Design Procedure for a Very High Speed Slotless Permanent Magnet Motor
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Abstract—The paper presents a very high speed slotless
permanent magnet motor design procedure using an analyti-
cal model. The multiphysics analytical model allows a quick
optimization process using a sequential quadratic programming
method. The presented model includes the magnetic fields, the
mechanical stresses in the rotor, the electromagnetic power losses,
the windage power losses and the power losses in the bearings.
The paper also presents an example of optimization.

I. INTRODUCTION

Due to their high power density, very high speed (VHS)
permanent magnet (PM) motors are increasingly demanded
on the market [1].

In a VHS motor, the different parts and the different
materials are pushed to their thermal and mechanical limits.
Indeed, as the speed is very high, high stresses appear in the
rotor. As the mechanical power is given By = Tw, for a Fig. 1. Motor structure
given output powerP at high speedss one needs a much
lower torqueT and volume than at lower speeds. Hence,

there is a high power density. This article shows an innovative L ) .
procedure to VHS PM motors design potential. The magnetic fields in the sleeve, the air, and the

coils are calculated by settinz = 0 in (1), which gives
Il. THE NECESSITY OF A MULTIPHYSICS FULLY Laplace’s equation. The hypothesis of infinite permeability in
ANALYTICAL MODEL the yoke is made.

The mechanical optimum for the motor would be to reduce Xia and Zhu's article [2] resolves the two equations in the
the rotor diameter to diminish the stress in it, but it woul@llowing geometry: a shaft in the center, a magnet, an air gap,
reduce the motor torque. The magnetic optimum would be &hd the stator yoke. In our case, the shaft radius is set to zero.
reduce the air gap, but it would increase the windage powEfe radial radial fieldB,. in the air gap is obtained:
losses. These two simple examples show us the importance of N
having an optimization which uses the complete multiphysics B.(r,a) = By(r)cosp(a—0) (2)
model of the system.

In the considered case finite elements methods are extrem#ith
heavy for optimization processes. Therefore an analytical

—1 +1
model is used. The model is applied to the motor structure ( ’”_)p (Ll_)p + (T—l)]‘”rl
R K . ~ ZBRp Tyi Tyi r
shown in Fig. 1. Our geometry is: a magnet at the center, a B.(r) = (3)
sleeve, an air gap, the coils, and the stator yoke. L+p [(1 o) + (1= ) (7-1 )2’7}

[1l. THE ANALYTICAL MODEL
A. The magnetostatic fields and withp the number of pole pairgy, the magnet relative
To solve the field, the polar coordinate system ¢) is permeability,rl the outer radius of th(_a magnegi the inner
used. Magnetic field in the PM is calculated using Poissonr"'éldlus of the stator yoke,ﬁ, the rotor qr|entat|on. .
equation: We calculate Laplace’s torquE acting on the copper with
. the current density/':
V-B
Ve = = (1)

o fbr T = / rJB,(r,a)dT 4)
with B the PM remanent fieldy, the relative permeability, cort
o the free space permeability angl the scalar magnetic with d= an element of volume.




The result is the following: 5-X1°8§‘ T T
1| rer2_ppt? 4.x10°F :
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with [, the active lengthy.. the outer radius of the coik;,; @ N Xlogi ]
the inner radius of the coil, and B ]
0 /:
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(D, oo er) = —e——s— if pe N*\ {2} ©6) 0000 000l 0002 0003 0004 0005 0.006
’ ’ In (:“) if p=2 Radius [m]
and X1 T T
F(as,0,p) =sin(p(as — 0)) — sin(p(as — 0)) 4xa’y
~ (sin(p(az = 0)) —sin(p(en —6))) () = 4,40 ;
with a; 7 = 1,...,4 the angles which set the dimensions of J 1
one coil. g 2x10°f 1
o [ ]
B. Mechanical stresses 1-><108; 1
The mechanical stresses,.( o) in the rotor are calculated 0? ——— . ]
using the equilibrium equation [3]:
do, o, — o 0000 0001 0002 0003 0004 0005 0.006
TS + — +F, 0 (8) Radius [m]
with F;. the radial force density. Hook’s law gives the depenF—_ 2. Radial (conti ine) and t il st (dashed i) in th
H . 1g. 2. adial (continuous line) ana tangential stress asned line) In the
dence of the straia on the stresses: magnet and the sleeve along a radius. Top: stresses at no speed (tangential
1 and radial stresses have the same value in the PM). Bottom: Stresses at 200
Er = E(UT - VUa) 9) krpm.
1
Ea = E(O}, —vo,) (20)
with E Young's modulus and’ poisson’s ratio. with v; andv,, Poisson’s ratio respectively of the sleeve and
In a rotating system a volume element is subject to tié the magnetp, and p,, the density of the sleeve and the
following force F: magnet, £, and E,, Young modulus of the sleeve and the
) magnete, the radial interference between the magnet and the
B = pwir 11) sleeve; andr, the outer radius of the magnet and the sleeve.
with w the anglular velocity. The permanent magnet is fragile. In order that it does not
Using the following values, we obtain the results shown dif€ak at high speeds, itis prestressed, as shown on Fig. 2 (top):
Fig. 2 at no speed, the radial and tangential stresses are negative in
the PM. The limiting factors are the radial stress at the center,
vs = 0.32 and the tangential stress at the inner side of the sleeve at high
Vm = 0.3 speeds: Fig. 2 (bottom).
-1
w = 2m3333 S kg C. Thermal model
ps = 4.42x10° 3 The steady state temperatufeis calculated using the heat
kg diffusion equation [4]:
Pm = 7.7 % 103 —3 oT
N EV2T + ¢ = pep— (12)
E, = 116x10° — P ot
r'r\ll with & the thermal conductivityp the material density; the
E, = 150x10° — rate at which thermal energy is generated per unit of volume
—5 andc, the specific heat.
eg = 2x10 m . . .
L Because of the 3D thermal interactions in the motor, and
rio= 580 x107" m because of the air movements in the air gap, this 2D thermal

ry = 6.21x107% m model is not consistent with the reality. It is used to give us



indications and not to constraint the model. Further investiga 0.009 ’% 504 W54 W g 6 WL ‘,

tions in the thermal modeling need to be done. / [ 1
So the thermal aspect of the motor is not directly taker L

into account. But, as the motor is designed by minimizing the

total power losses, the thermal aspect is indirectly taken int
account.

D. Electromagnetic power losses

Rotor radius [m]

Joule power losses density,, in the coils is calculated as:

Pcop = Pec J2 (13)

with p. the resistivity and/ the current density.

The stator iron power losseg;,.,, are assumed to be
generated only by the PM. Their density,,,, is calculated
approximately using Steinmetz equation:
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Diron = 1 f2 B (14) Air gap [m]

with ¢;, i = 1,2, 3 being empirical coefficientsl,% the maxi- ;)go %pmvlvindage power losses in an air gap cylinder of 34 mm of length at
mum magnetic field ang the frequency. The same empirical
approach used in [5] for the hysteresis power losses is used
here for the iron power losses. ,

The eddy current and hysteresis power losses in the magn 500}
are neglected. The eddy currents in the sleeve and in the co ’
are also neglected.

400}

) 300}
E. Windage power losses i

Power losses [W]

The article from Vrancik [6] indicates us that the windage® 2|

power lossesP,, are calculated as:

100}

Pw = chlr§w3pair (15) 0 , e ,
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with [ the length considered;, the inner radius of the air
gap, w the angular velocity ang,;- the air density. The
skin friction coefficientC, is calculated using an empiricalFig. 4. Representation of the objective function (the power losses) for each
formula: iteration.

1
VCq

with Re the Reynolds number. ) . .
Fig. 3 shows the windage power losses given by this modelThe model contains more than 140 equations and 190 vari-

for an air gap length of 34 mm when the motor turns at 20®Ples. The system has 13 degrees of freedom. The commercial
krpm. softwarePro@Designis used to perform the optimization [8].

This program is based on a sequential quadratic programming
(SQP) solver using the partial derivatives and penalty func-
tions. One parameter is chosen to be the objective function
The power losses in the bearingdcq,ings [7] can be and all the others are fixed, constrained in intervals or free.

Iteration number

=2.04 + 1.768 In(Re+/ Cy) (16)
IV. OPTIMIZATION PROCEDURE

F. Mechanical power losses in the bearings

estimated by: Fig. 4 shows the minimization of the objective function
which is in our case the total power losses. One can note
Prcarings = Caw (17) that the minimum value of power losses shown on the graphic
is in this example at the first iteration. The algorithm does not
with ¢, andc; be two empirical constants. converge to this value of losses because some constraints are

In our case, ceramic ball bearing are used. not satisfied at this iteration.



V. OPTIMIZATION EXAMPLE

Because of the mechanical normal modes, the active length
of the motor was constrained to be smaller or equal to 30 mm.
The motor specifications are:

Active length of the motori/() <30 mm

PM remanenceRr) 1.18 T
Number of phases 3
Mechanical power 2 kw
Speed 200 krpm
The optimal design generated by Pro@Design is:
Active length of the motori() 30 mm
Outer radius of the PMr() 5.80 mm ) )
Outer radius of the sleeve-) 6.21 mm Fig. 5. Test and measurement bench for the high speed prototype.
Outer radius of the coilsr(.) 14.14 mm
Number of pole pairsg) 1
Phase current amplitude (sin wave) 36.25 A VIIl. CONCLUSION
Efficiency 945 % The optimization procedure presented in the paper enables
Bearing power losseS4cqrings) 53 W to quickly obtain the optimal design. Different materials,
Joule power losses,,) 39 W motor configurations, and constraints for the motor parameters
Air gap power lossesK,) 11 W are tested.
Iron power lossesK;, o) 13 W
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It is shown on Fig. 5. Although it is designed for 200 krpm
and 2 kW, some construction constraints are added to the
presented constraints in the optimization process. In means that
the prototype is slightly different compared to the optimization
example.

The prototype is being measured and the results will be
shown in more details in a future publication. Nevertheless,
the first results already showed the benefits of the analytical
approach. The prototype designed using the analytical model
showed better results than the previous prototypes. It already
reached 200 krpm.



