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Experimental and Theoretical Analysis of Ax

Magnetic Coupling

under Steady-State and

Transient Operation

Thierry Lubin, Smail Mezani, and Abderrezak Rezzoug

Abstract —This paper investigates the steady-state and the

transient performances of an axial magnetic couplig by using
analytical formulas issued from an analytical modebased on a
two-dimensional approximation for the magnetic fied
distribution (mean radius model). From the magnetic field
expression, simple analytical formulas are derived for
computing the pull-out torque and the torsional stffness of the
coupling as a function of the geometrical paramete: Here, a
special attention is given to the overload torque andition
during the transient which lead to the loss of syr@onism for
the coupling. Moreover, radial and angular misaligmment
conditions are also studied. In order to study th@ccuracy of the
proposed analytical model, the results are comparedith those
obtained from 3D finite element simulations and mesurements.

Index Terms- Analytical model,
coupling, permanent magnets,
performance.

magnetic field, axial
pull-out torque, trangent

. NOMENCLATURE

Inner radius of the magnets

Outer radius of the magnets

Mean radius of the magnets

Magnets thickness

Air-gap thickness

PMs pole-arc to pole-pitch ratio
Pole-pair number

Torque angle

Remanence of the permanent magnets
Torsional stiffness
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[I.  INTRODUCTION

In order to predict the steady state and the teamsi
performance of magnetic couplings or PMs actuatars,
accurate knowledge of the air-gap flux densityrdistion is
necessary. The flux density can be evaluated biytaos
methods using 3D formulation or approximate 2D
formulations [1]-[21] or by numerical techniquekdifinite
elements [22]-[25]. Analytical methods generallyguie
much less computational time than numerical oneb cam
provide closed-form solution for the torque [5]9]1[20]
which can be used in optimization codes.

While the steady-state performance of magnetic
couplings or magnetic gears is widely studied ire th
literature, only little attention is given to traest
performances [26], [27] and experimental data aaetally
nonexistent [28], [29].

The purpose of this paper is to analyze the ststate-
(pull-out torque) and the transient performancertsip,
sudden change in load torque, and overload conditiof an
axial magnetic coupling by using analytical fornsufar the
pull-out torque and the torsional stiffness. Corsgato [29],

a special attention is given here to overload terqu
conditions which lead to the loss of synchronism tiee
coupling. In order to study the accuracy of theposed
model, the results are compared with those obtédimead 3D
finite element simulations and measurements.

[1l. ANALYTICAL CALCULATION OF THE MAGNETIC FIELD

Because of the three-dimensional nature of the etagn
field distribution, rigorous computation of the doe
requires a full three-dimensional analysis [1]-[3[7].

AGNETIC couplings are used to transmit torque fronMowever, in order to simplify the analysis and trg out
a primary driver to a load without any mechanicagimple formulas for the torque and the torsionéfingtss, the
contact. As the torque could be transmitted acrass 3D problem of Fig. 1 is reduced to a 2D one byaidticing a

separation wall, magnetic couplings are well sufteduse in

cylindrical cutting surface at the mean radiushaf magnets

isolated systems. Among the advantages of this Bfpe R, =(R,+R;)/2 on which the flux density will be computed.
coupling compared to mechanical couplings is th# serig. 2 shows the resulting 2D model which makesatkial

protection against the overload (pull-out torgudpreover,
magnetic couplings tolerate shaft misalignment.

As shown in Fig. 1, the studied axial magnetic diogp
consists of two discs equipped with sector-shapgthanent
magnets (rare-earth magnets) and separated by laama
gap. The magnets are axially magnetized and aaaged to
obtain alternately north and south poles. Soft-iyokes are
used to close the flux. Through magnetic interagtithe
torque applied to one disc is transferred throughie-gap to
the other disc.

T. Lubin, S. Mezani and A. Rezzoug are with theud®de Recherche
en Electrotechnique et Electronique de Nancy (GREHDMiversité de
Lorraine, 54506 Nancy, France (e-mail: thierry.h@iuniv-lorraine.fr).

magnetic coupling equivalent to a linear magnetigpting.

Magnets

2

Soft-iron yoke

Fig. 1. Geometry of the studied axial magneticptiog (p = 6).
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where k=p/R. and a", b", ¢" and d" are the integration
constants. These integration constants can be noiat
from the interface conditions between the regiorss a
explained in [20].
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Fig. 2. 2D model of the axial magnetic couplingle mean radius of the

magnetsRe =(Ry+Ry)/2. B. Magnetic Flux Density in the Air-Gap

With this approach, we neglect the radial compordnt  The axial and tangential components of the magriketk
the magnetic field and we consider that the axiatl a density in the air-gap can be deduced from the etEgn
tangential components do not depend on rtoeordinate. vector potential (4) using
Moreover, we consider that the iron yokes havenitdgi __ 1A and B 0A, 5
magnetic permeability (which gives homogeneous Neum liz = Re 90 e ‘g ()
conditions on their boundaries). The magnets aiallyx
magnetized with a relative recoil permeability= 1.

Detailed developments for the magnetic field caltiah
in the different regions of Fig. 2 are given in J2thd will
not be repeated here. In this paper, only the ndetimal the
most important relations are remembered. Compar¢2i0f,
the model has been simplified by only considerimg first
harmonic term of the magnetic field distributions & will
be shown, this hypothesis leads to simple expresdr the
axial and tangential components of the flux denisitthe air-
gap which allows computing very quickly the pulltou

To compute the pull-out torque from the Maxwelless
tensor, we have to know the flux density expressiom line
in the air-gap region. The simplest expressiontfar flux
density is obtained at = h +&/2 (middle of the air-gap).
Moreover, with the first harmonic hypothesis, weknthat
the torque presents a sinusoidal characteristicsarwie have
to compute only its maximum value.

From (4) and (5) and after some calculus to obtam
values of the integration constaats b", ¢ andd", the axial
and tangential components of the magnetic flux ieirsthe
middle of the air-gap fof =n/2p are given by

torque.
A. Magnetic Vector Potential in the Air-Gap 4\/—25 _gr.sinh@)cosi{( ¥v)a) P
A magnetic vector potential formulation has beeedus By, (6) = sin GE) sinh( 2(1+v)a) r(pg_ ]
[20] to study the problem shown in Fig. 2. With sthi 6
formulation, we have to solve the following partial _ _ ©)
differential equations in the magnets and air-gagians By, (6) = 428, sin a’_T\S'”h(a)S'm(( ¥v)a) Sir( pg_fj
"e T 2’ sinh( A +v)a) 4
2 2
LOA A KM i iziandil (1) )
R2 062 07 R, 06 where
h e
1 0°A,  0%A _ _ a=p— and v=— (8)
— + =0 inthe air-ga 2 2h
R 05 | 07 gap ) Re
where 4 is the permeability of the vacuum aMi is the  As expected, we can observe from (6) and (7) that t

axial magnetization of the magnets. Due to theopgity of  axijal and tangential flux density waves are in phaken we
the magnetic field distribution, the studied domiaas been consider the pull-out torque position.

limited by 0<h< 27E/p The axial magnetizatioMz can be By using (6) and (7)' it IS now possib|e to derive
expressed in Fourier's series and replaced in IfL)ve  analytical formulas for the pull-out torque and ftire
consider only the first space harmonic term of theyrsional stiffness of the axial coupling. The neections

magnetization distribution, we can write concern the analysis of the steady state and dmesiemt
performance of the coupling with experimental vatidns.
4B, AR
M. (6) = br7s sm(an sm( p(H—J)) ) IV. STEADY-STATE ANALYSIS

Pull-Out Torque Expression
The pull-out torque is obtained by the Maxwell stre
tensor where a line at timsiddle of the air-gap is taken as the
integration path

where ¢ (torque angle) is the relative angular positiorﬁA
between the magnets of region | and region Il fasas in
Fig. 2. By considering the interface and boundamyditions
for the magnetic field, we obtain the general sofubf the

magnetic vector potential in the air-gap region 2

Toa = j Bio@Bi (0 (9)

0



Incorporating (6) and (7) into (9), we can derivsimple
formula for the pull-out torque which depends dieon the
geometrical parameters.

T, = Ty Sin( pO) (10)
with
3 .
T = 2B |1 [R sinz(azj—_ Sin &) (11
37 1 R, 2)sinh( Z #+v)a)

The formula (11) has been used in [20] for optidedign
of the coupling given in Table I.

B. 3D FE Simulations and Measurements

For the steady-state analysis, the formula (11) been
compared with both 3-D FEM simulations and expenitak
results. For the 3-D finite element simulations, veere used

COMSOL® multiphysics software. For the experimenta

validation, we have manufactured an axial magretigling
prototype using sector type NdFeB magnets gluedram

yokes. The thickness of the iron yokes (1cm) hasnbe
chosen to avoid magnetic saturation. The geomeétric

parameters of the prototype are those of Table I.

Fig. 3 shows the axial magnetic coupling placedtlan
test bench. The axial coupling is inserted betwésa
electrical machines (DC motors, 3kW, 1500rpm).itn 8,

@)

Rod (I=1m)
) Fixed rotor
— D¢ n y
machine
Encoder
() Magnetic /7777777
coupling
Weight

0
(0)

the air-gap value is = 9.5mm. The air-gap length has been

set by inserting non-magnetic plates of known théds
between the two discs. Figs. 4a and 4b show raspica
photograph and a block-scheme representation oftebie
bench arrangement for the static torque measurement
shown in Fig. 4b, the static torque was measuradkih to
weights (2509, 5009, 1kg) suspended to a rod (Idboked
to one rotor, the other being fixed. The relativeguar

positiond was measured using an incremental encoder witt

resolution of 4096 pulses/revolutiofprecision of 0.088
degrees) and the data was transferred into a cemput

Fig. 5 shows the pull-out torque as a functionh& &ir-
gap length obtained with 3D finite elements analyand
with the 2D analytical model (11). As expected thus type
of device, the 2D analytical prediction gives highalues
for the pull-out torque as compared to 3D FE anslf20].
This is mainly due to the 3D effects which are taden into
account in the proposed model (the radial depereehthe
magnetic field is not considered). The error on plé-out
torque prediction ranges from 22% fexr2mm to 31% for
e=10mm.

Fig. 3. Axial magnetic coupling prototype placed the test benche(=
9.5mm).

Fig. 4. Experimental setup for the static torqueasueement: (a)
photograph, (b) block-scheme representation (tep/)yi
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Fig. 5. Pull-out torque versus the air-gap len8B:FEM and 2D analytical

results.

TABLE |
PARAMETERS OF THE STUDIED AXIAL COUPLING

Symbol Quantity value
Ry Inner radius of the magnets 30 mm
R> Outer radius of the magnets 60 mm
Re Mean radius of the magnets 45 mm
h Magnets thickness 7 mm
e Air-gap length variable
o PMs pole-arc to pole-pitch ratio 0.9
p Pole-pairs number 6
B Remanence of the permanent magnets 1.25T




In order to analyze the error on the torque premficof
the 2D model, a parametric study has been cardéd feor a
magnet thicknesb=7 mm and an air-gag=4mm, we vary
R;, R, andp in the following intervals:

- R,=[40 mm to 140mm] with a step of 20 mm (6 values),
- Ri=[0.2xR, to 0.8XR,] with a step of 0.1R, (7 values),
- p=[2 to 8] with a step of 1 (7 values).

This corresponds to 294 combinations.

Then, for each value d&, we have 49 evaluations (3D
FE) of the pull-out torquélsp, the maximal value being

noted Tsp.max Among these 49 calculations, we have onl

considered the representative values for whigh Tsp max >
0.7. Indeed, we always look in practice to the niagbrable
configurations which maximize the torque.
A non-dimensional numberA=n(R+R))/(2p(R-Ry)) is
introduced. It allows comparing the magnet heidgRtR;)
and the mean pole-pitat{R+R;)/2p.
We have defined a correction factor of the 2D mdolel
ke=Tma{Tap, Where Tpa is given by (11). Fig.6 gives the
variation ofk. versusA. It can be seen that the valueskpf
ranges between 0.7 and 0.8 for the most representatses.
Furthermore, one can see that the optimal values thit
maximize the torque transmission capabilities ef¢bupling
are between 0.3 and 0.8. Notice that these optialaks of
A can also be predicted with the formula (11) ascated in
[20].

Hence, for engineering purposes, a correction fak{o
based on the results of Fig. 6, can be introduoedprove
the precision of the torque formula (11)

Toaxe = KeTmax  With

k. =0.75 (12)
whereT .« is given by (11). As it can be observed in Figa5,
simple correction coefficient in the analytical dae
expression leads to acceptable results whateveaithgap
length.

Figs. 7 show the comparison between the measuiaeds/a
of the static torque (Fig. 4) and the calculatedsohy using
the 2D analytical models and 3D FEM. Here, founueal of
the air-gap length were considered=(4mm,e = 9.5mm.e =
13mm ande = 20mm). It can be observed in Fig. 7 that th
measurements are in good agreement with both th&BD
simulations and the 2D corrected analytical modetmg by
(12).
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Fig. 6. Correction factord(for e = 4 mm).
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Fig. 7. Measured and computed static torque verthes angular
displacemend: (a)e = 4mm, (b)e = 9.5mm, (b}e = 13mm, (b)e = 20mm.

C. Tolerance to radial and angular misalignments

Fig. 8 shows the influence of the radial and angula
misalignments on the static torque of the desigrmatpling
(results obtained with 3D FE analysis). It can bensthat a
radial misalignment ofl=10mm leads to a reduction of the



5

maximum torque of about 11% compared to the casrevh
d=0. On another hand, an angular displacemenp=i°
leads to a reduction of about 25% of the maximunmue
compared to the healthy situatigh=0). It can be concluded
that the torque transmission capabilities of thapting are
more sensitive to angular misalignments.

V. TRANSIENT ANALYSIS

A. Torsional Stiffness Expression

In transient analysis of magnetic couplings or nedign
gears [26]-[29], one of the most important parametethe
torsional stiffnesK (in Nm/rad). It is equal to the initial
slope of the torque vs. position curves showngn Ti. This
coefficient depends on the geometrical parametérthe
coupling and more particularly on the air-gap vadu&rom
(10) and (12), we can obtain an analytical expoes&ir K

K p maxc (13)
Fig. 9 shows the variation of the torsional stiffad
versus the air-gap length. As expected, the coeffick
decreases with the air-gap length (the couplingnizre
elastic with a large air-gap). For an air-gap vabfiel mm,
the torsional stiffness of the studied magneticptiog is
around 370Nm/rad. For comparison, rigid or semiifike
mechanical couplings present torsional stiffnessorfe than
5000Nm/rad.

B. Equations of Motion

The transient analysis of the magnetic coupling
obtained from the equation of motion for rotatingid
bodies. Fig. 10 shows the scheme of the test bdreh.DC
motor rotates a®@,, and the load runs &2,

70

——d=0mm

60 & d=5mm ;H
—&—d=10mm i A—A

A

Torque (Nm)

et
ol
i

6 9
Angular displacement (mech. degrees)
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70 T
60 1 F o
/ | m—™
50 - R__\C—\/ 1B & e—
_ A
540 | ‘_&J ﬂ /A’///k
éao / X
o
" 20 ;//A/ /e//./ /./‘-0- p=0° L
%:/./ B B=0,5°
10 apere
.%:/ .15
0

9
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Fig. 8. Effects of misalignment on the static tardar e=4 mm: (a) radial
misalignment (b) angular misalignment.
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Fig. 9. Torsional stiffnessk( versus the air-gap length for the studied
magnetic coupling.

D DC motor O :Eﬂ: O Load D
encoder Jm’ Bm Jl’ Bl encoder
(6m) Axial-type @
magnetic
coupling

Fig. 10. Scheme of the test bench.

In steady state condition, the two speeds are dnges
Two encoders (4096 pulses/revolution) have beecedl@n
the test bench to measure the relative angulartiposi
between the DC motor and the load and to measarspibed
on both sides of the coupling during the transient.

The motion equations are given by

is

do
Im dtm + Bm-Qm:TDC_TE

40 (14)
I dtl +BQ -E Toad

whereJ,, and B, denote the total moment of inertia and the
coefficient of friction of the DC motor and one paf the
axial coupling,J, and B, denote the total moment of inertia
and the coefficient of friction of the other pafttbe axial
coupling and the loadlyc is the DC motor torque anfyagq

is the external load torque. The torque of the raégn

coupling (10) and (12) can be re-written as follows
T.=T sm( p(Hm—H|))

maxc

whereQ,=dé,/dt, Q=d6,/dt .

(15)

C. Sudden Application of Load Torque

In order to study the transient behavior of theptiog, a
first test consists to block one part of the maignedupling
(the DC motor part is locked i.6,=0, Q,, = 0) and to apply
a sudden variation on the load torque (supplemgntarght
from a wire attached at the end of a rod as showig. 4).
In this case, the motion equation (14) becomes

J— 61 9. sin( M) + Tad

=7
dt?

maxc

it (16)

If we consider a small variation of the load torqtig,aq
and a value ob) near to zero, (16) can be rewritten as a
second-order linear differential equation

d’ 61 6f
+B —-+Kf =5

J— a7)

whereK is given by (13). We can define the damping rétio

and the oscillation perio@l as
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The load torque variation and the moment of inedtia
(obtained by the Huygens' theorem) depend on thel to
weightm+4m attached to the rod (rod of lendthlm) as

|2
2) (29)
whereg = 9.81m&, J is the load inertia without weighf & 05
0.01kg.nf), m is the initial weight, andAm is the
supplementary weight appliedtaDs. -05 0 05 1 15 2 25 3

Fig. 11 shows the variation of the load angke Time (s)

(simulation results obtained with (17) and experitaé @
results) when we apply a load torque step of 5 Niin=a0s 4
that corresponds to a weight of aroufrd = 1kg (the initial I
torque is fixed to 14.7 Nm i.en = 3kg). The moment of ' ; ‘; 0=3.1°
inertia J, given by (19) is then equal to 1.01kg.nThe : \/\\V{fﬁ\l‘_,fﬁ ﬁu;"'g o
torsional stiffness of the magnetic coupling K = 25 l :
370Nm/rad (air-gap of 4 mm). The oscillation periah be 0=23° | le—pl

0=2.4° | 7= 33

load angle ol (degrees)
N

A‘I]oad=|EgAm and J, =J+(m+An)(

load angle 0l (degrees)
N

estimated by (18) aff = 0.33s that is closed to the & T=0.35s
experimental resultsT(= 0.35s) given in Fig. 11. As shown '
in Fig. 11, the initial and final load angle carsalbe !
predicted with a very good precision by using thalgtical 05
model (Sif=Tioad Tmaxd- 0
-0.5 0 0.5 1 1.5 2 25 3

D. Transient Performance During Start-Up Time (s)

The transient start-up performance is assessedrnmng (b)
the DC motor from stanq_stlll (a}t t= OS) to the embf 400 Fig. 11. Load angle oscillations due to a suddefatian of the load torque
rpm under no-load condition. Figures 12, 13_ andhew the (4T, -~ 5Nm) fore = 4 mm andK = 370Nm/rad: (a) simulation result, (b)
speed responses for three values of the air-gapihlda =  experimental result.
4mm, e =13 mm ance = 20mm). The simulation results have

been computed with (14) and (15). Experimental an 0

simulation results show clearly that there are dpee¢ “® B¥oaey
oscillations with time delays between the two retof the %0 1754
magnetic coupling. As expected from (18), the ¢moiin 3% /

period T increases when the torsional stiffness of th £2s
coupling decreases (i.e. the air-gap increaseshasn in 8200

Fig. 12 to Fig. 14. These speed oscillations haveet taken & 150 ¢ = 4mm

into account for servomechanism applications. oo | DG Mo J (simulation)
During the starting, there are some power lossethen I \/

permanent magnets and iron yokes (eddy-currentls iBh o /*/‘L“d

due to the speed difference between the two rotbne 006 0 006 01 015 02 025 03 035 04

eddy-current causes additional  ‘damping’  torquc Time (s)

(asynchronous torque) which can be included intr#nesient - (@)

analysis of the coupling [28] by increasing the gamg ratio

(18). The computation of the eddy-current coulddoame 0 e et

analytically with the resistance limited assumptid@], [31] %0 P

or by finite element simulations. Anyway, this spués  g°® 047“

complex and is outside the objective of the paper. E250 né;"
Fig. 15 shows the variation of the angular displaeet EZOO e motor// =

between the two sides of the couplit®)= 6,-6, during start- 150 / ¢ (_tes't';m

up under no-load condition (corresponding to theesp 100

variations given in Fig. 14). As shown in Fig. 1), reaches 50 j

a value of 15.7° (at= 0.025s) which is slightly greater than —j-lead

its maximum value before instabilityl§.x = 15° for p=6). 006 0 005 01 015 02 025 03 035 04

However, we can observe that the coupling doessi the T't')"e ©

synchronism for this test. This can be explained tig ®)

additional torque (asynchronous torque) due to exnlyent  Fig. 12. Speed responses with torsional stiffriéss 370Nm/rad € =
as indicated previously. After the transient, tigpthcement 4mm): (a) simulation resuit (b) experimental result

angle reduces to a zero mean value for this nodestd Fig.

15.
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Fig. 16. Loss of synchronism caused by an abrapt-sp of the DC motor
(from standstill to 725 rpm): (a) simulation, (perimental results.

Another test with a larger speed variation (statdst
725 rpm) has been performed and the results (siionland
experimental) are given in Fig. 16. For this téisg air-gap

value is fixed taee = 20mm. It can be seen in Fig. 16 that the

synchronism is lost by this abrupt start-up of B@ motor
which cause the load to stall. It is important &eg in mind
this problem when designing the coupling. Of coufee a
lower value of the air-gap, the synchronism woudd Kept.
One can observe in Fig. 16 that the simulation texl
results are in close agreement.

E. Transient Performance With Load Variation

The transient performance with an abrupt applicatiba
load torque is now studied. Before the load tonguapplied,
the DC motor is in steady-state condition and estatith a
speed of around 750 rpm (under no-load conditidnyo
cases are interesting to study: torque variatiometoor
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greater than the pull-out torque. In one case, a@tdose
the synchronism, while in the other case the syorabm wiill
be lost. For these tests, the air-gap value isdfitee =
20mm that corresponds to a pull-out torque of ado6NmM
as shown in Fig. 7d. A schematic view of the teshdh
arrangement is given in Fig. 17. A DC generatoussd to
apply the sudden load torque by connecting a eggistto its
terminals armature winding.

First of all, a sudden load torque of 4Nm is applie the
system at t = Os as shown in Fig. 18 (a load toafuéNm
corresponds to a DC current in the generator of B,
torque coefficient of the DC generator being eqtml
1.35Nm/A). This load disturbance corresponds todt/the
load which causes the synchronism loss. Fig. 8vstthe
speed responses and the DC current in the genetatam
be seen that the settling time of the DC currentely fast
compared to the speed variations. After a trangi&éaround
0.3s, the two speeds are stable again and are reymals.
For this test, the synchronism is not lost.

Fig. 19 shows the speed responses (simulation a _ 600 ¥ eiesd
experimental results) that follow a sudden applicaf a  § s \
load torque of 13.5Nm at t = Os (DC current of 1@#)ich g 400 | Lo
is sufficient to cause the synchronism loss (owatlo 2 300

condition).

Load
resistance

it

Axial
magnetic
coupling

Fig. 17. Test bench arrangement for sudden apjuicaf load torque.
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@
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N

05

-0.5 -0.25 0 0.25

Time (s)

(b)
Fig. 18. Speed responses to a sudden load torgdirafwith e = 20mm:
(a) motor and load speeds, (b) current in the deiggor (experimental)

0.5 0.75 1

As shown in Fig. 19, the speed of the DC motor is

maintained at around 750 rpm (after some oscitia)iavhile
the load side of the coupling stops. This testrbfeshows
the overload self-protection of the magnetic caugpliOn
Fig. 19a, we can observe speed oscillations orotie side
around a zero mean value. This ‘sinusoidal’ spessillation
is caused by the torque variation given by (15)eraft
overloading. The oscillations frequency can be joted
easily as the product of the DC motor speed in7p8/60 =
12.5rps) by the number of pole pair of the magnetigpling
(p = 6). This gives a frequency of 75Hz (around 1€qus

between 0.5s and 0.75s as shown in Fig. 19a). This

frequency is also present in the DC motor speed Jignal

can be used by a controller to detect an overlgadin

condition as it is shown in [28] for magnetic gears

900
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/
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700

Speed
oscillations

200
100
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-100
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@)
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10
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< 8
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2 e
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o 4 \\
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RITRR N TR NIRRT |
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(©

Fig. 19. Speed responses to an overload condisiodden load torque of
13.5Nm with e = 20mm): (a) simulation, (b) experimental results)
electrical current in the dc generator (experimignta
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By using analytical formulas for the pull-out tosjand
for the torsional stiffness, both the steady-statel the
transient performances of an axial magnetic cogpliave

CONCLUSIONS

synchronous machineProc. 20th Int. Conf. Elect. Mach. (ICEM)p.
2818-2824, Sep. 2012.

[16]L. J. Wu, Z. Q. Zhu, D. A. Staton, M. Popescu, ddHawkins,
"Comparison of analytical models of cogging torgire surface-
mounted PM machines"|EEE Trans. Ind. Electron.vol. 59, no. 6,
pp. 2414-2425, Jun. 2012.

been studied in this paper. The proposed 2D analyti [17]T. Lubin, S. Mezani, and A. Rezzoug, “2D analyticalculation of

model, which is very fast to perform, presents sdack of
accuracy compared to 3D finite-element simulati@msl
experimental results (error of around 25% on th#-quut
torque prediction). To improve the predictions,carection

magnetic field and electromagnetic torque for stefanset permanent
magnet motors,IEEE Trans. Magn.vol. 48, no. 6, pp. 2080-2091,
Jun. 2012.

[18]J. Krotsch and B. Piepenbreier, "Radial forces kiemal rotor
permanent magnet synchronous motors with non-querig

factor k. has been introduced in the pull-out torque formula  windings,"|EEE Trans. Ind. Electranvol. 59, no. 5, pp. 2267-2276,

Through detailed transient analysis and experineesalts,

we have shown that the magnetic coupling causesdspe

oscillations with time delays between the two rstduring
start-up. This is due to the low value of the tomsil stiffness
inherent to magnetic couplings. This must be tak#o

account for servomechanism applications and evansient
behavior. Finally, we have verified by simulatiamdaby tests
the overload self-protection of the magnetic cagpli
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