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Summary

This document contains some studies for the coaxial magnetic gearbox in the
Aerospace domain. The analysis proposes several Finite Element Models (FEM) to
compute the static torque characteristic and the torque density:.

The first FEM model implements the classical Coaxial Magnetic Gear (CMG)
model characterised by p;, pair of poles in the internal part and p,,; pair of poles
in the external part. The first step was characterised considering linear iron. Once
the model was validated, a comparison with two Fe-Si Alloys was done and results
obtained show congruence in terms of useful torque and volumetric torque.

Also the Halbach permanent magnet arrangement was used to find a valid
strategy to decrease the CMG mass. Without the internal and the external yoke,
torque performances are lower because fewer flux lines cross the iron modulator.
Adding the two iron yokes low the torque returns on the same order rather than
the traditional CMG with an imposed external radius.
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Chapter 1

Introduction

Nowadays, electrical and magnetic components, in the aerospace and automotive
domain, tend to replace mechanical parts over time. This work aims to understand
the Magnetic Gearbox (MG) performances compared with a traditional mechanical
gear. It is useful to consider this system as an interface between transmission
chains, which works having different angular speeds.

In particular, magnetic gearboxes need reduced maintenance, produce minimum
noise and work also in overload conditions. The disadvantages, instead, are a larger
size and a higher cost, mainly concerning the permanent magnet material, in the
inner and outer rotor.

As the use of MG is relatively new, as a first approach, to understand coaxial
MG’s general advantages and drawback, a detailed research has been carried out
by analysing scientific literature.

The analysis is focused on the aircraft accessories architecture where the MG
act as a constant angular speed reducer. The CMG study uses in this context a
planar Finite Element Model (FEM). In particular, the two dimensional FEMM
code has been used.

Initially, the FEMM models developed has used ferromagnetic linear materials.
After that, to have a realistic evaluation, the analysis has been focused on non-linear
ferromagnetic materials. Concerning the traditional CMG, the evaluation gives
indications about torque performances and masses. Finally, the Halbach array
structure was implemented to understand differences in terms of useful torque.

The main industrial contexts are aerospace and automotive propulsion systems.
For aerospace, there are some linkings concerning the auxiliary propulsion systems
(e.g. accessory units) and the propeller drive. In the automotive domain, instead,
MGs replace mechanical gearboxes with different transmission ratios for both
internal combustion and electric propulsion motors.



Chapter 2

State of the art

The development of MG technology begins in 1916, with a simple power transmis-
sion between two aligned shafts by means of a magnetic coupling. A few years
later, Chubb (1933) proposed an improvement where a Vernier motor was used as a
magnetic reduction-gear unit [1]. In the early 1940s, the innovation of Aluminium-
Nickel-Cobalt (AINiCo) PMs didn’t lead to high performances. However, the first
complete Magnetic Gearbox system was proposed by Martin Jr. (1968). It consists
of three rotary cylinders with different types of PMs. As an improvement, in 1972,
Laing introduced an optimized version with a plurality of magnetic poles in two
PM pole rings.

At the beginning of the 1980s, with the development of high-performance PMs
(NdFeB permanent magnets), different MG (magnetic gearbox) typologies didn’t
present high performances because of the low Torque density.

However, parallel developments were conducted for electrical power generation
applications, where high and low-speed rotors are coupled through several station-
ary steel segments [2]. An example is in the reference [3], where surface-mounted
magnets in the high-speed were replaced with interior-spoke magnets. This gearbox
has high torque density and the same velocity ratio.
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State of the art

Stationary steel

Figure 2.1: MG with interior-spoke magnets(document planetary MG)[4]

Later, Okano et al. [5] created a superconducting MG versions . The combination
between super-conduction and magnets improved the transmission torque capacity.
But all the improvements added some disadvantages, like the considerable volume
due to the required cooling system and the power source. [4] However, the most
consolidated technologies used in an industrial context are the harmonic, planetary
and the coaxial MG

High speed rotor
Modulator
Low speed rotor Low speed rotor

(a) (b) (c)

Figure 2.2: Coaxial (a), Harmonic (b) and planetary (c¢) MG [1]




State of the art

2.1 Harmonic magnetic gearbox

The harmonic MG has his application for a waveform generator. The base structure
from the external to the internal part is composed by:

e an eccentric low speed rotor with p,ut pair of poles.

o an eccentric high speed rotor that acts like an equivalent wave generator for
the traditional mechanical gear

 a stator defined with p, = p, + 1 pair of poles.

Permanent magnets Low-speed rotor
-

Stator

Bearing

*High-speed rotor
(wave generator)

Figure 2.3: Planar representation of an Harmonic MG [1]

The wave generator causes the outer rotor deformation through sliding contact
because the low-speed rotor ensures rotational and orbital motion. Moreover, the
magnetic field modulation is possible via a variable air gap [4].



State of the art

2.2 Planetary magnetic gearbox

This gearbox allows using three transmission modes and a high-speed ratio. This
structure can also have six transmissions to increase the transmission torque by
approximately two [6]. This MG has many advantages, like the facility of production
in a fully assembled line. It can be used like:

 a single input or output unit to reduce angular velocity.
« a differential gearbox to allow different transmission ratios.
The base geometrical structure is characterised by

e a carrier;

five iron yokes;

a series of outer permanent magnets;

three magnetic planet gears;

a magnetic sun gear.

Magnetic planet gear
£ : ¢ Magnetic sun gear

Magnetic ring gear Permanent magnets

Back iron

Figure 2.4: Planar representation of a Planetary MG [6]
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State of the art

Figure 2.5: Geometrical definition of a Planetary MG [6]

During the project, it is important to avoid phenomena like sliding and the pole
slipping. Consequently, the pole pitch angle must be the same for each structure.
This means that the following relations must be respected from the article [6]:

R0, = R0, = R0, (2.1)
Defining the pitch angle as
2
[/ — 2.2
p (22)

where P define the number of pole pairs, it is possible to define the following ratios:

Rs R R,

P R F (2.3)
Another relation to respect is

R, +2R, = R, (2.4)
Combining the equations 2.3 and 2.4 this relationship must be respected

P,+2P, =P, (2.5)



Chapter 3

Coaxial magnetic gearbox

3.1 Basic structure principles

The CMG is mainly composed by the following parts:
1. an inner yoke used to close the inner PM magnetic field lines;
2. an inner high speed rotor with p;, pair of poles;

3. an intermediate ring called modulator characterised by Q) = p;, + pow ferro-
magnetic pole pieces;

4. an outer low speed rotor with p,,; pair of poles;

5. an outer yoke used to close the outer PM magnetic field lines.

Yoka of tha external ring

y

Permanent magnets of the

axternal ring -‘_\‘

Ferromagnetic pole
pieces ring

™

Yoke of the
it nal ring

Permanent magnats of the
internal ring

Figure 3.1: Planar representation of a CMG [1]
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Coaxial magnetic gearbox

The relation between the angular speeds is:

PinWin + PoutWout = QWM (31)

If the modulator is fixed, it is possible to define the gearbox ratio as the inverse of
torque ratio. It follows that:
Din

Pout

Wout

_ ‘ L (3.2)

Wout

=

Win
The torque ratio comes from a power balance, where hysteresis (P.) and eddy
currents losses (P,.) are neglected.

Tou in
7ﬁz‘nwin - Toutwout = Ph + Pec ~0— ! = u (33)
E Wout

In particular the modulator creates low reluctance paths and it allows to obtain the
torque from different pairs of poles in the inner and outer rotor. The field interaction
between the inner and the outer rotor determines the torque transmission at a
different speed.

With @) = pin + powt is demonstrated that torque capabilities are maximum. The
modulator effect creates alternately “short-circuit” N-S pole-pairs for each rotor or
produce a pole (north or a south) similar to what occurred. [7]

The useful effect of this speed reducer is a result of the interaction between two
magnetic fields. In fact, the magnitude of the torque is proportional to the product
between the two magnetic fields. If there is a sinusoidal variation of the magnetic
flux in the air gap, the torque is in fact proportional to a sinus under a pair of
poles. But, if the number of poles between the inner and the outer ring is different,
the net torque is zero.



Coaxial magnetic gearbox

3.2 PM thickness and airgap thickness influence

3.2.1 PM thickness influence

Choosing the right PM thickness brings benefits about the torque capability. In
particular, the inner PM rotor is more sensible than the outer one. The figure
shows how the PM thickness has an impact in terms of useful torque. Effectively, it
doesn’t correspond a big advantage in terms of torque capabilities and effectiveness
costs.

1400
1200 p---"%

1000 }--~"1 LEZFD
800 -

600

Torque (Mm)

a0 p--7!

L W Mesh— Analytical
200f---"7 T - ~Surface — FEM

Figure 3.2: Torque capabilities varying the inner or the outer PM thickness [§]



Coaxial magnetic gearbox

3.2.2 Airgap thickness influence

The airgap values have a big impact in a CMG as they increase the reluctance of
the magnetic circuit: with an air gap thickness increase a linear torque decrease is
created because of CMG flux tube the reluctance growing up. In fact,the figure
shows that the inner and the outer airgap capabilities totally changes. If the airgap
is big, there is more flux circuiting between outer PMs and modulation pole-pieces.
This increase in leakage flux value doesn’t product useful torque effects and a
practical rule to limit it is to impose the airgap thickness in the range between 0.6
- 2.4 mm.

1000 |
H00
600

400 |

Torque (MNim)

20000 Mesh — Analytical
; - - - 2= -Surface — FEM

0

0.4 0.4

0.9
Ot

1.9 )

1.4
i LT
P airegap fo reng®
“gth (myp)

a\F'Ea

2.4 24
et

Figure 3.3: Torque capabilities varying the inner or the outer airgap [8]
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Chapter 4

Magnetic analysis

4.1 Introduction

This part explains how it is possible to explain how the interaction between the
radial and tangential magnetic induction creates a useful torque. To analyze the
magnetic induction problem, the MG domain has different layers:

1. the inner rotor layer;

2. the inner air gap layer;
3. the modulator zone;

4. the outer airgap domain;
5. the outer rotor domain.

In order to evaluate the magnetic induction profile, the magneto-static Maxwell
equations must be considered and, under these working conditions, the definition
of a magnetic vector potential is possible.

11



Magnetic analysis

4.2 Magneto-static Maxwell Equations

In a quasi magneto-static applications, for the high-speed rotor and the low-speed
rotor, to know the flux density the following equations must be defined:

VxH=1J (4.1)
0B

E=— 4.2

V x T (4.2)

VeB=0 (4.3)

VeD =) (4.4)

where H is the magnetic field , B is the magnetic induction ; E is the electric field
and p is the volume density of charge. The magnetic induction B is derived from
H via the magnetic permeability (B = pH), and the electric induction vector D is
related to the electric field E via the dielectric constant material ¢ (D = €¢E) [9].
The equation 4.1 defines the curl of H equal to the current density J and the 4.4
the divergence of B equal to zero. These two pieces of information, combined,
define the magnetic field properties. B’s divergence defines the potential magnetic
vector A, which means that the magnetic field lines tend to be close. In terms of
differential equations, the B solenoidality can be written as

VZA=0 (4.5)

Thanks to the hypothesis of two dimensional field distribution, that is that fields
values are independent on the third spatial coordinate z, the magnetic vector
potential A has only one component different from 0 and thus it can be considered
as A, = A, (x,y).
The electrical field, instead, has a link with the Faraday-Neumann law. Considering
a closed line in a circuit (e.g., a turn), the electric field’s close integration is not
zero, and it is equal to the time derivative of the magnetic flux in a turn. This
means that a flux variation in the time, due to a relative movement between the
magnetic field and the circuit or to the magnetic field variation, corresponds to an
induced electromotive force.

As a consequence, it is impossible to define a scalar electric potential like in the
electrostatic case (in this case, E is irrotational). The problem is solved with the
introduction of the potential magnetic vector A defined as

B=VxA (4.6)

12



Magnetic analysis

4.3 CMG problem definition

To know the torque, it is important to evaluate the radial magnetic induction B,
and the tangential magnetic induction B, in the inner and outer air gap. This
leads to an analytical planar model with cylindrical coordinates: the radius r and
the rotor angular position 6.

The magnetic induction produced by the permanent magnets for the inner and the
outer rotor is a alternate wave. This waveform develops in Fourier series as the
sum of infinite harmonics expressed by the following equation:

+oo
By = Brpsinn(f — o) (4.7)

n=1

where

7h ?

4B,p .
B, — if h is odd (4.8)
’ 0, if h is even

p is the pair of poles number,f is the rotor position and ¢ is the initial rotor
position. The analytical model used to do the magnetic induction evaluation is
based on the following assumptions:

o end effects are neglected;
 permeability of the iron is infinite (the magnetic field in the iron vanishes);
« relative recoil permeability of the magnets is pu, =1 .

The two dimensional cross section of the model is as follows:

Figure 4.1: Planar vision of the CMG [1]
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Magnetic analysis

With those assumptions, a Laplace (or Poisson) must be solved to find a close
solution for the Potential Magnetic Vector. In particular, for 2D studies A can be
assumed as a scalar with the following equations:

OBy

2
A p—
v rof

(4.9)

for the inner and outer PM layer
VZA=0 (4.10)

for the two air gaps and the modulator.
For each layer to guarantee continuity, the following boundary conditios must be
imposed

e Dirichlet condition: the condition is linked to have an established value for
the potential magnetic vector;

o Neumann condition: it is linked to the A first derivative (the magnetic
induction field);

e Robin condition: it is linked to mixed condition between the Dirichlet and
Neumann condition.

The radial and tangential magnetic induction define the scalar magnetic potential,
and it follows that [10]:

104,

Bui= (4.11)
0A;

Bu=—> (4.12)

14



Magnetic analysis

4.3.1 Inner and outer PM layer

In this case, the differential equation to solve is of Poisson type

0?A; 104, 04 _ 10By,

o ror o r o8
where i = [,V and it refers to the inner and outer PM layers. The general solution
can be found using the variable separation method and the superposition method

(equation 4.14). Consequently, the general solution is like in reference [8].
For the inner PM the general solution is:

(4.13)

+0o0
Ar(r,0) = > [ALr™ + Blr™™ + X, (r) cos(ne;)] cos(nf)

n=1

(4.14)

+o0o
+ 3" [CIr™ 4+ Dlr™" 4+ X,,(r) sin(ne;)] sin(nd)

n=1

where AL, Bl CI DI are general integration constants associated to the ho-
mogeneous partial differential equation, and X, is a particular solution.
X, can be expressed as it follows:

%7 if n :.] Pin, ] = 1,3,5

Xo(r) = $ 2B 1 else if n = py, = 1 (4.15)

0, otherwise

For the outer PM, the general solution is similar:

+oo
Ay (r,0) =" [A)r" + BYr™" + X, (r) cos(ng;)] cos(nf)

n=1

(4.16)

+oo
+ 3 [CVr™ 4+ Dy r™ + Y (r) sin(ne,)] sin(nd)

n=1

15



Magnetic analysis

The meaning of each coefficient is the same as in the equation (3.15) and the
particular coefficient for each harmonic is:

4Brpousr if n :,] Pout; ] = 17375

m(l—n?) "’
Y, (r) = QB%IH(T), elseif n = pour = 1 (4.17)
0, otherwise

The boundary conditions are mixed, and they impose the continuity of the magnetic
potential and the derivative condition equal to zero, between the first and the
second layer, and the forth and the fifth layer.

AI(TQ,Q) = A11(7“279)
9Ar _

Ya(r) = { o lr=r =0 (4.18)
AIV(TES’@) = AV(T579)

0Av _
W |r:r6 - O

The two Dirichlet conditions impose the A continuity between the inner PM and
the inner airgap and between the outer air gap and the outer PM. The other two
Neumann conditions, instead, indicate that the tangential magnetic induction for
r =ry and r = rg is zero.

16



Magnetic analysis

4.3.2 Inner and outer airgap

The general solution comes from equation 4.10. This relation is a partial derivative
homogeneous equation, and there are not associated with particular solutions. For
the inner and the outer airgap, the solution of the magnetic potential is written as
it follows [8]:

“+o0o +00

Ap(r,0) = Z(Affr" + BTILIT_”) cos(nf) + Z(C’ivrn + Divr_”) sin(nf) (4.19)
n=1 n=1
+00 too

Ay (r,0) = Z(Aflvr” + B,ILVT’”) cos(nf) + Z(C’évr" + DTIZV'F”) sin(nf) (4.20)
n=1 n=1

The coefficients AT, BII CI1 DI AV BIV CIVandDIV are found imposing the
right boundary conditions that suits to the physical problem. The boundary condi-
tions are based on the continuity of the tangential magnetic induction. Concerning
the interface between the inner PM and the inner airgap

04, 0Ap
er:” = er:” (4.21)
oAy, OAy
W‘T:“ = W"’:”’ (4.22)

Between the inner airgap and the modulator, instead, the alternation between the
air and the modulator cannot be neglected. In fact, in the iron slot the tangential
induction is zero while in the air zone has a particular wave f(6) in analytic
evaluations called Sturm-Liouville problem in an annulus [1].

OArrri - )
#, in the air slots

7(6) = (4.23)

0, in the iron slots

17



Magnetic analysis

4.3.3 Modulator
The equation to solve is the following:

PArr  10An 1P A
111, + = 111, + 111,

— =0 4.24
or? r or r2 002 ( )
for
rSTSTS (4.25)
0<6<2mr

In this case the radial magnetic induction for the interface between the air and the

iron slot is zero. 94 oA
I, 111,
50 l0=0. = —5p " lo=0:t =0 (4.26)

where i is i-th slot and [ is the slot angle. Moreover, the magnetic scalar potential
is continuous between the inner airgap and the modulator, and the modulator and
the outer airgap.

A[[(Tg,e) :A[][J(Tg,e) (427)

Aqrri(ra,0) = Arv(ra, 0) (4.28)
Applying the border conditions (3.26,3.27,3.28) the scalar magnetic potential is

+OO — N7
Apni(,0) = Ai+ Bilnr+ S [ALTH(Z)F 4 BI ()T cos ”;w —6;) (4.29)
n=1 T4 T3

r

The border conditions joined together form a linear equation system of size [ =
12n +2Q(1 + K), where:

e iis the harmonic order for the inner and outer PM magnetic induction;
e (@ is the slot number;

e k is the harmonic order for the modulator magnetic induction.

4.4 Static torque calculation

The static torque calculation takes into account the interaction between the radial
and the tangential magnetic induction in the inner and outer airgap. This type
of analysis depends on how the magnetic energy in the airgap changes using the
Maxwell tensor approach. In a linear material, the force density using the Lorentz
approach is described as it follows:

1
f=JxB-— §H29md,u (4.30)

18



Magnetic analysis

This volumetric force can be expressed as the Maxwell torque tensor divergence.
Lo
f=JxB-— iH grad(p) (4.31)
Applying the Gauss theorem and considering the middle circumference in the inner

and in the outer airgap, the static torque in an analytical and numerical approach
is expressed in the following way [11], [§]

T = Lt Br,inBt,indQ (432>
Mo JO
l[l(l?,r2 2T
Tout = 70%/ Br,outBt,outde (433>
Mo JO

where [, is the axial length, r;, is the medium inner airgap radius, 7, is the
medium outer airgap radius, B, ;, is the inner radial magnetic induction, B; ;, is
the tangential magnetic induction, B, ., is the outer radial magnetic induction
and By, is the outer tangential magnetic induction.

19



Chapter 5

Simulation results

5.1 Context

The work purpose is to analyse the CMG against the planetary mechanical gear
for an aircraft accessory unit. In the architecture if a component fails, all the
distribution is out of use. The transmission starts from the Air Starter turbine

DG
FP

(Integrated Drive
Generator)

(Fuel Pump)

(0il Pump Unit)
Idler

P
(Permanent Magnet
Alternator)

Figure 5.1: Aircraft accessories structure

(ATS). To this unit it corresponds an input angular speed w;, = 14560 rpm. In the
left zone, there are a fuel pump and a permanent magnet alternator. In the right
zone, there is the oil pump unit (OPU), the integrated drive generator (IDG) and
the hydraulic pump (HP). The simulation aims is to understand how the static
torque characteristic has an impact to size the CMG. The analysis has a focus on
the oil pump and the other components, to remove a standard planetary mechanical
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gear. The components to identify in the fig 5.2 are:

SUN

CARRIER

Figure 5.2: Planetary mechanical gear [12]

 the internal sun gear;
o the external ring gear;

o an intermediate structure called carrier characterised by generally three planet
gears

Each component has his equivalence reported to the CMG structure. The sun act
as the high speed rotor; the carrier acts as a modulator and the planet as a low
speed rotor. [12]

Ny pole pairs

SUN P steel poles
(high speed rotor)

RING
\ (low speed rotor)
CARRIER

K (steel pole-pieces)
Ng pole pairs

Figure 5.3: CMG correspondance [12]
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The transmission ratio in a mechanical context is defined from two wheels: a
driving wheel and a driven wheel. Given the number of teeth of the driven wheel
ds and the number of teeth of the conducting wheel d; as mechanical specifications,
the transmission ratio n is defined according to the following equation

o d2 o ’wout

n= d (5.1)

Win,

In the electromagnetic context, the transmission ratio is equal to the transfer speed
function. In this case, the system is a reducer because n < 1.
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5.2 MG sizing

Before the analysis result, the first step was to define the CMG design model and
a sizing strategy with the specifics resumed in the table.

Geometrical parameter Definition
B Saturation magnetic induction: 1.5 T
B, Residual magnetic induction: 1.2 T
r1 to rg From internal to external radius
lox axial length: 25 mm
Lair airgap thickness: 1 mm
Din internal rotor pair of poles
DPout external rotor pair of poles
I permanent magnet thickness
Lin internal yoke thickness
Lout external yoke thickness
linod modulator thickness

Table 5.1: Geometrical parameters

fromrtor,

Figure 5.4: CMG geometry
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Air Inner Modulator Outer

rotor rotor

Figure 5.5: CMG cross section

From the specifics, the external radius rg is known imposing the axial length
and the volumetric torque. Developing a sizing strategy for the PM thickness and
the modulator thickness, it is possible to define all the CMG characteristics.

5.2.1 Internal and external yoke sizing

Two sizing approaches are possible to determine the inner and outer yoke thickness:

« a global approach with simplified hypothesis;

e a local approach to have a local precise flux evaluation.

The relation to respect for both approaches is

/S B,(r,0)dS < /S By yoredSnm (5.2)

where B, is the radial PM magnetic induction, By yor. is the maximum tangential
magnetic induction, S is the PM normal surface, and S,,, is the tangential yoke
surface. This equation means that the magnets’ radial flux must be lower than the
maximum circular yoke crowns’ tangential flux.

The local approach needs the radial magnetic induction and the maximum tangential
yoke flux profile, and to retrieve this information analytically is complicated.
With the global approach, problem simplifications are useful to obtain similar
results. In this case, the problem to solve is characterised by a magnet attached to
a simple yoke, for example.
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Figure 5.6: A PM joined an Iron yoke

It happens that the radial PM field lines close symmetrically into the two
yoke tangential surfaces. Supposing a uniform radial magnetic induction B,, with
multiplicity equal to p;, in 360 degrees of angular rotor space and neglecting the
slot effects into the modulator structure, it follows that:
pi By pi
B Tolar < Bstlinlaw = lin > ——

m2pom 2bax > DPsflintax in Bsf 2p0ut
For the outer yoke, the reference radius rg allows to evaluate l,,; because if
rg > low — 1T7 &= rg. It follows that to avoid the saturation in the yoke, the
minimum outer yoke thickness is:

T2 (53)

B, w

lowt > r
‘ Bsf 2pout s

(5.4)

If the radial magnetic induction is analytically known, with the local approach the
surface integral becomes a simple line integral:

. J7m By (1, 0)rdo

lin = .
e (55

[t By (r, 0)rd6
By
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The global approach, neglecting the air slot effect, gives an excess evaluation. In
the local approach instead, the thickness is less than the previous case because the
Fourier magnetic induction has a finite harmonics number and there some holes in
the radial magnetic induction profile.

5.2.2 Modulator thickness

The strategy used to size the modulator thickness is to consider the maximum
tangential induction. An example to understand the phenomena is characterised
by an iron slot between two PMs polarised in the opposite direction.

|

L1
1

Figure 5.7: An iron slot between two PMs

From the figure 5.7 the field lines hit the modulator radially, and then they
deflect on the tangential modulator surface. Dividing the iron slot into four equal
surfaces the situation is equal. If a quarter of iron slot is considered, with a
magnetic induction of amplitude B,, the modulator thickness can be retrieved in
the following way

BTS lmod Bm
Bmila:c S Bs 7law lmo Z ol 5.7
5 £y tar = o 2 5 prs (5.7)

where (3 is the iron slot angle.
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5.3 First approach

The first approach considers some quantities like the mechanical power P and the
outer rotor volumetric torque T,. Analyzing the oil pump case, the output speed
iS Wour = 6820.9 rpm and the input speed is w;, = 14560 rpm. In this way, the
transmission ratio is n = L= = 0.47.

The first step is to choose the right pair of poles combination’s, giving priority to
minimize the torque ripple. To guarantee this condition, it is necessary to choose
the right structure that has the minimum common multiple N,,. between the inner
pair of poles p;, and the number of ferromagnetic slots @ [12]. This is also an
indicator of the fundamental cogging torque harmonic.

1%¢ config | 2" config | 377 config | 4™ config
Powt | 11 13 23 37
Q 16 19 34 54
Nem 80 114 374 918
7 0.45 0.46 0.47 0.46

Table 5.2: Pair of poles combinations and transmission ratio resume

The CMG external radius 7., is known imposing the volumetric torque 7, and
considering the external magnetic gearbox volume like in the reference [13].

Tout o P P

Tv - — Text =

(5.8)

3 — [
TT ext lax WoutTText lax Tvﬂwout la:c

The total power is the sum of the demanded power peaks on the right branch by
the IDG, OPU and the HP.

P = Ppg + Popy + Pup = (20880 + 74570 + 56673)W = 152123W  (5.9)

The inner and outer yoke thickness, and the modulator thickness has the same
sizing strategy discussed in the chapter 6.2.
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1 config | 2,4 config | 3,4 config | 44, config
Din 5 6 11 17
Pout 11 13 23 37
Q 16 19 34 54
Tert | 118.04 mm | 122.23 mm | 108.06 mm | 103.14 mm
Lin 8.11 mm 15.2 mm 7.78 mm 5.77 mm
lowt | 27.15 mm | 22.98 mm 12.99 mm 8.07 mm
I 10.06 mm 8.51 mm 4.81 mm 2.99 mm
Tinte | 62.9 mm 57.36 mm | 60.31 mm | 72.31 mm

Table 5.3: First geometrical sizing approach

Knowing all the geometric data, a planar cylindrical model design was created
to run the FEMM model. The geometric parameters come from a sizing function
and the model assumptions are:

o Use of linear iron with p, =1000;

« Use of a real PM material (NbFeB N35, Br=1.2 T).

To get a closer real MG model, circular yokes have been considered as a mechanical
support for the permanent magnet system. Considering the single layer boundary

Inner and outer rotor static torque

400

Inner rotor static torque
300 b Outer rotor static torque | |
200 F
e A
— 100F 7N
E ™
Z /,r/ ey
g of e P
g \ \\ //
F oot - -
\ g v o

200 |

-300 |

-400

0 10 20 30 40 50 60 70 80

Angular rotor position [°]

Figure 5.8: Example of static torque characteristic with p;, = 5 and py,; = 11

is not simple. The simplest solution is to confine the MG system in a square and
to set A=0 in the external border. But this strategy creates a lot of supplementary
mesh elements, and there are a lot of numerical errors like in this static torque
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characteristic. Moreover, this model has big dimensional differences with the
mechanical gear considered.

5.4 Second approach

To do a valid comparison with the CMG@G, the oil pump gears parameters has been
taken as a reference. In particular, the band diameter is the equivalent of the outer
diameter and the axial length corresponds to the thickness of the gear wheel. With
Text = 141 mm and [,, = 28 mm, the geometrics characteristic are in this table.

1% config 274 config 37 config 4™ config
Do 5 6 11 17
Pout 11 13 23 37
Tint 60.53 mm 69.06 mm 91.92 mm 104.02 mm
lout 20.13 17.04 9.63 5.99
lin 20.31 mm 18.29 mm 11.86 mm 8.31 mm
I 26.01 mm 22.61 mm 13.59 mm 8.7 mm
Tout 107.28 Nm 124.51 Nm 179.34 Nm 205.39 Nm
T; 49.51 Nm 57.45 Nm 85.68 Nm 94.58 Nm
m 15.94 kg 14.91 kg 11.49 kg 0.32 kg
Ty in 34.7 kNm/m? | 43.2 kNm/m? | 85.2 kNm/m® | 118.6 kNm/m?
Ty out 75.2 kNm/m? | 93.7 kNm/m? | 178.4 kNm/m? | 257.7 kNm/m?
Toin)Toout 0.46 0.46 0.43 0.46

Table 5.4: Second approach geometrical data

The table shows how the mass, the torque and the density torque change
increasing p;,. The mass decrease approximately with a 1/,/p;, behaviour having

a fixed 7.
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Mass distribution
18

16

14

y=32,57IxM

Mass distribution

Mass [keg]

O N E A B Potenza (Mas
distribution)

o 5 10 15 20

Internal pair of poles

Figure 5.9: Mass distribution with 7 fixed
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The volumetric torque increases of 3.5 times considering the difference between

the first and the forth configuration.

Neglecting iron losses (hysteresis and eddy current losses), it follows that the
magnetic energy is the same as the mechanical energy for each rotor. This model’s
border condition is of Neumann type because the iron yokes cannot close all the
field lines. In this FEM representation, there is moderated saturation with peaks
of 1.5 T except for the model that has p;,= 11. In this case, there are small zones
where the maximum magnetic induction is 2.2 T. The radial magnetic induction
profiles into the inner and the outer airgap respects the pair of poles multiplicity,
but it has some holes because of the air slot presence in the modulator. Moreover,
the outer airgap has a higher magnetic induction caused by the radial lines that
overcome the modulator. The tangential magnetic induction behaviour is difficult

to understand because there are some oscillations in the iron zone.
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Figure 5.10: FEM plot with p;, = 5 and py, = 11
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Figure 5.11: FEM plot with p;, = 6 and py,: = 13
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Figure 5.12: FEM plot with p;, = 11 and p,; = 23
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Figure 5.13: FEM plot with p;, = 17 and p,; = 37
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Figure 5.14: Inner airgap magnetic induction plot with p;, = 17 and py, = 37
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Outer airgap magnetic induction
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Figure 5.15: Outer airgap magnetic induction plot with p;, = 17 and p,,; = 37
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With the static torque characteristics, the ripple is less important because the
mesh model changes for every each CMG model. In particular, it corresponds a
higher resolution when the interface for each layer is reduced. Finally the static
torque peaks increases if p;, increases, and this means that with a lower occupation
of useful volume the machine has an higher density torque.

Inner and outer static torque
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Figure 5.16: Static torque characteristics with p;,, =5 and p,,; = 11
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Figure 5.17: Static torque characteristics with p;, = 6 and p,,; = 13
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Inner and outer static torque
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Figure 5.18: Static torque characteristics with p;, = 11 and py,; = 23
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Figure 5.19: Static torque characteristics with p;, = 17 and py,; = 37
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5.5 Parametric analysis

The parametric analysis has the aim to understand the torque varies in function of
multiple variables (pin,Pout;Text) having the PM thickness, the airgap thickness, the
axial lenght [,, and the trasmission ratio fixed. The following characteristics show
how the volumetric torque and the torque peaks vary.

The figure 5.20 shows that if the external CMG radius increases the volumetric
torque distribution tends to be linear (e.g. rs =200 mm).

Inner volumetric torque density

—g— r_est = 50 [mim]
—a— r_ext = 100 [mm]
—y— _ext =150 [mm]

—a— r_ext = 200 [mm]

5 10 15 20

nternal pair of poles p_in
Figure 5.20: Volumetric torque characteristics
The figure 5.21 shows the static torque peaks for p;, and [,, fixed. In this case,
the torque peaks have a quadratic behaviour for both rotors. It follows that the

CMG torque is proportional to the volume occupied because all the studies are
planar (2D)

Peaks inner and outer static torque

T
[ =T ¥ B
(=TT =T

[
(=1

—a— Inner Satic torgque

Torgue [Mm]

=
Ln
=]

—e— Outer static torque

—
=]
]

wn
(=1

50 100 150 200 250

External ray [mm)]

Figure 5.21: Torque rotor peaks characteristics for p;, = 17
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5.6 Non linear case

To conduct non linear analysis, the CMG chosen is characterised by the geometric

references resumed in this table.

Geometrical parameter Value
Pout 37
r1 71.89 mm
T2 77.62 mm
T3 83.62 mm
T4 84.62 mm
s 88.75 mm
T'6 89.75 mm
r7 95.75 mm
rg 100 mm
la:p 25 mm
Lair 1 mm
Im 6 mm
lin 5.74 mm
lout 425 mim
limod 4.13 mm
Useful Volume 3.8%107* m?
Mass 2.5 kg

Table 5.5: CMG geometrical definition

Linear iron Carpenter Silicon Core Iron M 26 Steel
T; 42.52 Nm 42.73 Nm 42.6 Nm
Tout 91.88 Nm 92.07 Nm 91.79 Nm
1 0.46 0.46 0.46
Inner vol torque | 112.03 kNm/m? 112.45 kNm/m? 112.11 kNm/m?
Inner mass torque | 16.95 Nm/kg 17.09 Nm/kg 17.04 Nm/kg
Outer vol torque | 242.09 kNm/m” 242.29 kNm/m* 241.55 kNm/m”
Outer mass torque | 36.64 Nm/kg 36.83 Nm/kg 36.71 Nm/kg

Table 5.6: CMG torque performances
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With the same geometrical parameters used in the parametric approach, there
are not big differences. The analysis uses two Fe-Si alloys characterised by two

knees work point:

e 1.5 T for the Carpenter Silicon Core Iron;

e 2.0 T for the M-36 Steel.

From the figures 5.22 and 5.23, the magnetic induction peaks do not have big
differences. But the working point in the DC magnetisation curve change:

o the Carpenter Silicon Core Iron works next to the working point ;

o the M-36 Steel works in a point that belongs to the linear characteristics.

The gearbox that gives the best performances is the Carpenter Core Iron because
the material works it gives best value of mass and volumetric torque. For the linear
iron the transmission ratio is next to the ideal ratio because the two non linear
materials has a numerical modeling of their real characteristics.
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Figure 5.22: M-36 steel FEM plot
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Figure 5.23: Carpenter Silicon Core Iron FEM plot

Inner and outer static torque
100 T T T T
AR Inner static torque
Outer static torque

'g‘ 4

=

@ ; ]

2 \ [\

=] | /

201 \ \ 1
40 | T |
60 _
80 | 4

\'\._/ll.l
100 . A . .
0 5 10 15 20 25

Angular rotor position []

Figure 5.24: Carpenter Silicon Core Iron static torque
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5.7 Halbach architecture

Another possible CMG PMs arrangement is the Halbach array. The idea is to
create a quasi sinusoidal magnetic flux distribution. Discrete PM segments can
realise Halbach PM arrays. Using discrete PM segments in specific directions,
applying the superposition method, the PM magnetic induction is reinforced while
on the other hand there is a harmonic suppression [14].

In particular, the field is doubled where the flux is confined and the parasitic field
effect decreases. The simplest configurations to use this array is the single Halbach
field magnet array. But for the CMG application, the dual Halbach field magnet
array is applied [15].

Contour plot: T

l 12

(a) Dual Halbach field magnet 10

0.8
0.6
04

02

0.0

{b) Single Halbach field magnet
Figure 5.25: Base Halbach definition [15]

The basic array configuration consists of two permament magnets around the
pole shifted of 90° . As long as cross section of the PM is square, a strong and
sinusoidal magnetic flux density distribution appears on one side of the array,
while the faint distribution on the other side. The FEMM model has a different
geometrical parameter definition because there is no internal and external yoke.
The inner and the outer rotor has only the circular PMs array.
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v

fromrtor,

Figure 5.26: Halbach CMG architecture

Geometrical parameter Value
r1 to rg from the inner to the outer radius
lox Axial length: 25 mm
Loir Airgap thickness: 1 mm
Lin.in Inner PM thickness
Lim,out Outer PM thickness
lmod Modulator thickness

Table 5.7: Halbach gearbox geometrical definition
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5.7.1 First approach

To build the FEMM model, between the poles there are two magnets arranged in
quadrature. It means that the permanent magnet portions are characterised by 4 *
(Pin + Pout) directions.

To test the torque performances the external radius rg, the parameter a and the
number of the internal and external PM segments (N, it and Ny, ee) [15].

_ ern int 2(2 + CL)Nm,th + CL(2 + CL)7T2
e an,znt + 2(2 + a)Nm,intTr + a(2 + (1,)77'2

Te (510)

Nmint —am

\/ m,int + 2 2+ a)Nm,intﬂ- + CL(2 + CZ)7T2

ro =

re (5.11)

(Nm ext — CWT) (Nm ext T CL7T)
m ext — \/ m,ext + 2 2+ Q)Nmﬁxtﬂ' + CL(2 —+ CL)7T2

s = Te (512)

Topology
Pin = b} Pin = 6 Pin = 11 Pin = 17
Pout = 11 Pout = 13 Pout = 23 Pout = 37
5 88.21 mm | 89.75 mm 94 mm 96 mm
T4 87.20 mm | 88.75 mm 93 mm 95 mm
T3 79.16 mm | 81.83 mm | 80.9mm | 92.79 mm
T9 78.16 mm | 80.83 mm | 79.9 mm | 91.79 mm
1 47.54 mm | 55.72 mm | 66.14 mm | 82.87 mm
lm,in | 30.62 mm | 25.11 mm | 13.76 mm | 8.92 mm
lnout | 11.79 mm | 10.25 mm 6 mm 4 mm
lmod | 804 mm | 6.92mm | 3.72mm | 2.21 mm
m 4.04 kg 3.57 mm 2.25 kg 1.53 kg

Table 5.8: Geometrical parameters FEMM model for r4 = 100 mm

The difference r5 — 19 is the sum 2[4, + l,04. To know the modulator thickness,
the air gap thickness is assumed to be 1 mm. From this plot models if p;, is small,
the PM thickness has a big impact on the geometry definition, and the external
field does not hit the modulator. To give a real field lines distribution a small
air layer of thickness 3 mm was done in the internal and the external part of the
gearbox.
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Figure 5.27: FEMM plot with p;,, =5
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Figure 5.28: FEMM plot with p;, = 6
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Figure 5.29: FEMM plot with p;, = 11
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Figure 5.30: FEMM plot with p;, = 17

The torque has a reduced width and this means that with the mechanical inertia,
the two rotors doesn’t work well. Moreover, if the pair of poles number increases,
the ripple response is caused by numerical errors.
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Figure 5.31: Static torque characteristic with p;, = 5
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Figure 5.32: Static torque characteristic with p;, = 11
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5.7.2 Second approach

This approach is simple than the first. It is interesting to see the CMG impact in
the case of constant mass. The prototype analysed has the same thickness for the
inner and the outer PM, and the modulator thickness.

Geometrical parameter Value
s 80 mm
T 86 mm
T3 87 mm
T4 93 mm
Ts 94 mm
T 100 mm
lox Axial length: 25 mm
Lyir Airgap thickness: 1 mm
lin.in Inner PM thickness: 6 mm
lim,out Outer PM thickness: 6 mm
lmod Modulator thickness: 6 mm
Mass 2.28 kg
Useful volume 3.68 %107 m?

Table 5.9: Geometrical definition for the second Halbach approach

To reduce the mass proportion two different models were used. The first model
had an inner and an outer air layer, while the second was imagined with two yoke
of 3 mm thick. In the first model less field lines pass the modulator to product
useful torque. In particular, the magnetic induction in the internal and external
layer. In the second model, instead, some field lines passes the modulator and they
contributes to a useful torque production like it can be seen in the tables 5.10 and
5.11.
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Figure 5.33: FEMM plot without yoke and p;, =5
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Figure 5.34: FEMM plot with iron yokes and p;, = 5

48



Simulation results

Pout = 11 Pout = 13 Pout = 23 Pout = 37
T; 8.16 Nm 7.06 Nm 3.42 Nm 1.63 Nm
Tout 15.93 Nm 14.89 Nm 6.98 Nm 0.94 Nm
Inner vol torque | 22.2 kNm/m? | 19.2 kNm/m? | 9.3 kNm/m? 4.43 kNm/m?
Outer vol torque | 43.34 kNm/m? | 40.51 kNm/m® | 18.99 kNm/m? | 2.56 kNm/m?

Table 5.10: Torque performances without iron yokes

Pout = 11 Pout = 13 Pout = 23 Pout = 37
T; 16.75 Nm 17.08 Nm 14.72 Nm 6.55 Nm
Tout 34.76 Nm 36.55 Nm 30.55Nm 13.79 Nm

Inner vol torque

45.57 kNm/m?

46.47 kNm/m?

40.05 kNm/m?

17.89 kNm/m?

Outer vol torque

94.57 kNm/m?

99.44 kNm/m?

83.11 kNm/m?

37.52 kNm/m?

Table 5.11: Torque performances with the iron yokes

As the tables and figures confirm, the static torque characteristic peaks and the
volumetric torque density is near to 100 kNm/m?.

Figure 5.35: Static torque with the iron yoke and p;, = 5
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Figure 5.36: Static torque with the iron yoke and p;, = 6

Figure 5.37: Static torque with the iron yoke and p;, = 11
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Simulation results

Figure 5.38: Static torque with the iron yoke and p;, = 17
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Chapter 6

Conclusion

In this work, the coaxial magnetic gearbox represents a valid alternative to me-
chanical turns in many domains. The existing model developed neglects some
effects material’s real properties because with the first approach used in the simu-
lations, materials are considered linear. The FEMM model provides a first torque
performances approach but does not consider the real material behaviour.

A sizing approach was chosen, focusing on the ferromagnetic material spec-
ifications and obtaining the maximum torque. The analysis started for the oil
pump gives an agreement with the volumetric torque developed using a mechanical
gear (100 — 150 kNm/m?). Concerning the mass, there are big differences because
the mechanical gear weight is inside the order of kgs. Moreover, referring to the
band diameter in the CMG context, the mass is more important, and the other
accessories equipment are excluded.

A parametric analysis was carried out to understand the best way to utilize
ferromagnetic materials. This analysis shows that with an outer radius CMG
increase, the volumes are better exploited and then it gives better performances.
This thesis is confirmed considering that with the maximum outer radius rg =
200 mm, the volumetric torque gives a linear curve as p;, increases. Furthermore,
there are no relevant differences comparing performances between two non-linear Fe-
Si materials and a linear ferromagnetic material with relative magnetic permeability
1 = 1000.

Trying to reduce CMG mass, the Halbach configuration was proposed with
and without ferromagnetic yokes. In the configuration without external yokes, the
torque performance is significantly reduced. In contrast, with the iron yokes use,
performances in terms of peak static torque increases as the pole pairs p;, and p,.:
decrease. The next step will be to optimize the Halbach architecture to obtain
better performances.

The maximum inner volumetric torque is 120 kNm/m3, referring to the classic
mechanical gear. On the other hand, using the Halbach array, the highest volumetric
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Conclusion

torque is 94.6 kNm/m? for the structure with the support yokes, and 43.4 kNm/m?
for the structure without support yokes.

The simulation time depends on the CMG model geometry. With p;, = 5 the
mesh has 55000 elements against 160000 elements for p;, = 17 . Moving on to
more complex geometries, the finite element simulation time doubles from 1.5 h to
about 3 hours. In addition, the non-linearity leads to further delays.

Finally, to highlight the torque characteristic ripples, it was chosen to collect
200 points obtaining a good function resolution.
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Appendix A
MG building code

1|%% MG design file

2| load (’MG_geom’ ) ;

3| openfemm

4| newdocument (0)

5/%% Material definition

6|/% Air definition

7| mi_addmaterial ("Air’,1,1,0,0);

8% Iron definition

9/ mi__addmaterial (’Iron’,1000,1000,0,0);

—
=)

%Permanent magnet definition with B_r = 1.2 [T]
mi_getmaterial ('N357);

—_
—_

12|9%% Building outer PMs
13| angleout=2xpi/Nm(2) ;

—_
=

angleoutd=360/Nm(2) ;

mi_addnode(r (6) ,0) ;

mi_addnode(r (5) ,0);

% Creation node outer PM

for i=1:Nm(2)

mi_addnode(r (6)*cos(ixangleout),r(6)*sin(ixangleout));

mi_addnode(r (5)*cos(ixangleout) ,r(5)*sin(ixangleout));

end

%Creation arc segment outer PM

for i=1:Nm(2)

mi_addarc(r (6)*cos ((i—1)*angleout) ,r(6)*sin ((i—1)xangleout) ,r(6)

xcos (ixangleout) ,r(6)=*sin(ixangleout) ,angleoutd ,1);

25 mi_addarc(r(5)*cos((i—1)xangleout) ,r(5)*sin ((i—1)xangleout) ,r(5)
xcos (i*angleout) ,r(5)#*sin (ixangleout) ,angleoutd 1) ;

DD N DN N ==
=W N O OO0 Ot

26| end

27|% Separation between the different outer poles
28| mi_ addsegment (r(6) ,0,r(5),0);

29| for i=1:Nm(2)
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MG building code

mi_addsegment (r (6)*cos(ixangleout) ,r (6)*sin (i*xangleout) ,r(5)*cos(
ixangleout) ,r (5)*sin (ixangleout));

end

%% Building modulator zone

Q=p_in+p_out;

anglem=pi/Q;

anglemd=180/Q;

mi_addnode(r (4)*cos (anglem/2) ,r(4)*sin (anglem/2));
mi_addnode(r (3)*cos (anglem/2),r(3)*sin (anglem/2));
thetam=3/2xanglem ;

for i=1:2«Q-1
mi_addnode(r(4)xcos(thetam) ,r(4)*sin (thetam));
mi_addnode (1 (3)*cos (thetam) ,r(3)*sin (thetam));
thetam=thetam+anglem ;
end
% Modulator segments
for i=1:2xQ
mi addnode(r(4)=cos(thetam) ,r(4)*sin (thetam));
mi_addnode (1 (3)*cos (thetam) ,r(3)*sin (thetam));
mi_addsegment (r(4)*cos (thetam) ,r(4)x*sin (thetam) ,r(3)+*cos (thetam)
r(3)#*sin (thetam));
thetam=thetam+anglem ;
end
thetam=anglem /2;
for i=1:Q
mi_addarc(r(4)*cos(thetam) ,r(4)+*sin (thetam) ,r(4)*cos (thetam+
anglem) ,r (4)*sin (thetam+anglem) ,anglemd 1) ;
mi_addarc(r(3)*cos(thetam) ,r(3)*sin (thetam) ,r(3)*cos(thetam+
anglem) ,r (3)*sin (thetam+anglem) ,anglemd, 1) ;
thetam=thetam+2+anglem ;
end
%% Building inner PMs

anglein=2%pi/Nm(1) ;
angleind =360/Nm(1) ;
mi_addnode(r (2),0);
0);
i

b

mi_addnode(r (1),
% Creation nodes
for i=1:Nm(1)
mi_addnode(r(2)xcos(ixanglein) ,r(2)*sin(i*xanglein));
mi_addnode(r (1)*cos(ixanglein),r(1)=*sin(i*anglein));
end

nner PMs

%Creation arc segments inner PMs

for i=1:Nm(1)
mi addarc(r(2)xcos((i—1)*anglein),r(2)*sin((i—1)*anglein) ,r(2)=*
cos(ixanglein) ,r(2)xsin(ixanglein),angleind 1) ;
mi_addarc(r(1)*cos((i—1)xanglein),r(1)*sin((i—1)*xanglein),r(1)x
cos(ixanglein) ,r(1)xsin(ixanglein),angleind  ,1);

end

% Separation between differents inner poles
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MG building code

mi_addsegment (r(2),0,r(1),0);
for i=1:Nm(1)
mi_addsegment (r (2)*cos(ixanglein) ,r(2)*sin(i*anglein),r(1)*cos(ix
anglein) ,r(1)*sin(ixanglein));
end
9% Add block label for each constitutive layer
% Inner cylinder zone
mi_addblocklabel (0,0) ;
mi_selectlabel (0,0);
mi_setblockprop (’<No Mesh>",1,0,"",0,0,0);
mi_selectlabel (0,0);
% Inner PM layer definition
in=anglein /2;
for i=1:2xp_in
ind=180/pix*in;
if mod(i,2) =1
mi_addblocklabel ((r (1)+4r(2))/2%cos(in) ,(r(1)4r(2))/2%sin (

in));
mi_selectlabel ((r(1)4r(2))/2%cos(in) ,(r(1)+r(2))/2*sin(in
)
mi_setblockprop(’N35’,1,0,0,ind ,0,0);
. mi_selectlabel ((r(1)+r(2))/2xcos(in) ,(r(1)+r(2))/2*sin(in
’ in=in+anglein ;
ind=180/pix*in;
) mi_addblocklabel ((r(1)4r(2))/2*xcos(in) ,(r(1)+r(2))/2*sin(
. ’ mi_selectlabel ((r(1)4r(2))/2%cos(in) ,(r(1)+4r(2))/2*sin(in
’ mi_setblockprop(’N35’,1,0,0,ind —90,0,0);
. mi_selectlabel ((r(1)+r (2 ))/2*005(111) (r(1)4r(2))/2+sin (in
el’se
) mi_addblocklabel ((r (1)+4r(2))/2%cos(in) ,(r(1)4r(2))/2%sin (
. 7 mi_selectlabel ((r(1)4r(2))/2%cos(in) ,(r(1)+r(2))/2*sin(in
’ mi_setblockprop (’N35’,1,0,0,ind+180,0,0);
. mi_selectlabel ((r(1)+r(2))/2xcos(in) ,(r(1)+r(2))/2*sin(in
’ in=in+anglein ;
ind=180/pi*in;
) mi_addblocklabel ((r (1)+4r(2))/2*cos(in) ,(r(1)4r(2))/2*sin (
. 7 mi_selectlabel ((r(1)4r(2))/2%cos(in) ,(r(1)+r(2))/2*sin(in
’ mi_setblockprop(’N35’,1,0,0,ind+90,0,0);
. mi_selectlabel ((r(1)4r(2))/2%cos(in) ,(r(1)+4r(2))/2*sin(in
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MG building code

end

in=in+anglein;
end
% Airgap layer definition
mi_addnode(r (2)+0.5,0);
mi_addnode (0,r (2)4+0.5);
mi_addnode(— ( (2)40.5) ,0) ;
mi_addnode(0,—(r(2)+0.5));
mi_addarc(r(2)+0.5,0,0,r (2 ,9
mi_addarc (0, +O 5,—(r(2
mi_addarc(—( ),0,07
mi_addarc(0,— 5)
mi_addblocklabe 0.
mi_selectlabel ( )+0 25,
mi_ setblockprop ’,1,0,0,0
mi_addblocklabel (r ( ) +0.75,0) ;
mi_selectlabel (r(2)+40.75,0);
mi_setblockprop(’Air’,1,0,0,0,0,0);
mi_addnode(r (4) +0.
mi_addnode (0,r (4
mi_addnode(—(r (
mi_addnode (0 (
mi_addarc(r (

(

2)+ )+0.5
r ( )+0.5)
r( —(r(2)
(2)40.5
ao)v

)
0,0,0,0);

0,1)
2 10,90,1) ;
2 40.5),90,1);
(r 2) ,T ,0,90,1);
(r(2)+ 25
(2 0

)

)
)+
(
1
("A

mi_addarc (0

mi_addarc(—

mi_addarc(0,—(

mi_ addblocklabe

mi_selectlabel (r

mi_setblockprop (7 Air

mi_addblocklabel (r (4

mi_selectlabel (r(4)+0.75,

mi_setblockprop(’Air’,1,0,0,0,0,0);

% Definition modulator air zones

thetainm =0;

for i=1:Q

mi_addarc(r (3)*cos(thetainm—anglem /2) ,r(3)+*sin (thetainm—anglem /2) ,r
(3)xcos (thetainm+anglem /2) ;r (3)*sin (thetainm+anglem /2) ,anglemd 1) ;

mi_addarc(r(4)xcos(thetainm—anglem/2) ,r(4)xsin (thetainm—anglem/2) ,r
(4)*cos (thetainm—+anglem /2) ,r (4)*sin (thetainm+anglem /2) ;anglemd 1) ;

mi_addblocklabel ((r(3)+r(4))/2xcos(thetainm) ,(r(3)+r(4))/2%sin (
thetainm));

mi_selectlabel ((r(3)+r(4))/2xcos(thetainm) ,(r(3)+r(4))/2*sin (thetainm
));

mi_setblockprop(’Air’,1,0,0,0,0,0);

mi_selectlabel ((r(3)4r(4))/2%cos(thetainm) ,(r(3)+r(4))/2*sin (thetainm
)5

thetainm=thetainm+2xanglem ;

end

% Modulator definition
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MG building code

modul=anglem ;
for i=1:Q
mi_addblocklabel ((r(3)4r(4))/2+«cos(modul) ,(r(3)+r(4))/2*sin (modul

)
mi_selectlabel ((r(3)+r(4))/2xcos(modul) ,(r(3)+r(4))/2+sin (modul))

modul=modul+2+anglem ;
end
mi_setblockprop(’Iron’,1,0,0,0,0,0);
modul=anglem ;
for i=1:Q
mi_selectlabel ((r(3)4r(4))/2*xcos(modul) ,(r(3)+r(4))/2xsin (modul))
modul=modul+2*anglem ;
end
mi_setblockprop(’Iron’,1,0,0,0,0,0);
% Outer PM layer definition
out=angleout /2;
for i=1:2xp_out
outd=out*180/pi;
if mod(i,2) =1
mi_addblocklabel ((r (5)+r(6))/2xcos(out) ,(r(5)+r(6))/2*sin (out
));

mi_selectlabel ((r(5)4r(6))/2*xcos(out) ,(r(5)+r(6))/2xsin (out))

mi_setblockprop ( ’N35’

/a]-a 70utd,070);
mi_selectlabel ((r(5)+r (6

0
)/2xcos(out) ,(r(5)+r(6))/2%xsin(out))

out=out+angleout ;
outd=180/pix*out;
mi_addblocklabel ((r(5)+r (6))/2*xcos(out) ,(r(5)+r(6))/2+sin (out

mi_selectlabel ((r(5)4r(6))/2*xcos(out) ,(r(5)+r(6))/2xsin (out))

mi_setblockprop ( 'N35’

1 outd —90,0,0) ;
mi_selectlabel ((r(5)+r (6 r

0,0, :
))/2*cos(out) (r(5)4r(6))/2xsin(out))
mi_addblocklabel ((r(5)+r (6))/2xcos(out) ,(r(5)+r(6))/2+sin (out

mi_selectlabel ((r(5)+r(6))/2xcos(out) ,(r(5)+r(6))/2+sin(out))

,outd+180,0,0) ;

mi_setblockprop ( ’N35 ,0
r(5 /2*cos(out),(r(5)+r(6))/2*sin(out))

mi_selectlabel ((r
out=out+angleout ;

outd=180/pix*out;
mi_addblocklabel ((r (5)+r (6))/2xcos(out) ,(r(5)+r(6))/2+sin (out
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MG building code

mi_selectlabel ((r

mi_setblockprop(’N35’,1,0,0,
mi_selectlabel ((r(5)+r (6 ))/Q*COb(Out) (
end
out=out+angleout ;
end
9% Confinate the MG system
% Outer air part layer
mi_addnode(r (6)+3,0);
mi_addnode (0,1 (6)+3);
addnode(— ( (6)4+3),
mi_addnode(0,—(r (6)+
mi_addarc(r(6)+3,0,0,
mi_addarc (0, ( )+3,—(
mi_addarc(—(r (6)+
mi_addarc(0,—(r (6)
mi_addblocklabel (r (6
selectlabel (r(6)+1.
setblockprop (7 Air’ |
_selectlabel (r(6)+1.
o Inner air part layer
mi_addnode(r (1) —3,0);
mi_addnode (0,r (1) —3);
mi_addnode(—(r(1)—3),0
(0 )
r
r

mi 0);
))’

r(6)+3,90,1);

f(6) 3),0,90,1);
,0,0,—(r(6)+3),90,1);
3),r(6)+3,0,90,1);

) ,0)

6
6)+3),0
r +
mi
mi
mi

0

)

6

1.5
5,0
1,0
5,0

)

mi_addnode (r(1)—
mi_addarc(r -3,
mi_addarc (0 )
)
(
1

)
)a
,0, (1)—3,90,1),
(r(1)-=3),0,90,1);
0,0,—(r(1)-3),90,1);
)
) —

( )737039071)a

(1) 0

7r( 3’
mi_addarc(—(r(1)-3),
mi_addarc(0,—(r(1)—3
mi_addblocklabel (r (1
mi_selectlabel (r (1) —
mi_setblockprop (7 Air’

mi_selectlabel (r (1) —1.
% Problem definition

mi_ probdef (0,

1
1
T
15
717
5

)

"millimeters’, planar’

(5)+r(6))/2xcos(out) ,(r

outd+90,0,0

(5)+r (6))/2*sin (out))

(5)41 (6)) /2+sin (out))

,1E—=8,1 ax,30,0);

%% Save and close the FEMM Magnetic Gearbox system
mi_saveas( ' MG__accessories_air.fem’);
closefemm ;
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Appendix B

Inner static torque
characteristic

openfemm ;

opendocument ( "MG__accessories__air.fem’);

%% Create the inner torque group to rotate and evaluate each rotor
configuration

% Select all the inner rotor element

load ( '"MG_geom’ ) ;

theta__in=0:90/p_in:360—45/p_in;

% Modify the inner segment group

for i=1l:size (theta_in ,2)

mi_selectsegment ((r(1)+r(2))/2%cosd (theta_in(i)) ,(r(1)+r(2))/2+sind
theta_in(i)));

end

mi_setgroup (1) ;

% Modify the internal arc of the inner PM
theta in=45/p_in:90/p_in:360—45/p_in;
for i=1l:size (theta_in,2)

mi_selectarcsegment (r(1)xcosd(theta_in(i)),r(1)*sind (theta_in(i))
) ;
mi_selectarcsegment (r(2)x*cosd (theta_in(i)),r(2)*sind (theta_in(i))
);

end

mi_setgroup (1) ;

% Modify the inner PM label

for i=1:size (theta_in,2)
mi_selectlabel ((r(1)+r(2))/2xcosd(theta_in(i)) ,(r(1)4+r(2))/2+sind
(theta_in(i)));
mi_setgroup (1) ;
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Inner static torque characteristic

24| end

25|% Know the inner and the outer static torque for each angular
position

26| step=360/(199%p_in) ;

27| theta_in=0:360/(199%p_in):360/p_in

28| T_in=zeros (2,size (theta_in ,2));

29| for i=1:size (theta_in,2)

30 mi_ createmesh;

31 mi__analyse;

32 mi_ loadsolution;

33 mo_selectpoint ((r(2)+r(3))/2,0);

34 mo_ selectpoint (0,(r (2)+r(3))/2);

35 mo_selectpoint(—(r(2)+r(3))/2,0);

36 mo_ selectpoint (0,—(r(2)+r(3))/2);

37 mo_selectpoint ((r(2)+r(3))/2,0);

38 T in(:,i)=mo_lineintegral (4);

39 mi_selectgroup (1) ;

40 mi_moverotate (0,0,step);

41 fprintf(’'Iteration: %d \n’,i);

42| end

43| save (’Inner_static_torque’,’theta in’,’T in’);

44| closefemm ;
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Appendix C

Outer static torque
characteristics

close all;

clear all;

cle;

openfemm ;

opendocument ( "MG__accessories_air.fem’);

9% Create the outer torque group to rotate and evaluate each rotor
configuration

% Select all the outer rotor elements

load (’MG_geom’ ) ;

9| theta_out=0:90/p_out:360—45/p_out;

10{% Modify the inner segment group

11| for i=1:size (theta_out,2)

12| mi_ selectsegment ((r(5)4r(6))/2+xcosd (theta_out(i)) ,(r(5)4r(6))/2+sind (

theta_out(i)));

S O W N~

o0

13| end

14| mi__setgroup (2) ;

15|% Modify the external arc of the outer PM
16| theta_out=45/p_out:90/p_out:360—45/p_out;
17| for i=1:size (theta_out,2)

18 mi_selectarcsegment (r(5)+cosd (theta_out(i)),r(5)+*sind (theta_out (i
)))5
19 mi_selectarcsegment (r (6)x«cosd (theta_out(i)),r(6)=*sind (theta_out (i

)));
20| end
21| mi_setgroup (2) ;
22|% Modify the outer PM label
23| for i=1:size (theta_out,2)
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Outer static torque characteristics

24 mi_selectlabel ((r(5)+r(6))/2xcosd (theta_out(i)) ,(r(5)+r(6))/2x
sind (theta_out(i)));

25 mi_setgroup (2);

26| end

27|% Know the outer static torque for each angular position
28| step=360/(199%p_out) ;

29| theta__out=0:step:360/p_out;

30| T_out=zeros (2, size (theta_out,2));

31| for i=1:size (theta_out,2)

32 mi_ createmesh;

33 mi__analyse;

34 mi_ loadsolution;

35 mo_selectpoint ((r(4)+r(5))/2,0);
36 mo_selectpoint (0,(r (4)+r(5))/2);
37 mo_selectpoint(—(r(4)+r(5))/2,0);
38 mo_ selectpoint (0,—(r (4)+r(5))/2);
39 mo selectpoint(( (4)4r(5))/2,0);
40 T_out(:,i)=mo_lineintegral (4);

41 miibelectgroup (2);

42 mi_moverotate(0,0,—step);

43 fprintf(’Iteration: %d \n’,i);

44| end

45| save (’Outer_static_torque’, ’theta_out’,’T_out’);
46| closefemm ;
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