8mm and ~12 mm), 
thus, it is decided to segment the magnets axially. The 
segmentation is chosen to 2.5 mm, which result in a factor 
of “14” in loss reduction in the MIPMG v.2 compared to the 
MIPMG v.1 at 10,000 rpm. With the segmentation 
corresponding to the one in v.1 (6 mm) the losses are only a 
fourth in the new design even though the mass of magnet 
material used is more than four times higher. The higher 
consumption of magnet material is the drawback of the new 
design. Since relatively large losses still are present in the 
outer cylinder, it is equipped with liquid cooling.  

 
Figure 6: Losses in the LS gear magnets in the old and new 
design. The new design is presented with two different 
segmentations thicknesses 2.5 and 6 mm where the latter 
correspond to the segmentation in v.1. 

 
Figure 5: Section view of the old and new outer cylinder together 
with a picture of a steel sheet for the MIPMG v.2. 

 
Figure 4: Flux concentration created by the 
magnets in the outer cylinder. 
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B. Segment cylinder 
The shape of the segment cylinder is almost maintained 

as in v.1 only with minor changes. In the MIPMG v.1 steel 
bolts and an epoxy resin were used to keep the laminations 
together. This was a poor design leading to additional losses 
in the bolts, and a lot of additional work with casting. In the 
new design the slots are made square to fit some square 
composite bars used to keep the laminations together, c.f. 
Figure 7.  

Another feature added to the segment cylinder is the 
dummy slots on the inner surface of the cylinder, c.f. Figure 
7. These slot openings are made to reduce the flux variations 
in the gear magnets on the high speed rotor and thereby 
reduce the eddy currents. Figure 8 depicts the losses in these 
high speed gear magnets with and without dummy slots in 
the segment cylinder. 

 

 
The dummy slots reduce the losses with approximately 
30%, and since it is not possible to directly cool these 
magnets, it is important to keep the losses low. The drop in 
output torque by this modification is insignificantly. 
 

 
C. HS rotor 

In the new design, the magnets on the high speed rotor 
are no longer surface mounted but buried, c.f. Figure 9. 

Again, this eliminates the use of glue, resulting in a more 
robust construction. Due to the reduced diameter of the high 
speed rotor and the fact that the maximum speed is lowered, 
the centrifugal forces generated on the high speed gear 
magnets are reduced in such a degree, that the titanium 
cylinder used in the MIPMG v.1 to protect the gear magnets 
from these centrifugal forces, is no longer needed and the 
steel sheets are enough to withstand the forces.  

In [20] it was shown that the losses in the titanium 
cylinder were approximately 750 W at a motor speed of 
3500 rpm. Hence, it is a major advantage to eliminate this 
titanium cylinder. In addition the bolts are placed more 
strategic which allows a better flux path, and making it 
possible to reduce the thickness of the yoke and still get at 
better stall torque. 

 

 
D. Stator 

The new stator has fever teeth due to the fever poles and 
the type of copper wire used for the windings is changed. 
Eddy currents were induced by flux leakage in the copper 
foils used in the MIPMG v.1 [20], thus, it is changed to 
stranded conductors, cf. Figure 10. To ensure the needed 
thermal conduction in the stator and winding, liquid cooling 
is added between the stator steel and the shaft. 

 

 
 

Figure 10: The stator of the MIPMG v.2. 

 
Figure 9: Section view of the old and new HS cylinder 
together with a picture of a steel sheet for the MIPMG v.2. 

 
Figure 8: Losses in the HS gear magnets with and without the 
dummy slots in segment cylinder. 

 
Figure 7:  Section view of the old and new segment cylinder 
together with a picture of a steel sheet for the MIPMG v.2 
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E. Additional features 
A few additional features are integrated within this new 

design. To avoid the necessity of sensorless control, a 
resolver is mounted inside the machine to give position and 
speed information of the high speed rotor. The star 
connection of the machine is located outside the machine, 
enabling it to use the windings in a possible battery charger 
and to make measurements.  

IV. RESULTS 
The method used to estimate the core losses is the same 

used in [20] which make the estimated losses of the two 
machines comparable. From the comparison made in Figure 
11, the estimated core losses are reduced from almost 17 
kW to less than 2 kW at a motor speed of 10,000 rpm.  

 

 
The main reason for the loss reduction is the reduced 

frequency. However other features such as the elimination 
of the titanium cylinder, the use 0.2 mm laminated steel in 
all cylinders and stator, the dummy slots on the segment 
cylinder, the increased air gaps, the buried magnets and a 
better segmentation of the magnets also contribute to the 
reduced losses.  

The needed torque to drive the donor car 100 km/h with 
20 m/s headwind is identified by simulation and chosen as 
nominal load (248Nm). With this load the MIPMG v.2 
achieves efficiency above 95% up to 8,000 rpm that 
corresponds to more than 100 km/h in the vehicle the 
machine is designed for. The final efficiency will be slightly 
smaller, since the bearing and air friction losses are not 
included in these calculations. In [20] the bearing and air 
friction losses each were calculated to be around 100 W at 
10,000 rpm, and in the MIPMG v.2 these losses are 
expected to be smaller, due to better bearings, smaller and 
more smooth surfaces in the air gaps and larger air gaps. 

At this point, the motor part of the first MIPMG v.2 has 
been assembled and some initial measurements have been 
conducted. I.e. the following measurements are made with 

only the stator and the high speed rotor mounted on the 
shaft. 

The measured unsaturated synchronous inductance and 
phase resistance are very close to the ones calculated, but 
the back emf constant calculated from the measurements is 
9.5% smaller than the one calculated by FEA, cf. TABLE II. 
. The measured back emf has some varying amplitudes that 
occur in symmetrical manner, cf. Figure 12.  

 

 
When the first half of the magnets was mounted, it was 

discovered that some magnets were substantially weaker 
than the others, and it was attempted to sort them out. The 
reason for fluctuating amplitudes is assumed to be the result 
of one or more of the weak magnets being mounted in the 
machine. Since the calculation of the back emf constant is 
based on the mean amplitude of the measured back emf, the 
variation in amplitude would result in a lower constant. The 
temperature of the magnets during the measurements was 
higher than the 20 °C used in the FEA, entailing a reduction 
in the emf constant. 

Taking into account that some magnets were noticeable 
weaker than others it could be suspected that all or some of 
the magnets have a lower grade than the one ordered which 
would explain the smaller back emf constant.  

One of the ordered high speed bearing for the high speed 
rotor was not initially available, therefore an ordinary ball 
bearing, which cannot withstand the high speed, has been 
used for the initial measurements. 
In Figure 13 the initial rotational loss measurements for the 
motor part are presented together with the simulated core 
losses of the motor part of the MIPMG v.2.  
The motor was rotated without load and the input power 
was measured at different speeds with a power analyzer. 
The result of the first measurement was disappointing. The 
measured losses were almost a factor of “2.5” larger than 
the simulated core losses, and a rising temperature of one of 
the end flanges was registered. The end windings are 
relatively close to the flange in the end where the heating 
occurred, and in the same end the temporary ball bearing 
was mounted. Three things could explain the large 
difference between the measurement and the simulation. 1) 

 
Figure 12: Back emf measured during a spin down of the 
motor part of the MIPMG v.2. 

 

Figure 11: Total core losses of the MIPMG v.1 and MIPMG 
v.2. The final segmentation of the magnets is 2.5mm for the 
motor and LS gear magnets and 5mm for the high speed gear 
magnets. 
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Eddy currents could occur in the end flange due to the close 
end windings. 2) the temporary bearing had some poor seals 
with regard to friction and could develop more heat than 
expected, and 3) obviously the simulation result could be 
faulty.  
 

 
The back emf was measured during a spin down of the 

machine and with use of the back emf constant the angular 
velocity of the rotor was calculated. The moment of inertia 
of the rotor was found by the CAD program and the power 
loss was calculated by (1).  

 

                                           (1) 
 

Where  is the moment of inertia of the rotor and  is 
the mechanical angular velocity. The calculated losses 
corresponded nicely to the measurement performed with the 
power analyzer and it was concluded that no losses of 
significance were generated in the flange by the current in 
the end windings.  

The mechanical losses caused by friction in the bearings 
were calculated by the method proposed by SKF [22], cf. 
Figure 14. The calculation confirmed the prediction of huge 
losses in the temporary ball bearing more than 120W at 
5,000 rpm and almost nothing in the other bearing. It is well 
known that new bearings need to run for a period of time 
before they behave as wanted, and before that the losses can 
be much higher. 
To eliminate the losses produced by the seals on the 
temporary bearing, they were simply removed. The 
measurements with the power analyzer were repeated and 
the losses decreased with more than 250 W at 5,000 rpm, cf. 
Figure 13. Again, a spin down measurement was conducted 
and the result was close to the measurements performed 
with the power analyzer, however some losses in the end 
flange cannot be ruled out when the frequency increases. 
With this reduction of the gap between the simulated core 

losses and the measured rotational losses, it became less 
than a factor “1.5”.  

 

 
Figure 15 depicts the simulated nominal output 

torque/motor speed characteristic and TABLE I. contains 
theoretically determined as well as measured parameters and 
key numbers, such as phase resistance, nominal speed, and 
stall torque for both v.1 and v.2. The maximum output 
torque needs to be lower than the stall torque of the gear 
with a good safety margin to insure that the gear will not 
stall during operation. Based on a simulated acceleration of 
the donor car, the maximum output torque is determined to 
be 600 Nm, resulting in an acceleration of 0-100 km/h in 
~15 seconds. 

TABLE II.  ELECTRICAL PARAMETERS OF THE MIPMG’S 

Description MIPMG v.1 MIPMG v.2 
Unsaturated inductance [mH] 

(2D FEA)/(Measured) 0.567/0.596 0.834/0.846 

Phase resistance @ 20[°C] [Ω] 
(2D FEA)/(Measured) 0.0208/0.0227 0.0168/0.0169 

Back emf constant @ 20[°C] 
[Wb/rad] (2D FEA)/(Measured) 0.0674/0.0639 0.074/0.067 

DC link voltage [V] 560 600 

Nominal motor speed [rpm] 
5,791 

(62 km/h) 
9,146 

(129 km/h) 

Maximum motor speed [rpm] 
14,000 

(196 km/h) 
10,595 

 (150 km/h) 

 
Figure 15: The simulated output torque/motor speed 
characteristic for the MIPMG v.2. 

 

Figure 14: Bearing losses in the two bearings used at the 
initial measurements, calculated by the SKF model [22]. 

Figure 13: Initial loss measurements of the motor part of the 
MIPMG v.2. The needed power to rotate the machine at different 
speeds was measured with a power analyser. The two 
measurements were repeated four times and the depicted curves 
are the mean results of these measurements. The two spin down 
curves were not repeated. 
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Description MIPMG v.1 MIPMG v.2 

Maximum output torque [Nm] 480 600 

Maximum output power [kW] ~33 ~64 

Maximum stall torque @ 20[°C] 
[Nm] (2D FEA)/(Measured) 

642/520 923/- 

Maximum stall torque @100[°C]  
(2D FEA) [Nm] 

- 818 

Torque density from active 
volume @ 20[°C] [Nm/l] 
 (2D FEA)/(Measured) 

113/92 107.4/- 

RMS phase current density 
@max torque & 50[°C] [A/mm2] 

6.7 11.7 

Copper loss @ maximum torque 
and 50[°C] [W] 

~340 
(480 Nm) 

~775 
(600 Nm) 

V. ADDITIONAL WORK 
Two prototypes of the MIPMG v.2 are currently being 

manufactured with the intention to integrate them into a 
donor car and conduct field tests of the entire system. 
However, at first the machine performance will be tested in 
a test bench during several steps. The motor part will be 
tested and characterized alone when the correct bearings are 
mounted. This characterization will include a final 
verification of the simulation model where the bearing, air 
friction, and copper losses will be included. Then the 
designed inverter for the car will be tested with the motor. 
The gear part should be added and at last the assembled 
MIPMG v.2 including motor and gear should be tested and 
characterized before mounting in the car. Parts for two 
prototypes are being manufactured, but at first one will be 
assembled and when this operates as expected, the assembly 
of the second machine will begin. 

 

 

Figure 17 depicts the assemble motor mounted in a test 
bench, and in Figure 16 an exploded view of the CAD 
model made of the MIPMG v.2 is presented. In Figure 18 a 
sample of the different 0.2 mm laminated steel sheets is 
presented, and in Figure 19 a size comparison of the 
MIPMG v.2 and an UQM machine is made. 

 

       

VI. PERSPECTIVE AND FUTURE WORK 
The work presented in [20] and in this paper has focused 

mainly on the torque density and the efficiency of the 
machine, and not much attention has been paid to the 
manufacturing cost or cost of materials. This should be 
addressed in greater detail before this type of machine can 
be used in various applications. 

As mentioned, it is the intention to integrate two 
prototypes into a donor car. Another topology with smaller 
machines and a four wheel drive would be interesting to 
investigate, because a smaller machine could be designed 
with fever poles, which will reduce the frequency and the 
losses even further.  

 
Figure 18: The steel sheets that compose the outer cylinder 
are here mounted on an assembly tool. The assembly tool 
and the steel sheets represent the final dimension of the 
MIPMG v.2 well and are here placed besides the stator of 
an UQM machine with a nominal torque and maximum 
speed of 150 Nm and 8,000 rpm respectively.   

 
Figure 17: A sample of the 0.2mm steel sheets 
for the three cylinders and the stator. 

 
Figure 16: The assembled motor part of the 
MIPMG v.2 mounted in a test bench. 

 
Figure 19: Exploded view of the MIPMG v.2. 

3338



VII. CONCLUSION 
In this paper, a further development of the motor 

integrated permanent magnet gear presented in [20] is 
presented. The theoretically determined core losses are 
significantly lower than in the MIPMG v.1, resulting in a 
relatively high efficiency. It is deemed necessary to 
compromise on the torque density in order to get a more 
efficient machine, however due to the diameter/length ratio 
of the new design compared to the old, the end effects will 
result in a smaller reduction of the calculated stall torque, 
and the measured torque density will properly end in the 
same area as the torque density of the MIPMG v.1.  

Initial tests have been conducted on the motor part alone 
and it was realized that the seals on a bearing mounted 
temporary, due to a back ordered high speed bearing, caused 
extensive losses. When these extra losses were discovered 
and removed, the difference between the measured 
rotational losses and the simulated core losses became less 
than a factor “1.5”. There will still be some relative high 
bearing losses, some air friction losses and a very small 
copper loss that should be subtracted from the 
measurements to make a proper comparison. With this in 
mind the simulation of the core losses is estimated fairly 
precise, but a deeper investigation should be conducted.  

The measured phase resistance and unsaturated 
synchronous inductance agree nicely with the ones 
calculated, but the measured back emf has fluctuating 
amplitudes. This symmetrical variation of the amplitude is 
assumed to be caused by one or more weak magnets 
mounted in the rotor. The emf constant is measured to be 
9.5% lower than the one found by simulation, which 
substantiate the suspicion of the magnets could be weaker 
than expected.  
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Abstract — This paper presents test results of a new motor 
integrated permanent magnet gear and clarifies a path for future 
optimizations. The prototype, which fabrication also is described, 
is initially targeting electrical traction for vehicles. Basic 
measured parameters in form of back-emf, stall torque and 
inductances are all in line with finite element calculations. 
However very high rotational losses are present in the prototype 
and these losses are higher than the calculations. Some of the 
losses are present due to poor aspects in the fabrication of the 
prototype, while others are identified to be caused by a non 
optimal diameter/length aspect ratio. The torque density is 
superior, the copper losses is only a fraction of the copper losses 
in other traction motors. With the proposed aspects to reduce the 
rotational losses is it believed that the unit has a great potential. 

Keywords -- Magnetic gear, PMSM, Permanent magnet, Core 
losses, Finite element analysis, Electric vehicle, Direct drive.  

I.  INTRODUCTION 
Magnetic gears have been a known technology in more than a 
century, but the technology has not achieved much attention 
before the milestone paper [1]. The paper [1] is neither rich on 
references to previous magnetic gears in the history, like [2], 
[3], [4] and [5], or experimental results. However based on 
finite element analysis on a specific permanent magnetic gear 
with modulating steel segments the authors in paper [1] arrives 
at a “practical” number of 100 [kNm/m3] for the torque 
density for this particular magnetic gear type. This number is 
very important when it is used for some simple comparison to 
commercial electrical machines. For small and medium sized 
PM machines the torque density number for a fully assembled 
machine with housing, end shields etc. is typically in the range 
of 10-20 [kNm/m3] in continuous operation. Even though the 
100 [kNm/m3] only is the cylindrical volume from stack 
length and outer yoke diameter (end shields and housing are 
ignored) it motivates much more research and practical 
experience so that the technology either can be matured, 
ignored or find its paths to unique applications. 
Since the milestone paper [1] was published a decade ago 
research and experience have been presented in [6]-[10] where 
various gearing topologies, calculation methods, performance 
data etc. have been presented. Even though many publications 
have been presented in the area not many are dealing with 
efficiency and losses. In [7] and [9] successful prototypes are 
presented with measured efficiencies above 90% but there are 
also publications where the efficiency is rather low, mainly 
caused by various unfavorable aspects in the physical 

assembly of the prototype [6] and [11]. In [8] the rotational 
losses are around 4 times higher than the calculated core 
losses and the remaining losses was claimed to be mechanical 
losses. 
The magnetic gear is not directly comparable to an electrical 
machine – but by integrating an electric machine inside the 
magnetic gear, the combined system reaches a significantly 
higher torque density, than a standard electric machine. 
Recently several publications have dealt with that based on the 
knowledge gained by research of magnetic gears alone. The 
word recently may not be fully correct since it is important to 
note the publication [5] which is a very early attempt of 
integrating an axial PM machine with a magnetic gear. 
However it did not turn out that successful due to very tight 
mechanical tolerances. 
In [1] the electrical machine is placed as an axial extension of 
the gear and in [6] the machine is placed outside and around 
the magnetic gear. Both forms of integration are poor from 
torque density point of view since the electrical machine will 
take up space without giving the magnetic gear higher torque 
transferring capabilities. In [7] it is explained that the 
magnetic gear virtually is gearing the magnets remanence to 
6.4 [T], i.e. a factor 5 higher remanence than traditional 
NdFeB magnets. However this factor 5 may be equalized by 
the fact that the machine only needs 2 [A/mm2] before the 
magnetic gear stall. For liquid cooled machines, typically used 
for traction applications, it is not uncommon to see current 
densities at 10-20 [A/mm2] i.e. the remanence gain is 
cancelled. 
In [12], [13], [14] and [15] the electrical machine is integrated 
inside the “empty” space of the magnetic gear which means 
the torque density of the total device is not seriously affected 
by the electrical machine. Reference [15] differs from the 
others in the sense that the machine and gear are carefully 
designed together such that the end turns are not taking up 
additional space. The machine and gear are really good 
magnetically decoupled, the inductance in the machine allows 
good field weakening capabilities and the gearing ratio is 
matched the machines and gears physical torque densities. 
There is an inadequacy of experimental data in reference [15] 
to both backup the design and to identify areas requiring 
further exploration. This is the main aspect to be covered in 
this paper.  
This paper is organized with a section giving a brief 
description of the previously designed and finally assembled 
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unit. Next, basic experimental results are presented together 
with calculation results. The rotational losses are much higher 
than tolerated, and during the design stage these losses have 
not been addressed much. Therefore a section is dealing with 
calculation and identification of origins for various rotational 
losses such future generations can be better optimized. The 
magnetic gear part has a special modulating segment cylinder 
and this segment cylinder is made in two different versions. 
The results and discussion about the different segment 
cylinders is also presented. The unit is also driven in motor 
operation at relative low speed and in this operation few 
experimental results are presented. A section about future 
work and directions for optimization are presented and finally 
a conclusion is given. 

II. THE MOTOR INTEGRATED PERMANENT MAGNET GEAR 

 

Figure 1. Exploded view of an MIPMG. 

In Fig.1 an exploded view of the Motor Integrated Permanent 
Magnet Gear (MIPMG) is shown [15]. The inner part of the 
MIPGM is an outer rotor permanent magnet synchronous 
machine PMSM. The outer rotor for the PMSM consists of 2.5 
[mm] thick magnets, working for the motor, and a yoke 
section to magnetically decouple the armature flux from the 
magnetic gear. The yoke section is covered with 9 [mm] thick 
magnets, on the outside, which is secured against centrifugal 
forces with a 3 [mm] thick titanium sleeve. Because of the 
mentioned decoupling the magnetic air gap seen from the 
stator is reduced which will result in higher inductance and 
thus field weakening capabilities. The magnetic field from the 
thick magnets is modulated by a segment cylinder, cf.  Fig. 2. 
 

 
Figure 2. Original segment cylinder. 

The segment cylinder is made of 0.2 [mm] thick laminated 
steel and the open slots are potted with polyurethane into 
aluminum end parts. Six 4 [mm] austenitic stainless steel bolts 
were used to compact and secure friction for the laminations. 

The bolts were electrical insulated from the aluminum end 
parts to avoid large induced circulating current paths – but 
induced currents in the bolts are not avoided. This weak aspect 
together with the fact that used polyurethane lose its mechanic 
properties at 115 [°C] motivated the fabrication of a new 
segment cylinder with composite material and Soft Magnetic 
Composite (SMC), cf. Fig. 3.  

 
Figure 3. New segment cylinder made in composite material (G-Etronax EP 
11 from Elektro-Isola A/S) and SMC (STX M7 SMC from Hoganäs), which is 
pressed, sintered and stream blurred by FJ Sintermetal. 

Initially all laminations should have been 0.2 [mm] thick, but 
due to lack of material the outer rotor was made with 0.5 [mm] 
thick laminations. In Fig. 4 a picture of the final assembled 
machine is shown where the unequal washes are used in the 
balancing of the outer rotor. In order to be able to lock the 
internal high speed rotor, holes are made in the end shields of 
both the rotor and segment cylinder. Two sets of holes are 
made in the high speed rotor such it is possible to lock the 
rotor in both the d and q axis. In the end shields of the low 
speed rotor (output rotor) relative large openings are made 
such this rotor can be rotated while the high speed rotor is 
fixed. With this arrangement it is possible to make stall torque 
tests.  

 
Figure 4. Final assembled machine. 

The original design of the MIPGM presented in [15] has been 
slightly modified during the construction phase. 40 [MGOe] 
magnets were used in the calculations while the prototype was 
equipped with 38 [MGOe] magnets on the outer rotor and 35 
[MGOe] magnets on the inner high speed rotor. The reason for 
using weaker magnet was to have a better safety margin 
against temperature rise. By using the data from the actual 
magnets and minor aspect of the practical magnetic arc, glue 
etc. the stall torque from the gear was reduced from the 743 
[Nm] presented in [15] to 642 [Nm] with a new 2D FE 
calculation. 
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In the original design it was expected to have a fill factor of 
0.6 for the windings. However due to lack of winding 
expertise it was not possible to get the number of turns into the 
machine as expected and the fill factor was reduced to 0.4 
(Remy hairpin motor has a fill factor of 0.73 [16]). With the 
practical winding and less strong magnets the 2D FE 
calculated emf constant is 0.0674 [Wb/rad].  
Based on the practical modifications of the design, which 
initially was described in [15] the calculated and measured 
main data are summarized in table 1 and 2. 

Tabel 1. Main data for the MIPMG. 
Main data: Calculated: Measured: 
Stall torque @20[°C] [Nm] 642  520  
Gear ratio 1:8.83 --- 
Back emf constant @20[°C] [Wb/rad] 0.0674  0.0639  
Synchronous inductance [mH] 0.567  0.596  
Phase resistance @20[°C] [Ω] 0.0208 0.0227 
Base/max speed [rpm] 5791/14,000  --- 

Tabel 2. Dimensions and weight of the MIPMG. 
Dimensions and Weight:  
Outer diameter [mm] 268.5  
Stack length of gear [mm] 100  
Stack length of motor part [mm] 60  
Total assembly length [mm] 250  
Lamination weight [kg] 20  
Copper weight [kg] 3.3  
Permanent Magnet weight [kg] 6.9  
Total Weight [kg] 55  
Torque density total/stack [kNm/m3]  43.3/92  

 

III. EXPERIMETAL RESULTS – BASIC MEASUREMENTS 
In order to evaluate the basic properties of the MIPMG back-
emf, torque angle characteristic (stall torque), inductance, DC 
resistance and no load (generator) losses are measured.  
 

Emf measurement  
By rotating the low speed rotor with a servo motor at ~143 
[rpm] the back-emf from line to neutral is captured, cf. Fig. 5. 
The star point is made inside the machine giving more space 
for only three instead of six wires though the hollow shaft. To 
be able to measure the phase to neutral back emf a thin 
measuring wire is connected to star point and send though the 
hollow shaft together with the phase windings.  

 

Figure 5. 3 phase back-emf measurement, at 1260 [rpm] on the motor side. 

From Fig. 5 a nice symmetry and balance are seen for the 
three phases. The emf constant based on the measurement is 
0.0639 [Wb/rad], which is 5% lower than the 2D FEA 
predicted.  
 
Torque angle characteristic 
To measure the torque angle characteristic a torque transducer 
with a rating of 1000 [Nm] is placed between the low speed 
rotor and a bar able to carry different weights. The angle of the 
rotor is measured with a dial gauge. In Fig. 6 the results is 
shown with various weights on the bar. 
 

Figure 6. Measured torque-angle characteristic. 
 
The stall torque was measured to 520 [Nm] (which compared 
to 2D FE is 19% wrong) indicating large end-effects which 
naturally is presented in machines with large saliency in the 
air gap - i.e. the modulating segment cylinder. The angle at 
which the gear stalls is slightly larger than expected. The 
deviation in angle could be caused by internal torsion and the 
simple angle measurement method. The measured stall torque 
results in a torque density of 92 [kNm/m3] calculated from the 
gears cylindrical outer volume with end shields and housing 
ignored.  
 
Inductance  
The inductance was measured in both the d and q axis by 
applying a 3 phase variable voltage at the phase terminals. By 
using a power analyzer it was possible to measure/calculate 
the inductance to 0.596 [mH], while the 2D FEA predicted 
value was 0.567 [mH] i.e. a 4.9% deviation. 
  
No load losses in generator operation 
To identify speed depended losses (i.e. bearing, windage, 
magnet, core-losses etc.) the unit is rotated with a load 
machine and the losses are determined by the measured torque 
and speed, cf. Fig. 7.  
In Fig. 7 it is seen that the rotational losses is around 3.9 [kW] 
at a speed of 3500 [rpm] on the high speed rotor when it is 
equipped with the titanium sleeve and when the segment ring 
is made with laminations. Since the MIPMG unit has no 
special cooling systems it is not worth to overheat and destroy 
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the machine by operating it up to maximum speed which in 
the design process described in [15] is 14000 [rpm].  
 

 

Figure 7. Measured power-speed characteristic in no load condition. Losses 
with the steel segment cylinder in Fig. 2, and the SMC segment cylinder in 
Fig. 3, with and without titanium sleeve mounted. 

Generally the machine parameters in form of stall torque, 
back-emf and inductance are as expected but the rotational 
losses are much higher than tolerated. The fact is that not 
much attention has been addressed to the rotational losses in 
the design process where the stall torque has been the key 
parameter.  
Even though the machine has significant losses it may still 
work as a good demonstrator to obtain experience regarding 
the rotational losses, which is required to optimize future 
generations.  

IV. PREDICTION OF ROTATIONAL LOSSES 
The rotational losses have its origin from two areas namely 
mechanical and magnetic.  
 

Mechanical origin 
The mechanical losses are caused by friction in the bearings 
and by air friction mainly in the air-gaps. The MIPMG has 
four bearings, and the losses are calculated by the method 
proposed by SKF [18]. The bearing losses as function of the 
motor speed are depicted in Fig. 8, where it is seen that the 
losses is slightly higher at lower temperature caused by the 
increased lubrication viscosity. 
 

 
Figure 8. Bearing losses calculated by the SKF model [18]. 

There are three air gaps in the machine, and the air friction 
losses are calculated by the method proposed in [19] and the 
losses as function of motor speed are depicted in Fig. 9. The 
losses in the gap between the high speed rotor and segment 
cylinder are most pronounced because of the high speed, large 
diameter and full stack length. The windage losses between 
the stator and high speed rotor are lower because of a lower 
diameter and shorter stack. The windage between the segment 
cylinder and low speed rotor can be ignored because of the 
relatively low speed.  
 

 
Figure 9. Losses due to air friction in the different air gaps. 

From the curves in Fig. 8 and 9 it is seen that the losses at 
3500 [rpm] is maximum 40 [W] from the bearings and only 10 
[W] from the air friction, which only is fraction of the 
measured total rotational losses of 3900 [W]. 
 

Magnetic origin 
The losses of magnetic origin are present in all laminations in 
form of hysteresis, eddy current and excess losses. But also 
significant eddy current losses are present in all conducting 
materials like magnets, titanium sleeve, windings, securing 
bolts, end shields etc. 
 

Core losses in laminations 
In order to calculate the core losses in the laminations the 
method proposed in [20] is used where manufacturer 
datasheets of the losses are approximated with the Benotti’s 
functional description of the losses i.e. 
 2 2 1.5 1.5

core h e exP K fB K f B K f Bα= + +  (1) 
 

Where Pcore is the total loss, Kh is the hysteresis coefficient, Ke 
is the eddy-current coefficient, Kex is the excess losses 
coefficient, α is the Steinmetz coefficient, f is the frequency 
and B is the amplitude of the flux density. Since both 0.2 
[mm] and 0.5 [mm] laminations are used in the MIPMG two 
sets of parameters are needed.  
With help of the 2D FEA calculations the radial and tangential 
components of the flux density are extracted in each element. 
This is done in all parts of the machine 200 times during one 
period. Then by making a FFT on the radial and tangential 
components of the flux density of one period, the amplitude of 
the different harmonics are derived which correspond to the B 
in formula (1). The connection between frequency in the 
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different machine parts and the mechanical velocity is easily 
converted taken the gear ratio, the geometry and the pole pair 
number into account. 
 

In Fig. 10 the results for the four components made in 
laminated steel are shown, when the relative angle between 
the two rotors in the gear is set to zero i.e. no load. In Fig. 11 
the results for the same four components is depicted, but with 
the relative angle between the two rotors in the gear set to 
maximum load i.e. ninety degrees and full current in the 
windings. 

 
Figure 10. Losses in the steel parts in no load condition. 

 
Figure 11. Losses in the steel parts in full load condition. 

From the results in Fig. 10 and 11 it is clear that the losses in 
the 0.5 [mm] laminations of the outer low speed rotor yoke 
could have been reduced a great deal if the 0.2 [mm] 
laminations had been available for this as well.  
 
Titanium sleeve 
The main purpose with the titanium sleeve is to secure the 
high speed gear magnets against centrifugal forces. Even 
though the large high speed gear magnets mainly makes a DC 
flux through the titanium sleeve, it was discovered that the 
leakage flux between the magnets was not constant, but 
changed according to the position in proportion to the 
segments of the segment cylinder. Although there is 1 [mm] 
steel between the segments in the segment cylinder, this 
becomes totally saturated by the leakage flux and behaves as 

air. In Fig. 12 the leakage flux density between two magnets 
when air is directly opposite the two magnets is depicted.  
 

 

Figure 12. Flux density plot depicting the area between two high speed gear 
magnets. It is possible to see the saturation effects in the steel between the 
steel segments in the segment cylinder. The estimated area used in the loss 
calculations is marked with a dotted line. 
 
The flux density variation in the titanium sleeve would 
produce eddy-currents. In formula (1) the eddy-current 
coefficient, Ke, is geometry depended and because titanium is 
nonmagnetic there will be no hysteresis and excess losses. 
Because the flux only changes in a part of the cylinder it is 
necessary to approximate a defined area in which the flux 
changes occur to be able to do the calculations. This estimated 
area is shown in Fig. 12. In Fig. 13 the calculated losses in the 
titanium sleeve are illustrated without current in the windings. 
 
The magnets on the high speed gear side are attached with 
glue and according to the theory it should be safe to operate 
the high speed rotor up to 10000 [rpm] without losing the 
magnets because of the centrifugal forces. The Titanium 
sleeve have thus been removed and test up to 3500 [rpm] have 
been conducted, cf. Fig. 7. At 3000 [rpm] the difference 
between the two measurements with and without the titanium 
sleeve is around 500 [W]. This is similar to the calculated 
losses in Fig 13. At 10000 [rpm] the losses would be more 
than 6 [kW] which is far from acceptable.  
 
Eddy current losses in the winding 
The winding is made as a foil winding typically used in high 
frequency transformers to reduce skin effects. However the 
orientation direction is not desirable in relation to eddy 
currents from the slot leakage by the magnetic field created by 
the coils. Even in generator operation much flux from the 
magnets are passing though the foils in the “wrong” direction 
and at 3000 rpm the calculated eddy-losses is 104 [W], cf. Fig 
13. At 10000 [rpm] the losses are 1162 [W] which are more 
than 3 times the conventional copper losses at full load (~350 
[W]). This means that the winding layout need special 
attention in future generations.  

Saturated steel 
between segments 

Estimated area 
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Figure 13. Losses in the nonmagnetic parts in generator mode. 

Eddy current losses in the magnets 
The magnets on the low speed rotor are exposed to both the 
permeance variation from the segment ring and the magnetic 
field from the thick magnets on the high speed rotor, which 
operates at relatively high frequency.  Even though the low 
speed magnets have a small width (≈ 6 [mm]) it is not good 
enough to avoid excessive eddy current losses. By using 
similar calculation methods as used for the titanium sleeve the 
losses in all magnets without currents are calculated and 
presented in Fig. 14. From Fig. 14 it is seen that the losses are 
dominated by the low speed gear magnets. At 3000 [rpm] the 
losses are around 400 [W]. The losses in the 12 single pieced 
magnets on the high speed rotor are not that high even though 
they are not segmented. They are not seeing any huge 
variation from the segment cylinder due to the relative large 
air gap caused by the titanium sleeve. The eddy current losses 
in the motor magnets are relatively high in proportion to their 
volume even though these magnets are segmented axially in 
10 pieces. 
 

 

Figure 14. Losses in the magnets in generator mode. 

Additional losses 
Bolts are used in all parts to secure the laminations. The eddy 
current losses in the bolts on the low speed rotor and in the 
stator are relative low, but the losses in the bolts in the high 
speed rotor and in the segment cylinder are somewhat higher. 
At 10000 [rpm] the calculated losses in the bolts in the high 

speed rotor and in the segment cylinder are about 50 and 150 
[W] respectively, cf. Fig. 13 . 
Also extra losses will exist in the end shields, coating of the 
magnets and windage in the ends will also add to the total 
losses.  
After the assembly of the different steel parts, which were 
manufactured by a spark erosion machine, their surfaces were 
grinded to remove rust and blur. This “practical” aspect may 
give additional eddy currents in the surface which is very 
difficult, if not impossible, to calculate. To get an idea of the 
influence an E-core with and without surface grinding was 
manufactured, cf. Fig. 15. The coil was supplied with a linear 
amplifier with variable voltage and frequency. The induction 
in the core was maintained around 0.3 [T] while the frequency 
varied up to 10 [kHz]. By measuring the supplied power and 
subtracting the DC copper losses, Fig. 16 was constructed. 
From the figure it is seen that the grinded surfaces causes a 
loss increase of almost a factor of 2.  
 

 
Figure 15. E-cores used to determine the effects of grinding the steel 
laminations. Right picture is without and left is with a grinded core. 

 
Figure 16. Losses in the E-core with and without grinded laminations. 

Total rotational loss comparison  
In Fig. 17 the total calculated losses in the MIPMG are 
depicted. At 3000 [rpm] the total calculated losses is around 
1720 [W] which compared to the measured losses at 
approximately 3 [kW], cf. Fig.7, gives a factor of 1.74 in 
difference. In the calculated total loss a contribution from the 
magnet coating is missing, which will make the difference 
between the measured and simulated result even smaller. The 
rest is most likely due to the extra losses caused by the grinded 
surfaces. As it was illustrated by the E-core experiment, cf. 
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Fig. 16, the additional losses caused by this treatment could 
lead to a loss increase up to a factor of 2. Even though the 
calculated losses are considerable lower than the measured, 
there are still more than 16 [kW] losses at 10000 [rpm] which 
is far from acceptable.  

 

Figure 17. Total  losses in the machine in generator mode. 

V. SMC AND COMPOSITE SEGMENT CYLINDER RESULTS 
The SMC and composite segment cylinder was made as a 
possible replacement for the weak constructed segment 
cylinder made of the laminated steel. The construction of a 
composite cylinder with SMC segments is simpler, and it was 
assumed that the losses would decrease or be relative 
unaltered compared to the cylinder made of steel laminations. 
Even though the SMC material properties are poor in 
comparison with the 0.2 [mm] laminations, there would not be 
any short circuited surfaces, no stainless steel bolts and no 
aluminum end rings which could contribute to the losses. 
 

The results with the new segment cylinder both with and 
without the titanium sleeve are presented in Fig. 7. The 
replacement of segment cylinder gave a rise of ~1.1 [kW] in 
the losses at 3000 [rpm]. This was not expected and could not 
be explained by calculation. 
The resistivity of the manufactured SMC segments was 
measured and it was verified that the resistivity was about 20 
times lower than it was supposed to be according to the data 
sheet. By testing segments from different stages of the 
manufacturing process it was concluded that a steam bluing, 
done to increase the tensile strength of the SMC, caused the 
reduced resistivity.  
Because of this manufacturing mistake of the SMC segments 
it was not possible to make any conclusions whether the SMC 
would have been a god alternative to the steel laminations in 
this part of the machine or not with respect to losses, but it 
was confirmed that the stall torque remained the same. Further 
positive experience has been taught regarding the composite 
cylinder, it could be made in one part and it was able to handle 
the torque and generated heat.  

VI. MOTOR OPERATION 
I order to get some experience with the MIPMG operating as 
motor a standard frequency converter from Danfoss was used 
operating the unit in open loop. Position sensors were not 

installed in the unit, because this simplified the construction. 
The MIPMG was loaded up to 220 [Nm], which was the 
maximum limit of the load machine. At this load the MIPMG 
had a measured efficiency around 80% up to a speed of 2500 
[rpm] on the high speed side. In Fig. 18 the measured results is 
shown in various load points.  

 

Figure 18. Measured efficiency of the MIPMG. High speed velocities are 
displayed. 

VII. PERSPECTIVE AND FUTURE WORK 
There is no doubt that much more attention has to be paid to 
rotational losses, which mean more focus on the assembly, the 
selection of materials and the overall design. 
The MIPMG was originally designed as an alternative traction 
unit for an electric vehicle, without mechanical transmission, 
and the diameter for the unit was simply set equal to the 
diameter for some commercial traction motors. This resulted 
in too many poles. The top speed for the unit corresponds to 
200 [km/h], which only is required by high-end vehicles. By 
reducing the top speed and use a smaller diameter (fewer poles 
with longer length having less influence of 3D effects) the 
rotational losses will be significantly decreased. 
 

An initial design of the next generation of the MIPMG is 
already made, with a smaller diameter, fewer poles and a 
longer stack length. In this version only 0.2 [mm] laminations 
will be used. The stall torque of the gear is bit higher than the 
first generation and the losses are reduced significantly. In Fig. 
19 the losses from the first calculations are shown, and already 
at this stage a reduction with more than a factor of 4 is 
achieved compared to the losses presented in Fig.17. 
With the current very low fill factor the Cu-losses (50°C, DC 
resistance) is 340 [W] when the machine is operating at 480 
[Nm], which is close to the stall torque of the magnetic gear. 
The doubled sided axial flux motor (YASA) [17], which 
currently have received at lot attention, has 1439 [W] losses at 
the same temperature and is only delivering 120 [Nm]. If the 
motor in [17] simply have its diameter and number of poles 
doubled (408 [mm]), the torque would be 480 [Nm] which is 
comparable. The Cu losses would in this situation be 2878 
[W] i.e. almost 10 times higher. With the positive aspect of 
very low copper losses and the potential of significantly 
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reduced rotational losses the unit presented in this paper may 
have strong appeal to be used for traction applications.  

 

Figure 19. Total losses in the new design. 

VIII. CONCLUSION 
In this paper, experimental results of a Motor Integrated 
Permanent Magnet Gear are presented together with predicted 
values by various calculations. The torque density is 
impressive and the copper losses are low. The Motor 
Integrated Permanent Magnet Gear has excessive rotational 
losses mainly caused by the used material, assembly mistakes 
and a poor starting point for the design. How to mitigate these 
aspects is also addressed in the paper and it is believed that the 
Motor Integrated Permanent Magnet Gear has a good potential 
to be used as a traction motor for various electrified vehicles. 
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