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Abstract—The efficiency of permanent magnet synchronous tolerance, a high slot fill factor, and separated windingthwi
machines (PMSM) with outer rotor and concentrated windings short end turns. These machines have a lot of opportunities
is investigated as a function of the mass of magnets used, keeplngand challenges, described in [1]. A review of design issues
the power, volume and mechanical air gap thickness constant. In . ’ . - . .
order to be useful for electric vehicle motors and wind turbine and techniques for 'these m"f‘Ch'ne_S is given in [2]. Many
generators, the efficiency is computed in a wide speed and torque aSpects of the machine were investigated, such as the bevera
range, including overload. For a given type and amount of combinations of number of poles and number of stator slots
magnets, the geometry of the machine and the efficiency map for the concentrated windings [3], or the optimal winding-la
are computed by analytical models and finite element models, out [4]. The paper [1] also compares double layer and single

taken into account iron loss, copper loss, magnet loss and pulse - .
width modulation loss. The models are validated by experiments. layer windings. An example of a surface PMSM with two-

Furthermore, the demagnetization risk and torque ripple are layer concentrated winding is given by Di Gerlando in [5].
studied as a function of the mass of magnets in the machine. A lot of papers deal with rotor losses in the considered type
The effect of the mass of magnets is investigated for several sof of machines, and give methods to compute them. For example
magnetic materials, several combinations of number of poles and [6] gives a general method for several slot/pole configareti

number of stator slots, and for both rare earth (NdFeB) magnes ; . . . .
and ferrite magnets. It is observed that the amount of permaneh Polinder [7] studies losses in the solid back iron of PMSM

magnet material can vary in a wide range with a minor influence With fractional slot windings. Atallah presented an anabjt
on the efficiency, torque density, and torque ripple and with a model to compute magnet loss [8], and Ede proposed a

limited demagnetization risk. computationally efficient 3D numerical method to compute th

Index Terms—Permanent magnet machines, Brushless ma- magnet loss [9].
chines, Finite element methods, Magnetic losses, Magnetic mate- An aspect of fractional-slot concentrated-winding PMSM’s

rials, Pulse width modulation, Variable speed drives that is less investigated, is how much the amount of magnets
can be reduced, and how this affects the global machinermesig
. NOMENCLATURE and performance. As the price of rare earth magnets is high,
Nominal speed Noom Nominal power — Paom PMSM’s with small amount of magnets become interesting,
Stator outer radius Tso Tooth width weootn 0N condition that their efficiency and torque density remain
Number of stator slots Ny Stack length L high. It is known that very powerful and light permanent
Turns per winding _ Nw  Rotor outer radius 7+, magnet machines can be made when a lot of PM material
Yoke saturation flux density Bi.,  Air gap thickness t, )
Magnet radial thickness ¢ Magnet width Wi can be used: for exampl_e the slotless brushless DC PMSM
Magnet permeability . Magnet remanence B, of [10] has two concentric rotors, both of them completely
Magnet-to-pole pitch ratio «, Number of poles 2 covered with a thick layer of NdFeB magnets in Halbach array.
Rotor yoke thickness try ~ Phase resistance Rpn Alternatives are investigated to reduce the required amofin
permanent magnets, or even to have motors without magnets
Il. INTRODUCTION [11]. Nevertheless, [12] compared caged induction, raluce,

Fractional-slot concentrated-winding permanent magn@dd PM motor technologies for the more electric aircraft,
synchronous machines (PMSM's) have become popular g@ncluding that three-phase permanent magnet machines may
cause of their high torque density, high efficiency, goodtfaustill be the favorite choice.

Therefore, we investigate the impact of the amount of mag-
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the torque ripple. [18], or to six-phase double-star armature windings sucim as
In the following paragraphs, the influence of magnet magk9].

in the design of fractional slot PMSM's is studied, takingoin ~ We illustrate the methodology for a 1.5 kW outer rotor

account the above mentioned aspects and design consid@dSM with fixed outer diameter (80 mm), fixed stack length

tions of [4] and [14]. In addition, several modelling tectmés (40 mm) and concentrated stator windings. The air gap thick-

exist, such as magnetic equivalent network based techmiquess is fixed to 0.55 mm and the rotor yoke has a minimum

[15], or exact analytical models for a surface PMSM [16]. Wihickness of 1.3 mm. Fig. 1 shows typical geometries for

choose a quite simple analytical model for the rough desigsgveral values of the input parametgr and Table | gives

followed by a more complex analysis with Finite Elemendimensions. Based on the three input parameters, the number

Models (FEM) to predict the machine performance accuratetyf turns, the air gap diameter, tooth width, and rotor yoke

The analysis is limited to surface-mounted PMSM machineickness are determined. The effects of the flux weakening

A performance comparison between surface-mounted agapability of the machine are not considered.

interior PM motor drives is made in [17] for an electric

vehicle a_pplication, _sho_wing that both tyPeS can be usefLHROPERTlEs OF THE BRUSHLEgsAgl(_)EC!RWHEN A RANGE IS GIVEN FOR

An experimental validation of the models is done as well. A pARAMETER, THIS PARAMETER IS COMPUTED BASED ON THE INPUT

PARAMETERStm, MATERIAL GRADE, p, AND N¢. THE COLUMN
“EXPERIMENTAL” REFERS TO THE DIMENSIONS OF THE EXPERIMENTAL

I1l. METHODOLOGY TO INVESTIGATE THE INFLUENCE OF MACHINE IN SECTION V.
THE MAGNET THICKNESS AND THE MAGNETIC MATERIAL Property Simulation Experimental
The methodology has an analytical part to design th%eneralD'\gE:r;a\l,;?:;s Noom 450015%mv 450%8@
machine and then a FEM part for accurate computation of Nominal power Paom 1.5 KW 1.5 kw
the efficiency. The effect of three design input parameters $tator Outer radius Tso  Trotrytm-ta 342 mm
studied: 1) the radial magnet thicknegs 2) the soft magnetic Copper fill factor 0.3 03
material grade in the stator iron, and 3) the combination Tooth width Wiooth  3—10mm 3.9 mm
of number of pole pairgp and stator slotsV;. For each Stack length L 40 mm 40 mm
. - . . . Number of slots Ng 9-18 12
combination of these three parameters, the machine isrdasig Turns per winding Ny 1-100 10
as explained further and the efficiency map is computed.én th o —6uter radios P~ 20 mm 20 mm
methodology, the following constraints are applied in orde Number of poles 2 6 — 16 14
have a fair comparison of the several machines: Air gap thickness ta 0.55mm  0.55 mm
. . Magnet-to-pole pitch ratio  «p 0.89 0.71
e The _nom|nal power, supply voltage and nominal speed Magnet radial thickness b 06-5mm  3.55mm
are fIX.ed. ) — . Magnet width Wy 2eT(rety) 11 mm
« The air gap thickness is f_|xed for_mechanlcal reasons. Magnet permeability . pl.05uo 1.05u0
« The rotor yoke has a minimum thickness for mechanical Magnet remanence B, 110r035T 11T
reasons. Yoke saturation flux density) Bim 1.65T 1.65T
o The outer diameter and stack length are fixed so that Additional axial yoke length Lge 20 mm 20 mm
the volume and active mass of the different machine Iron yoke thickness bry 13-32mm  1.65mm
configurations remain approximately constant. () In analytical model only

The methodology is sufficiently general, and valid for all
permanent magnet synchronous machines with surface mag-
nets in variable speed drives. We apply it to three-phasalradA. Determining geometry parameters by an analytical model

flux machines, but the methodology could also be applied togq, a given magnet thickness, number of poleg, number
axial flux machines with concentrated windings such as g gjots N, and stator magnetic material grade, the machine
geometry is determined so that the iron in the machine is used
efficiently, i.e. that the iron has a high flux density without
being completely saturated. The details of the design pitwee
are given in Appendix 1. In comparison to [13], the air gap
field is computed more accurately — as it takes into account
curvature of the rotor — based on an analytical solution ef th
air gap field: it is computed based on [20] instead of [21]. In
addition to [13], several combinations of number of poled an
JL number of stator slots are considered by the analytical inode
004 002 0. 00z oo w04 -0z o ooz oo. and also the short circuit current, and the demagnetizaistn
@) (b) are computed.

Fig. 1. The motor geometry in case of “extremely thin” magnetsajnand The geometry is totally different for thin (Fig. 1a) and thic
“extremely thick” magnets in (b). The machine with thin magneds much magnets (Fig. lb). For thin magnets:

smaller stator teeth and thinner back iron than the motor waitktmagnets). .
The outer diameter is always 80 mm, and also the mechanical powlesia « The stator teeth have a small width because of the low

gap thickness are equal for all machines. air gap flux density, due to the fixed air gap thickness
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The cogging torque was not computed by the analytical modE'I?re' B(t)
but it can be computed like in [22], which presents fo
analytical models that allow to predict the cogging torgue i

« The air gap diameter is larger for the same outer diametghere f is the electrical frequency. The coefficientso, c,
« The number of turns is high to keep the same Emf as amdd are to be determined by fitting based on Epstein frame

machines with thicker magnets (fixed DC bus voltage) measurements: details are given in Appendix 2. The nominal
The analytical design is fast, but has drawbacks: frequencyf,om Of the considered machines with 6 to 16 poles
(J;,?GZZS to 600 Hz forV,,,, = 4500 rpm. The result can be seen
n Fig. 2 for one of the four considered materials.

" In the Finite Element Modgthe time domain loss model is

d as it is more accurate in case of non-sinusoidal wawefor

]. A similar equation as (1) computes the ldg5. for a
ven waveformB(t):

« The thicknesses of the stator teeth and the rotor yoke
calculated based on a “saturation” flux density of 1.65
which is typical for silicon steel laminations.

o The losses consist of only the copper loss and the sta
iron loss. Moreover, the stator iron loss is computed bas
on the flux density norm and the frequency, not on the
realistic waveforms of the flux density. It is assumed that B
the copper loss is not dependent on the speed and that Wie(B,t) = Wiy +b /O B(t)” dt +
the iron loss is not dependent on the torque. T _

« We neglect losses in rotor yoke, magnets and bearings, c’/ |IB(t)|(n/1+d|B(t)|—1)dt (2)

0

and additional iron losses by the leakage fluxes.
is obtained by 2D FEM simulations at different

Jime instants, i.e. different rotor positions. The proaedis
explained in Appendix 2.

surface-mounted PMSM machines.

B.

FEM is made with the geometry as designed by the analytical
approach. The FEM is a conventional 2D static magnetic
vector potential problem. It is executed for several positi
angles of the rotor, in order to record:

Two possible geometries are shown in Fig. 1. The FEM has 0

140,

Accurate efficiency evaluation by Finite element method 120

For a givent,, and stator magnetic material grade, a 2D 100k
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« Torque to evaluate torque ripple and mechanical power

« Flux density pattern in stator iron to compute iron loss

o Flux density pattern in the magnets to compute the in-
duced eddy current losses via a coupled 2D-3D approach
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the following more accurate features in order to compute the B [T]
losses by loss models, explained in the next paragraphs: rig 2. specific losses of the material M250-50A, obtained bgsuesments

A.

« Realistic BH-curve of all considered magnetic material§" Epstein frame and by simulations from the loss model

« Realistic iron loss computation by a time domain loss h | _ . d in | del
model coupled to 2D FEM (paragraph IV-A) The accurate loss computation — time domain loss mode

. Computation of additional losses due to time harmoni@@Mpined with the FEM — gives lower losses for low current
from Pulse Width Modulation (PWM); these losses arg S€€ Fig. 3 — because the magnetic flux density is somewhat

computed in the magnets and rotor back iron (paragratﬂ‘(‘/er than the 1.65 T of the analytical model in a large part of
IV-C) and in the stator iron (paragraph IV-D) he geometry. For higher current, the accurate loss cortipata

« Computation of losses in the magnets caused by reILR{-ediCts higher losses, partly because the flux densityhesac

tance effects and mmf space harmonics, via a coupIE@her values, but also because the waveforms of the flux

2D-3D FEM approach (paragraph IV-E) density are not sinusoidal. _
For all magnetic materials compared, Fig. 4 shows that

iron losses in the machine increase slightly with the magnet
IV. COMPUTATION OF LOSS TERMS thicknesst,,. The amount of iron remains almost constant
Iron losses (thicker teeth but smaller stator radius), but the average fl

In [23], an overview is given to compute iron losses, basélfNSity increases slightly with,.

on the loss separation theory.

In the analytical modelwe assume sinusoidal inductionB: COPPer loss

waveforms, and we use the loss equation in the frequencyThe copper loss is found from the wire resistance computed
domain. The loss per cycle consists of hysteresis losssickls in the analytical model (Appendix 1), and the value of the
loss and excess loss: injected current. For increasing,, the number of turns per

winding decreases but the available copper section dexseas
Wie(B, f) = Wiy + Wa+ Wex too. Therefore, the copper loss has no clear trend with &ssre
= aB“ +bB?f +cB(\/1+dBf —1) (1) ingty: at nominal load for the machine wittp = 14, it first



NdFeB magnetd, =1.5mm Rotor loss caused by PWM
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Fig. 3. Iron loss for the machine with 1.5 mm magnet thicknessNa85- (b) Q 50F P
35A, as a function of the load current. The dashed lines slh@nirbn loss p
prediction of the analytical model, which does not dependheridad current. S 45t
40 — . . .
Iron loss foanom, 2/3 nom 0 1 > 3 2 5
100, \ \ \ \ Magnet thicknest;m [mm]
%0l v v v v . y
—=— M235-35A| Fig. 5. Pulse width modulation loss (a) in the rotor magnetsratat back
80+ - - - M250-504 i iron and (b) in the stator iron. In (b), the curves “PWM 5kHz"datPWM
S — e M330-35A 15 kHz" represent the total iron loss including PWM.
a® 70l ¥ M600-50A -
7
2 60 The loss is much higher at 5 kHz than at 15 kHz, because
= 50 the peak-to-peak flux variation caused by PWM with constant
DC bus voltage is higher at 5 kHz. As the magnets are axially
40+ much longer than their width, the 2D-model will only slightl
overestimate the magnet loss. The figure shows that for small
300 1 5 3 4 e magnet thicknesst < 2 mm), the PWM loss increases.
Magnet thicknes _[mm] The reason is that with increasing,, the number of turns

in the stator windings decreases, so that the constant DC bus
voltage causes larger flux variations and larger lossesdkeh
magnets. For thicker magnets, (> 3 mm), the number of
decreases from 46 W far, = 0.6 mm to 36 W at,, = 2 mm {Uns is not changing any more with the magnet thickness.
and then increases to 50 W far, = 5 mm. Here, the PWM loss in the rotor starts decreasing for the
following reason. Because of the larger distance to therroto
back iron, more flux lines close between adjacent statoh teet
C. Pulse width modulation (PWM) loss in the magnets  or in the air gap, causing less flux variation and loss in each

Fig. 4. lIron loss for all materials, at nominal speed and 10 8 (Zbm)

In [24], it is shown that the eddy-current loss in a magngt]agnet'
is mainly produced by the carrier harmonics of the inverter.

To compute losses caused by PWM, a 2D time harmonie pyjse width modulation (PWM) loss in the stator iron
FEM was made with the same geometry as in paragraph
I1-B. The magnet remanence was set to zero, and the pwMFor computing the PWM losses in the stator iron lamination,
frequency was applied in the stator windings. In the consitle ©ne of the three methods of [25] can be used. In the FEM of
brushless DC machine, two windings are in series, so trgragraph 111-B, the time domain iron loss model is used. If
both phases see PWM pulses with only half of the DC plRWM is included in the supply waveforms, then this model
voltage. The current in the third phase is set to zero. In trgitomatically includes PWM loss, such as in method 1 of [25].
model, the rotor is not rotating. The applied frequency & tiowever, this requires a very small time step in the simarati
carrier frequency (5 or 15 kHz) of the PWM and harmonics. herefore, we keep the iron losses without PWM as presented
The PWM loss in the rotor is the summation of losses fdR Section IV-A and we try to estimate the extra loss caused
the carrier frequency and harmonics, computed in both tR¥ PWM in the following way:
magnets and the rotor back iron. « The hysteresis loss remains the same. This is valid if

Fig. 5a shows the PWM loss in the rotor of the different no minor loops are created in the hysteresis cycle: the
machines as a function of the magnet thickness. hysteresis loss then depends on the peak induction values



only. According to [26], when three level modulation M235-35A, NdFeB magnet =N, ,
25

techniques are used, minor loop losses can be neglec” N ‘ [ w_1=025]_|
o The classical losses are obtained by superposition N 12067 |0:
the already computed,(t), and the additional classica®®* R I —e-l=l
losses P, .q(t) caused by the PWM. This method i oo E% FUN —v- =2,
based on [27], where it is assumed that, under PWg s as 15 Q\\“\ R el 1215
supply, the higher order flux density harmonics do r é \\V\ Sl
influence the magnetic work conditions imposed by t g 10 S
fundamental component of the flux density. The ir¢*™" s L e g
losses including PWM are estimated by the additii °°1 &l Lemm e T T ]
of iron losses without PWM and the iron losses of ¢o.os ~”
PWM harmonics. The iron loss of one PWM harmon . % 1 2 3 4 e
is computed from the induction waveforms obtained | = s ° L4 Mag”gt thicknest,, [mm]
the same Flme_harmomc FEM as in paragraph IV-C ar,gg. 6. (a(lz);l) Distribution of the vertical cor$1p)onent of the @mtr density in
loss equation (1). a 3 mm thick magnet reveals the instantaneous position of arsthit in
« The additional excess loss is computed like in (1), btront of the magnet; The scale ranges fromx#0* A/m? to 5x10* A/m?
for the PWM frequency and induction amplitude. (b) Losses in the magnets at nominal speed obtained by theetb@pl-3D

. . . . approach. The magnet loss increases significantly with tad kurrent, as
For the considered machines, it was found that the addItioR®pected for fractional-slot concentrated winding machine

loss in the iron due to PWM is not negligible compared to the
iron loss without PWM: Fig. 5b shows for example for 1.5
mm thick magnets an iron loss increase from 41 to 51 W. F. Efficiency maps and average efficiency

E. Magnet loss caused by space harmonics The most important figure of the paper is Flg 7, which

Computing the magnet loss via a transient 3D FEM of th‘(qijOWS the average efficiency over the speed range 0.25-
whole machine is very time consuming. Therefore, sevel;!a'ISOXNHO“E and torque range 0.25-1.5om, for seve_ral
empirical calculation methods are developed and compan’c]s«'&ugnet th'Ck.n esses and several soft magnetic materigls, (a
in [28] and [29]. However, we implemented the numericeﬁy the analytlcgl m.odel and (b) by FEM. .
method of Ede [9], which couples a 2D FEM and a 3D FEM: E@ch point in Fig. 7 represents one machine. For each
from the static 2D FEM of the complete machine, which is rufffachine, the geometrical and electromagnetic properties a
for several rotor positions, the magnetic flux density veeto déterminedand the whole efficiency map is computed and
recorded in a grid of points in the magnet, as a function ¥éraged to one single value per machine in the figure.
time (or rotor position). The time derivative of this flux dty Fig. 7 shows that for the considered machine and the
vector is enforced as a source term in a 3D FEM of one mag/f@nsidered material grades, the efficiency depends muck mor

only. The 3D eddy current problem in the magnet is: on the magnetic material than on the magnet thickness, if
OB this thickness is chosen in a realistic range of 1.5 — 5 mm.
VXE= B with J = oE (3) As the air gap is fixed (0.55 mm), very thin magnets are

not optimal because the air gap flux density is too low.
reover, thin magnets are prone to demagnetization (see
ction VI-C). As the outer machine diameter is fixed, very
ick magnets are not optimal either because the increased
rotor thickness and fixed outer rotor diameter cause a smalle

If we assume that the magnet currents are resistance limit
i.e. that their influence on the inducing magnetic field distr e
bution is negligible, then the 3D eddy current problem in (3[
or (4) is equivalent to a linear magnetostatic field problem:

VxE = 9B with J = oE (4) a?r gap diameter. This requires a higher force per squarermet
ot _ air gap surface to produce the same torque. The decrease of
VxHpy=Jn with Bp=pHy ®) the efficiency with the magnet thickness is very slow. Fig. 7b

We solve the magnetostatic problem, but the source teffiows that the magnet thickness can be reduced to about 1
is —0B/0t instead ofJ,,, the permeability term becomesmm without significantly reducing the efficiency. The optima
a conductivity, and the solutiolB,, is to be interpreted as magnet thickness range is 1.5 mm — 4 mm.
current density. To obtain the source terB/dt in the 3D Comparing the analytical model (Fig. 7a) with the FEM
model, the flux density waveformB(t) are recorded by the (Fig. 7b), the average efficiency of FEM is much lower because
2D model of the complete machine, and then derived to timéincludes losses in the rotor yoke and magnets (space farmo
Fig. 6a. shows an example of the current density distributioics and PWM), and PWM loss in the stator iron. Nevertheless,
Fig. 6b shows that the magnet loss at nominal speed is ratH@ conclusions and tendencies are the same for both methods
small compared to the iron loss at nominal speed. The mageeg. the optimal range fot,,, and the efficiency difference
loss rescales quadratically with the speed for frequenciestween the several materials. Therefore, the conclusitivat
where skin effect is negligible. It strongly increases wiitle the analytical model is useful for designing a good machine,
load current, especially for thin magnets. This is expldibg but not to accurately predict its efficiency quantitatively
the higher number of turns of machines with thin magnets, soTaking material M235-35A and,, = 1.5 mm results in the
that a larger (non-sinusoidal) mmf is present in the slots. efficiency map of Fig. 8. The flux weakening region is not



NdFeB magnets =1.1T Computed efficiency of motor
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blocks of 120 electrical degrees by the inverter with PWM.
The second one was used as generator and loaded with almost
0.8 : ) . .
< identical current blocks. The electrical input power of the
§ v motor and output power of the generator were measured, and
iz} half of the difference was assumed to be the loss of each
i 0.75. | machine. The results are in Fig. 9. Notice that the windage
—=— M235-35A and bearing losses are included in the measurements, but not
-~ ~M250-50A in the simulations.
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Fig. 7. Average efficiency of a PMSM in the speed range 0.Z8XNnom

and torque range 0.25-1.%50,om, as a function of the NdFeB magnet
thicknesst,,, and the material grade, (a) analytical model, excluding PWM
iron losses and rotor losses (b) FEM, including PWM iron lessed magnet
losses. The vertical dashed line denotes the experimentahineacThe
discontinuities are caused by the round-off that forcesntimaber of turns to
an integer. Note that in (a) the number of stator slots andspslehosen to
be the one resulting in the highest efficiency, while it is s#o fixed in (b).

shown. Although the average efficiency in the considered loa

H 0 H _ H 0 L L L L L L L
gnd speed range is only 84.A), a q_une large speed torqugnregm 5 500 1000 1500 2000 2500 3000 3500 4000 4500
including the nominal working point has over 90% efficiency. Speed [rpm]
Fig. 7 shows that the magnets of the experimental machigg. 9.  Total losses for different speeds and torques of the KWW
are thicker than necessary for optimal efficiency. experimental machine. The losses become very high with inogapeed

The total efficiency for a machine with M235-35A material?ecause of the high electrical frequency of 525 H2\gbx = 4500 rpm.

1.5 mm thickness at nominal current and speed is between 91 o
and 92%: see Fig. 8. The total losses are 122 W, consisting! N€ computed no-load losses — the curve for 0 Nm in Fig. 9
of copper loss (37.4 W), iron loss (41.1 W plus 10.8 W extra &€ comparable with the measured losses. The fast increase

PWM loss: see fig. 5), and rotor loss (8.8 W plus 24.3 W extRf 10sses with speed makes clear that the iron loss is the
PWM loss: see Fig. 6). dominant loss term, as a result of the rather high fundarhenta

frequency of 525 Hz at nominal speed, even if 0.35 mm thin
laminations are used (material M330-35A).

Under load conditions, the correspondence between mea-

The computed efficiency is compared with measuremers#srements and simulations is good for low speed and low
for the experimental machine with 14 poles, 12 stator slot®rque. For high speed and torque, the measured loss isrhighe
tm = 3.55 mm and details in Table I. In the experiment, twthan simulated, probably because in these working points
identical machines were used in back-to-back configuratiomith high losses, the temperature increased significamtly i
The first one is the motor under test, supplied with currette machine. This results in lower magnet flux and more

V. EXPERIMENTAL VALIDATION



copper wire resistance, hence more losses. The measured and
computed efficiency map of the experimental machine are
shown in Fig. 10. n ﬁ & A
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1.2
'_g 1 Q- ] 9 slots, 6 poles 9 slots, 8 poles
"3‘ J
g 08 1
5 of N
2
0.6 J b/ /
0. Q%’r
0.8 0.84 1
o4r 0 86% 55
Y ‘
0 0.4 0.6 0.8 1
Speed [R\Inom]
@)
Computed efficiency of motor 9 slots,10 poles 12 slots, 10 poles
3 N i
S

Torque [xTnoml

12 slots, 14 poles

0.5 0.75 1
Speed 1, )

Fig. 10. Experimental machine with, = 3.55 mm and M330-35A: (a)
Measured efficiency map (b) Computed efficiency map via FEM. Faoitg
of the figure, the contour lines are not equidistant belovciefficy 0.8.

VI. EFFICIENCY IN FUNCTION OF MAGNET THICKNESS
A. The number of rotor poles and stator slots

For fractional-slot machines with several combinations ®fg. 11. Several combinations of number of poles and number atbrst

number of poles and number of stator slots, the influence ts. showing the arrangement of phases in the stator solsuad by the
the magnet thickness is investigated. star-of-slots method. The thick lines in the stator represea stator teeth

) . (not on scale). The wire connections are shown for phase e.rdtor yoke
The star of slots theory is used to determine how to assigitkness decreases with increasing pole number.

the several concentrated stator windings to the three phase
Fig. 11 shows the 8 combinations that were studied.

The rotor back iron thickness is computed as in AppendB0 mm long zone L. in Table I). This extra region has
1, and varies between 1.3 mm for the 16 pole machine &large amount of structural material in order to guarantee
3.2 mm for the 6 pole machine. In case of a high number tfe structural integrity of the rotor. The experimental hiae
poles, the rotor yoke becomes thinner. This is quickly kdit has a rotor yoke thickness of 1.6 mm and has no structural
by the fact that a minimum rotor back iron thickness is need@doblems in the considered speed and torque range.
for rotor structural integrity. In order to deal with thisctaa Fig. 12 shows the average efficiency for all 8 combinations
minimum thickness of 1.3 mm was set: see constraints in tbe Fig. 11, and Table Il gives the details for machines with
methodology in section Ill. Furthermore, the rotor has irabx all 8 combinations and a magnet thickness of 1.5 mm. As
direction — next to the 40 mm magnet length — an additionalready seen from Fig. 7a, the combinatign=212, Ny =9 is

15 slots,16 poles 18 slots, 16 poles



optimal. This combination keeps a high efficiency regasiles NdFeB magnets3 = 1.1 T, M235-35A

of ¢,,,. Other combinations have a slightly lower efficiency for 0.95
smallt,, and a dramatically lower efficiency for largg. The 5
reason is that configurations with smalland thick magnets - i N >
have a very small available section for the copper windings 3 0.9 T~
(small stator outer radius and thick stator teeth), resyltn § —+—2p= 6,N=9 T~
a high phase resistande,, and huge average copper losses £ .85~ - -2 8N=9 RREN
P...av: See Table Il. These losses are averaged over a speel —e—2p=10,N=9
range 0.25-1.50N,,, and torque range 0.25-1.5@ .. —»—2p=12,N=9
Although the average iron lossé%. ., are very small because 0-80 1 2 3 4 5
of the low electrical frequency in case of lgw the average Magpnet thickness  [mm]
efficiency and especially the efficiency at high load torque
are low. For configurations with high, the average iron loss 0.95
increases while the copper loss does not decrease compare
to the machine with optimal combination of number of poles _ &
and number of stator slots. > 09[——2p=12N=9 e, 7
5 . 2p=10,N=12 R
TABLE I 3 * p_ 3 *
PROPERTIES AVERAGE LOSSES AND AVERAGE EFFICIENCY]ay OF THE £ 05| v P7I4NFL2
BRUSHLESS MOTORS CORRESPONDING WITH TH& COMBINATIONS OF R 2p=16,N[=15
(2p-N¢) IN FIG. 11,FOR A MAGNET THICKNESSty, OF 1.5MM e 2p=16,Nt=18
6-9 89 109 10-12 129 14-12 16-15 16-18 0.8 ; : : :
0 1 2 3 4 5
2p 6 8 10 10 12 14 16 16 Magnet thickness_ [mm]
Tso [MM] 327 339 346 346 351 355 358 358 m
Wgootn (MM] 111 112 91 87 59 63 58 57
N 9 9 9 12 9 12 15 18 Fig. 12.  Average efficiency as a function of the magnet thiskndor
Ne 19 17 16 13 17 12 10 g machines with different combinations of number of palgsand number of
W [MM] 324 251 205 205 17.3 150 132 132 Stator slotsN;. The machines witp — Ny = +1 have a large unbalanced
‘ m (mm] 5'3 4'1 3'3 3'3 zé 2;1 zé 5 2 magnetic pull [30]. The upper figure compares all combinatioth \®i stator
r ) ) ) ) ) ) ) '~ slots. The lower figure shows the other combinations and thienapone:
Rpn [MQ] 306 219 126 186 91.2 87.2 101 113 2p = 12, Ny = 9. For t,,=1.5 mm, the properties of these machines are

Peyav [W] 1239 886 512 754 37.0 353 412 46.0given in table Il. All machines have the same nominal voltageretu and
Pre.av [W] 108 181 26.8 24.8 31.8 456 53.7 51.5 output power.
Nav 0.891 0.910 0.931 0.914 0.938 0.928 0.916 0.914

Concerning the number of poles and stator slots, an iffle same for each material. The figure displays — for a given
portant remark has to be made abautbalanced magnetic magnetic material and a given magnet thickness — the most
pull (UMP): see [30]. The machines witkp — N, = +1 €nergy efficient config_uration out of thg 8 machine types in
have a large unbalanced magnetic pull. This UMP does rfg- 11. For all materials except the highest loss grade, the
affect the efficiency, but it may cause mechanical vibrationachine with 12 poles and 9 slots seems to be optimal. For
Nevertheless, [31] shows for a machine with 16 poles and flig high loss material M600-50A however, the configurations

stator slots that machines with UMP can function properly. With less poles Zp = 10) turn out to have more efficiency,
especially for small magnet thickness. The reason is thedow

B. Soft magnetic material grade electrical fr_equency in prder_to avoid a huge iron Ipss.
, , Concerning the relationship between magnet thickness and
Four materials are considered: M235-35A, M250-50Ay,¢ magnetic material, an important conclusion is that the
M330-35A and M600-50A. Table Il in Appendix 2 gives theange of suitable magnet thicknesses is the same for all
loss parameters and the maximal specific loss at 50 Hz al}\qigered soft magnetic materials, and that the magnetic

1.5 T : h low | h material grade influences the efficiency more than the magnet
Itis evident that a low loss grade such as M235-35A (Majcness for the considered machines and materials.

2.35 W/kg at 1.5 T and 50 Hz) has lower losses than a high

loss grade such as M600-50A. However, in spite of the lower

specific loss, the M250-50A results in lower efficiency thiae t C. Demagnetization risk and short circuit current

M330-35A, because of the high nominal frequency (e.9. 450The risk of demagnetization occurs for peak current and
Hz if 2p = 12). The M250-50A material has low hysteresigyagnets at their maximal operating temperature. The analyt
loss, but a higher dynamic loss due to the sheet thickngsg| model predicts the demagnetization risk in the follogi

of 0.50 mm. The M330-35A has a higher hysteresis losgqy The tangential peak magnetic field value is computed
but its lower dynamic loss makes it more interesting at highhced on the peak mmf in a sletim.f, = 2I,N,,. The factor
frequency. 2 is because of the two-layer winding. With a slot opening

The optimal number of rotor poles depends on the sqffigth 4., the peak magnetic field in the slot opening will be:
magnetic material. In the legend of Fig. 7, it can be seen

that the optimal number of stator slots and rotor poles is not H, = mmf,/g4



If this peak value is higher than the magnetic field that Torque ripple, NdFeB magnets, 14 poles, 12 teeth

causes irreversible demagnetization of the NdFeB magiets a

operating temperature, the demagnetization risk is higticl 35

that it is a worst case situation because the field seen by theﬁ 3l

magnet will be lower than the field in the slot opening. We £ Z

. . . . Z —t =1.0mm|
illustrate the demagnetization risk for on the one hand &pea 3 25 ¢ =o0mml
current which is 3 times the nominal current, and on the other & o| '[m_5.0 mm’l""m
hand for the short circuit current at nominal speed. Thetshor T m T nem
circuit current can be computed based on the Emf, the stator Ly ~ =M 08,
resistance and inductance of the machine. The inductance 1~ -~_ _ - _ -~ __

is computed by well-known analytical expressions, for each ¢ LT L .-
configuration in Fig. 11. 0 30 60 90 120 150 180

Fig. 13 shows for which machineH,, is higher than the Rotor angle [electrical degrees]

maximal H of the magnets, which is 647 kA/m (8 kOerstedyg 14, Torque as a function of the rotor position for severmgnet
for 42SH magnets at 18C. It can be seen that only forthicknesses and stator currents
the thinnest magnets a risk occurs for a given peak current
I, = 31,0m, at maximal magnet temperature. However, wh
considering the short circuit current, the situation isetént:
the short circuit current is much higher for high. This is As a function of the thickness of the ferrite magnets, Fig. 15
caused by a lower number of stator turns, resulting in muéhows the average efficiency for different material grades,
lower impedance at nominal speed. Nevertheless, the leak&gmputed by the analytical model. The nominal power was
permeance and the peak mmf are not much influenced by teguced from 1500 to 750 W, because for 1500 W, the losses
magnet thickness: thin magnets result in a bit more leakageuld be too high to allow sufficient cooling [13]. In spite
field to the rotor yoke, and by consequence a somewhat higérthe lower nominal power, the optimal efficiency is still
demagnetization risk in thin magnets. For the consideré@ver than for NdFeB and is obtained fa, > 2 mm, much
combinations of number of poles and number of stator slot§ore than for NdFeB magnets,{ > 1 mm). This is logic
the combinations with low number of poles and slots seem Bgcause the flux density level is much lower. Nevertheléss, t
be a bit more sensitive to demagnetization, and the risk is rslvantages of ferrite magnets are the price and a lowerfapeci
much dependent on the magnet thickness. weight. The lower flux density level causes much thinneostat
teeth, stator yoke and rotor yoke. The copper area is langer t
Demagnetization risk, NdFeB magndis= 1.1 T, M235-35A  for NdFeB magnets. A disadvantage of the thicker magnets is
that the air gap diameter is reduced because the outer neachin
diameter is fixed. For M250-50A material and 3 mm thick

e . .
E. Ferrite magnets instead of rare earth magnets

2p=16, Nt=1 magnets, the average efficiency is 91%, significantly lower
2p=16, Nt=1 than the almost 93% with NdFeB magnets (both found by
2p=14, Nt=1 the analytical modgl). AIthOI_Jg_h Fig. 15 includes magnet_s of
op= _ less than 1 mm thickness, it is recommended to use thicker
p=12, Nt= ; . ; o

N _ ferrite magnets to avoid the risk of demagnetization. Also,
2p=10, Nt=1 ) X ) . o .
25=10. Nit= engineering practice and experience show that it is impbessi
2p: 8’ Nt: to use in electrical machines magnets with radial thickréss
p= 8 W= 1 mm or smaller.
2p= 6, Nt=

0 1 P 3 4 5 VII. CONCLUSION

Magnet thicknest, [mm] Outer rotor permanent magnet machines can be made with

magnets in a quite large thickness range without signifigant
Fig. 13. Local demagnetization risk at a peak currentof= 3Inom 8S  gacreasing the efficiency or the torque density. Evidetitly,
a function of the magnet thickness, for machines with diffecambinations . .
of number of pole2p and number of stator sloty. geometry of the machine should be designed for the chosen
amount of magnets. A low loss soft magnetic material is much
. more important to have good efficiency than sufficiently khic
D. Torque ripple magnets: up to 5% difference in average efficiency between
The torque ripple was computed by FEM, for several statthte lowest and the highest loss grade. The PWM loss is
currents, as a function of the magnet thickness: Fig. 14. Fuot negligible in the stator iron, but almost independent of
example, the machine with 14 poles and 12 slots has a coggthg magnet thickness. In the rotor, the PWM loss is the
torque periodicity of 30 electrical degrees, which can bensedominant loss term; it has a maximum for a magnet thickness
on the torque waveform for very low current. For higheof about 2-3 mm. For a given load and speed range, an
current, the torque ripple increases in amplitude. Howetier optimal combination of number of poles and slots exists ighat
magnet thickness seems to have almost no effect on the tordependent on the soft magnetic material grade but not on the
ripple for a given current. magnet thickness; for non-optimal combinations, the ayera
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efficiency decreases significantly especially in case afkthi 5) Thecopper lossP., is found as a function of the load
magnets. Some combinations suffer from demagnetization factor LF. Here LF = 1 denotes the nominal load or

risk, but several other combinations don’t have this riskrev torque of the machine ang,.,, is the nominal power.
for small magnet thickness. The torque ripple depends on

the current, but almost not on the magnet thickness. With  p (r.r) = 3RI? with I = \F \/>LF Prom
ferrite magnets, the average efficiency is much lower than 3 Vac 3 Ve

(6)
6) Theefficiencyis found as a function of the load factor
and the relative speety

with NdFeB magnets, making it difficult to keep a similar
nominal power. If the nominal power is reduced by a factor 2,
the average efficiency is only 2% lower than with rare earth

magnets. P,(N,LF)
N,LF) = 7
1N LE) = 5 N TE) + P L) 7 PN )

APPENDIX 1: ANALYTICAL MODEL where P, is the mechanical power.

1) The air gap flux densityB,(z) along the circumfer-
ence is computed like in [20]. Alternatively, the more
simple equation of [21] can be used that neglects ro- Hysteresis loops were measured on Epstein frame between
tor curvature. The rotor yoke thickness is determinqgil T and 1.8 T, under sinusoidal flux density waveform and
from the maximum of the air gap flux densify, max:  at frequencies of 10, 15, 25, 50, 100, 200, 400, 700 Hz,
try = *» BixL whereL,. is the additional axial and quasi-static. First, in (1), the coefficientsand o of
length avallable for the rotor flux. the hysteresis loss are determined by solving a least sgjuare

2) TheEmf per phas@t Nyon, = 60Q,0m/(27) is based on problem based on the quasi-static measurements only. The
the Emf of one side of a turl; = B, max7sofnomLs,  classical loss coefficient is computed from the electrical
taking into account the phase shift between sever@nductivity o, and the lamination thickness: b = %207512.
concentrated windings belonging to the same phase. The conductivity is in table Ill. The excess loss coefficgent

3) The width of the stator teethui,o:n is found from ¢ andd are fitted based on the measurements at the above
the total flux in a tooth and a peak flux density thatentioned frequencies between 10 Hz and 700 Hz: table IlI.
is assumed to be3;, = 1.65 T, a typical value for The same procedure is repeated for the time domain loss
silicon steel laminations. The thickness of the tooth tipgiodel, giving rise to different coefficients.
is chosen in the same way.

APPENDIX2: IRON LOSS MODEL

4) After the tooth geometry is chosen, the available space TABLE il L
for the Copper WlndlngS|S Computed. The number Of OSS RELATED PROPERTIES OF MAGNETIC MATERIAL GRADES IN EQ )
turns is determined by dividing the nominal voltage by M235-35A  M25050A  M330-35A  MGOOSO0A

the Emf per turn. The wire diameter is determined from

- a 0.0179 0.0140 0.0223 0.0353
the fill factor (Table I), the number of turns and the 2.000 1.950 2.000 1.789
available space for the copper windings. After estimating o 4.70e-5 9.44e-5 6.31le-5 1.829e-4
the end turn length, the resistance per ph&se is c 0.108 0.00538 0.126 0.2019
computed d 0.00050 0.035 0.00033 3.693e-4
P ! t 0.35 mm 0.50 mm 0.35 mm 0.50 mm
o 1.70 MS/m  1.70 MS/m  2.28 MS/m  3.24 MS/m
Pspec  2.35W/kg 250 Wikg  3.30 Wikg  6.00 Wikg
Ferrite magnetd = 0.35T
0.9 :
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