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Finite element analysis of permanent
magnet synchronous machines
with fractional slot tooth coil windings

E. Schmidt OVE, M. Susi¢

The permanent magnet synchronous machine with'an external rotor is the most important device for high performance electrical
drive systems in particular for hybrid electric vehicles: The paper discusses finite element analyses of such a machine with concentrated
tooth coils in terms of a comparison of both Y- and A-corinected stator windings. As the evolved electromagnetic torque is one of the

most important design parameter, various ratios of .tooth width an

d slot pitch are analyzed with the two connections of the stator

winding. On the other hand, the phase voltages are compared between both Y- and A-connected stator windings. With an intent
of a position sensorless control of the machine, special attention is given to the differential inductances in dependence on the
angular rotor position. Finally, the numerically obtained results are compared with measurement results obtained from'a prototype

machine.

Keywords: permanent magnet synchronous machine; Tooth coil windings; Cogging torque; Finite element analysis

Finite'Elemente-Analysen von Permanentiﬁa‘gnét—‘Synchronmaschinen mit Bruchloch-Zahnspulenwicklungen.

Permanentmagnet-Synchronmaschinen in AuBbnlsuferbauart zahlen zu den wichtigsten Antriebsmaschinen fr hochdynamische
alektrische Antriebssysteme wie insbesondere in Hybrid-Elektrofahrzeugen. Zwecks Vergleich von Stern- und Drefeckschaltung der
Statorwicklung werden Finite-Elemente-Analysen einer solchen Maschine mit einer Statorwicklung aus konzentrierten Zahnspulen
Beschrieben. Im Hinblick auf das elektromagnetische' Drehmoment als der wichtigste Entwurfsparameter werden Geometrievarianten

Beziiglich verschiedener Verhaltnisse von Zahnbreite zur Nuttei

lung fir beide Schaltungen der Statorwicklung untersucht; Als weitere

Parameter fir den Vergleich der beiden Schaltungsmoglichkeiten der Statorwicklung dienen Strangspannungen und differentielle
Inidukivitaten. Insbesondere die Abhangigkeit der Induktivititen von der Rotorwinkellage ist fir die Anwendbarkeit einer
lagegeberlosen Regelung von groBer Bedeutung. AbschiieBend werden die numerisch ermittelten Ergebnisse mit jenen aus Messungen

an einer Prototypmaschine verglichen.

Schiisselwérter: Permanentmagnet-Synchronmaschine; Zahnspulenwicklung, Rastmoment; Finite-Elemente-Analyse
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1. Introduction

The permanent magnet excited synchronous machine (PMSM) with
fractional slot stator windings using tooth coil technology provides
an increased torque capability due to a more compact construction
(Huth, 2005; El-Refaie, Shah, 2008, Bianchi, Fornasiero, 2009,
El-Refaie, 2010). Thus, the PMSM in particular with an external rotor
is the most important device for high performance electrical drive
systems such as wheel hub drives of electric driven vehicles. For such
an application, there are two main keypoints for the machine design
(Schmidt, 2008; Schmidt, Eilenberger, 20009). First, the torque ripple
shows high significance and should be as small as possible. Secondly,
a position sensorless control scheme necessary for a robust drive
design requires a magnetic saliency even with fast changing load
conditions.

The paper discusses finite element analyses of a PMSM with an
external rotor and a fractional slot stator winding with tooth coils.
Since the voltage of the machine is not fixed with such applications,
Y- and A-connected stator windings are suitable with respect to their
advantages as well as drawbacks. Both connections of the stator
winding provide different spectra for magnetic flux and magneto
motive force. Thus, the machine parameters such as phase voltages,
inductances and electromagnetic torque are significantly influenced
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by either Y- or A-connection of the stator winding. In order to
validate the results obtained from the numerical analyses, they are
compared with measurement results of a prototype machine.

2. Finite element modelling
Table 1 lists the main data of the investigated PMSM with an external

rotor. According to these data, we have the winding data as flisted in

Table 1. Main data of the permanent magnet synchronous machine

Number of phases m 3
Number of poles 2p 30
Number of slots Q 36
Airgap length 2mm
Inner stator diameter 200 mm
Outer rotor diameter 400 mm
Remanent flux density 1.30T
Coercive field strength 985.25kA/m

Schimidt, Erich, Ao. Univ.-Prof. Dipl.-ing. Dr., Susi¢, Marko, Dipl.-Ing.,
Institute of Energy Systems and Electric Drives, Vienna University of Technology,
GuBhausstrale 25-25a, 1040 Vienna, Austria (E-mail: erich.schmidt@tuwien.ac.at)
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Table 2. Winding data of the permanent magnet synchronous
machine

Number of slots per pole and phase q z/n 2/5
Number of base windings t p/n 3
Number of slots per base winding Q! Q/t 12
Number of poles per base winding 2p* 2p/t 10
winding pitch o 1/mqg 5/6

Table 2. Consequently, the machine can be equipped with a single-
layer fractional slot tooth coil winding of first kind.

As shown in Fig. 1, the smaillest necessary section of the entire
machine for the finite element model consists of only five poles
representing a half of a base winding. To reflect the required
periodicity of the magnetic field with the unknown degrees of
freedom of the magnetic vector potential, anti-periodic boundary
conditions are utilized at the boundaries being five pole pitches

apart.

Fig. 1. Cross section of permanent magnet synchronous machine
with an external rotor

All analyses utilize fully independent models of rotor and stator
denoted as Q¢ and Qg. The unknown degrees of freedom Up of
both parts are described with their own matrix equations

(cmad-tJr Kn)Up + Gy = P, m = {511}, )
where Cpm, Kn, denote damping and mass matrices, G, P represent
unknown boundary terms and excitations, respectively.

Both model parts are constructed with an equidistant discretiza-
tion in circumferential direction along the sliding surface interface Ty
within the air-gap as shown in Fig. 2 (Jin, 2002; Bastos, Sadowski,
2003). In dependence on the angular rotor position, these two
model parts are coupled together by floating multipoint boundary
conditions

Un‘.e = Ek Usr,Ev Gst‘e = —El Gn.es (2)

for their exterior unknown degrees of freedom Upe along the
boundaries T and Ty on the sliding surface interface T'y (Bastos,
Sadowski 2003: De Gersem et al., 2000, 2003, De Gersem, Wei-
land, 2004). Consequently, the sliding surface approach completely
avoids any remeshing of the air-gap region yielding an identical
quality of the numerical resuits with the analyses of subsequent

Marz 2011 | 128. lahrgangy

Fig. 2. Domain parts with the sliding surface approach

angular rotor positions (De Gersem et al., 2003; De Gersem, Wei-
land, 2004).

3. Space vector calculus

3.1 Two axes inductances

The various analyses are based on the field-oriented control of the
PMSM by using stator current and stator flux space vectors. In the dg
rotor fixed reference frame (Park, 1929; Kovacs, 1984), the normal-
ized stator current and stator flux space vectors are given by

s g = is € = ig + fig, (3)
Wsgq = ¥s & =g+ g, (4)

where B, ¥ are the stator current angle and the stator flux angle,
respectively. The components of the stator linkage flux are usually
defined by

Yalia) = laglia) is + Yu: (5a)
'/’q(iq) = lgo(ig) Jq. (5b)

where lyg, log are the direct and quadrature axis inductances and
iy denotes the linkage flux of the permanent magnets. On the
other hand, very fast changing loads require an introduction of
additional cross-coupling inductances lyg, g with modified linkage
fluxes

Wglia,iq) = lagia, i) i + lagUs ig) ia + ¥m. (6a)
Woliasiq) = laalia. i) i + laq(ia+ig) iq: (6b)

3.2 Current injection

In order to inject the stator currents in the of stator fixed reference
frame of the finite element model, the stator current and stator flux
space vectors are transformed as given by

isap = fs0g €7 {7)

— i
QS.((B - ﬂs.dq e (8)
where v denotes the electric angular rotor position.

In case of a Y-connected stator winding, any zero sequence stator
currents are impossible. Therefore, the stator currents are directly
deduced from

s hefi 3.2011

87



88

iy = Re(is.w)- (9a)
is; = Re(isqpe 123, (39b)
isy = Re(isqap e 7*™?). (99)

On the other hand in case of a A-connected stator winding, there
is an unknown zero sequence current ip with all phases. Therefore,
the stator currents are now obtained from

1'51 = fo -+ Re(is.nﬁ)v (108)
isy = io + Re(is g € 727, (10b)
is3 = io + Re(is op €74, (10¢)

The unknown zero sequence current jp has to be determined itera-
tively for each angular rotor position with ail operating conditions
according to the vanishing sum sy + s, +ths3 = 0 of the linkage
fluxes of the three phases.

Figure 3 depicts the iteration algorithm of the zero seguence
current iy which is executed within each analysis. In the first step,
the field analysis is carried out without any zero sequence cur-
rent. In the second step, the field analysis utilizes a zero sequence
current of either the negative or positive reference value accord-

no

. Field solution -~ -~
i = =loép-sign(¥o) =>Yop =y

" Field solutfon .
oa==r gl

o

Fig. 3. Iteration algorithm of the zero sequence current

heft 3.2071
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ing to the zero sequence component of the stator linkage flux.
Now, the iteration loop based on the Regula Falsi algorithm can
be executed. The iteration loop stops when the zero sequence
component of the stator linkage flux is less than a predetermined
accuracy level.

3,3 Complex stator admittance

Neglecting the stator resistance and without the permanent mag-
nets, a constant rotor angular velocity allows for the definition of a
complex stator admittance. By using (3)-(8), this admittance reads as

£S,(\ﬁ
YY) =——
=3 y_iaﬁ

AR 1 /1 1\ Y%ap
(A ) e[ ) e (1
2jws </dd /qq> 2jws (qu Idd) Usap v

without cross-coupling inductances and

lS.n/d
(V)=
ZS —LlS.(rﬁ

2‘\/ /dq/qd> Us.ap & (12)

1 <l+i>+ (Y S
Zj(US /dd /qq ijs /qq /dd /ddqu gs,aﬁ

with cross-coupling inductances.

According to the two-axes approximation and neglecting any
saturation, this complex admittance is represented by a circle within
the complex plane for any constant stator voltage Us .. To obtain a
unique information about the angular rotor position y from the
complex stator admittances (11), (12) with all operational states, the
difference lyy — lgq Of the two-axes inductances should not change
the sign. Thus, the magnetic saliency ratio lyg/lgq must be either
greater or less than one under all operational conditions.

3.4 Current-torque characteristic
The electromagnetic torque of the PMSM follows as

t = —Im {i5q U gy) = Vola = Vol (13)

consequently (3), (5), (6) yield
= l//M iq + (/dd — /qq) jd iq

lgg — .
= s ls sinﬁ+ﬂ’12—q‘1 i% sin 28 (14)

without cross-coupling inductances and

t = gl + (lia = lag) ia i — \/loalea (is* = ia”)

. lig ~lgg 2 . .
= ifipg i 5N B +—dd—2—qg i2 sin 2B — \/laglaa i cos2B  (15)

with cross-coupling inductances.

Based on the geometry of the machine as shown in Fig. 1, an
inverse-saliency behaviour with lyy <lgq is expected with typical
current excitations. Neglecting the cross-coupling inductances, for
any given stator current is the maximum torgue is achieved with a
current angle of

i Yp 2 1

cosf = — — — — | +=. 16

ﬁ 4 (Idd — /qq) Is (4 (Idd - /qq) l_g) ( )
Figure 4 shows the typical operational regions of an inverse-

saliency PMSM:

» 0...A Operation in the lower speed range, maximum torque
from cos B of (16).

» A...B Operation in the field weakening range at current and
voltage limits.

efi elektrotechnilc und informationstechnik
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Voltage limit ellipses

Fig. 4. Operational regions of an inverse-saliency permanent magnet synchronous machine

» B...C Operation in the field weakening range at voltage limit,
maximum torgue with Bz <8 < when voltage limit ellipses and
torque hyperbola are tangential.

Of course, the inverse-saliency PMSM can operate at 8 = 7/2 in
the lower speed range. But obviously, the same torque can be
produced with smaller stator currents when using the current angles
(16) which decreases the power losses and consequently increases
the efficiency of the PMSM significantly.

On the other hand, the inverse-saliency PMSM can operate on the
current limit in a wide speed range. In case of increased voltage and
current limits of the inverter, the machine can generate much higher
torque values without demagnetizing the permanent magnets.
Therefore, the inverse-saliency PMSM shows an inherent suitability
for electrical drives where short overload operational conditions
require high torque values.

4. Analysis results

4,1 Comparison with measurements

Figures 5 and 6 depict no-load phase voltages and zero sequence
currents of both finite element analysis and measurements for the
initial design with the A-connected stator winding for the speed of
668 rpm. Obviously, there is a very good agreement between nu-
merical analysis and measurement results.

Additionally, Fig. 7 depicts the average value of the load torque
with the initial design in dependence on the quadrature axis current.
The numerical results are shown for both Y-connected and A-con-
nected stator windings while the measurement results are obtained
from the initial design with a A-connected stator winding. There is a
good agreement with stator currents in the range up to rated current
loads but increasing deviations with higher current loads. They arise
from stray field portions in the axial direction in particular with the
permanent magnets of the rotor.

4.2 No-load voltages

Figures 8 and 9 depict the no-load voltages of one phase with
various ratios b; /75 of tooth width and slot pitch and all three phases
with the initial design for the speed of 320rpm for both Y- and A-
connected stator windings. Accordingly, Tables 3 and 4 list the
magnitudes of the significant harmonics in dependence on the ratio
b /5.
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Fig. 5. No-load voltage of the initial design, A-connected stator
winding, numerical analysis and measurement results

Maasurement
~~—-—-- Simulalion

Current (A)

2 £ L 1 i 1 L : 2 L L A
0 30 60 90 120 150 180 210 240 270 300 330 380

Angular rotor position (°)

Fig. 6. No-load zero sequence current of the initial design, A-
connected stator winding, numerical analysis and measurement
results
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Fig. 7. Load torque of the initial design, Y-connected and A-con-
nected stator winding as well as measurement results
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Fig. 8. No-load voltages with various ratios by /75 of tooth width and
slot pitch, Y-connected stator winding
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Fig. 9. No-load voltages with various ratios b; /75 of tooth width and
slot pitch, A-connected stator winding
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Table 3. No-load voltage harmonics (magnitudes) with various ratios
of tooth width and slot pitch, Y-connected stator winding

Ratio Voltage (V)
be/rs st order 3rd order 5th order 7th order 9th order

0.257 2399 73.0 41 6.8 3.0
0.300 255.9 7.7 4.7 2.6 4.8
0.343 270.1 69.0 4.4 1.3 4.9
0.386 282.3 65.3 3.7 4.1 4.3
(ID) 0.429 2926 61.2 3.3 6.0 3.6
0.471 301.0 56.7 34 7.1 2.7
0.514 3079 514 3.9 7.4 1.6
0.557 3135 45.4 4.6 7.0 0.2
0.600 3179 385 5.4 6.0 1.4

Table 4. No-load voltage harmonics (magnitudes) with various ratios
of tooth width and slot pitch, A-connected stator winding

Ratio Voltage (V)
bi/rs st order 3rd order 5th order 7th order Sth order

0.257 236.3 0.0 14.5 1.6 0.0
0.300 252.1 0.0 14.6 6.3 0.0
0.343 266.2 0.0 14.7 10.4 0.0
0.386 2785 0.0 14.7 133 0.0
(ID) 0.429 288.8 0.0 14.7 14.5 0.0
0.471 297.4 0.0 14.7 14.4 0.0
0.514 304.5 0.0 14.9 13.4 0.0
0.557 3104 0.0 15.0 11.9 0.0
0.600 315.3 0.0 14.8 10.0 0.0

In comparison of the Y- and A-connected stator windings, the
latter generates a smaller fundamental harmonic with all ratios
be/7s. Due to the high level of saturation, the no-load voltages
contain a significant third harmonic with all design variations in
case of the Y-connected stator winding. On the other hand, there
is no third harmonic in case of the A-connected stator winding.
Moreover, the fifth and seventh harmonics are higher with the A-
connected stator winding than with the Y-connected stator
winding.

4.3 Two axes inductances
The dependence of the magnetic saliency on the angular rotor
position with various stator currents in particular in the quadrature
axis is one of the most important facts for an implementation of a
position sensorless control scheme for the PMSM.

The linkage flux associated with the current carrying regions of the
three phases

Y= % (17)
allows for an approximation of the normalized linkage fiux
Yilio, A1) = o lio) + i (o) A (18)
yielding the nonlinear differential inductance as
i) = o) = LA oo =8) =)

247

Neglecting the deviations of the inductances with respect to the
actual operating point, the differential two-axes inductances lad, laq
as well as the cross-coupling inductances /g, lpg can be obtained
from

e&i elekirotechnilc und informationstechnik
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AYg(ig,iq) 7 laglia. lg) Mg + laglia iq) Mg, (20a)
Mg ig iq) = lga g iq) Big + lag Uiy, i) Blg. (20b)

Figures 10 and 11 depict the saliency ratios Iy (iq)/loq(/q) obtained
from the differential two-axes inductances averaged along the cir-
cumferential direction with various ratios by /75 for both connections
of the stator winding. Obviously, this saliency ratio lyg /Iy in terms of
the differential inductances changes the behaviour when the ma-
chine operates in a deep field weakening range. This arises from a

25 T T T T T T T T T
: : : : : : : [—=—o0257
: : . : : -ee— 0.300
225) o et e e il g 0303
: : : : : : 0,388
—0.429

-1 08 -08 -04 02 0 02 0.4 0.6 08 1
Current Id.lq (1)

Fig. 10. Ratio lgg(ia)/lqq(iq) with various stator tooth widths, Y-
connected stator winding

-1 08 -06 -04 -02 [ 0.2 0.4 0.6 08 1
Current Id,lq (1}

Fig. 11. Ratio lyg(iy)/lqq(iq) with various stator tooth widths, A-
connected stator winding

decreased magnetic saturation in particular with the direct axis. In
this high speed range, an accurate information about the angular
rotor position can be successfully obtained without any high fre-
quency pulse patterns. Thus, the changing magnetic saliency does
not have any further effects on the drive control in the lower speed
range.

Finally, Figs. 12, 13 and 14 depict the differential two-axes in-
ductances Iy, g and the differential cross-coupling inductances
lgg = lqg in dependence on the angular rotor position with various
stator currents is g = iy and is g = j iy for the initial design.

Marz 2011 | 128, Jahrgang

Inductance 1, (1)

Fig. 12. Inductances lqg(iq,0) (dark-coloured), /y4q(0./g) (light-
coloured) of the initial design in dependence on the angular rotor
position
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Fig. 13. Inductances /gq(iy,0) {(dark-coloured), l4q(0.7g) (light-
coloured) of the initial design in dependence on the angular rotor
position
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Fig.  14. Inductances  Jyq(iy,0) =lgu(iy, 0} (dark-coloured),
Iy (0.iq) =14a (0, ig) {light-coloured) of the initial design in depen-
dence on the angular rotor position

Both two-axes and cross-coupling inductances are significantly
influenced by the stator current excitation and also by the angular
rotor position. With the exception of the field weakening range

i
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with stator currents iy <0 arising mostly in the high speed range,
the characteristics of these differential inductances show a domi-
nant higher harmonic component caused by the stator slots. Ac-
cording to the sign of the quadrature current, the angular position
of these higher harmonics changes with all distributions. As the
effects of the stator slots gain in significance with higher stator
currents, positive and negative values of both cross-coupling in-
ductances occur.

Nevertheless, the magnetic saliency ratio lyg/ly in terms of the
differential inductances even with concerning the cross-coupling of
the two-axes is preserved to values less than one under all operat-
ing conditions with the exception of the field weakening range. As
these operational states arise mostly in the high speed range, the
position sensorless control based on position dependent differen-
tial stator inductances can be successfully applied in the lower
speed range.

4.4 Electromagnetic torque
As mentioned above, a cogging torque as small as possible is the
most important criterion for a drive system of an electric vehicle.

£ 1
30 60 90 120

Angular rotor position {°)

Fig. 15, Cogging torque with various ratios b, /7, of tooth width and
slot pitch, Y-connected stator winding

E. Schmidt, M. Susi¢ Finite element analysis of PMSM

Figures 15 and 16 as well as Figs. 17 and 18 depict cogging and load
torque with various ratios by/7s of tooth width and slot pitch for
both Y- and A-connected stator windings, respectively. Accordingly,

400 T T T

375

0
&
o

Torque (Nm)
@
3

300

275

250 1 " t
[ 30 60 90 120

Angular rotor position (%)

Fig. 17. Load torque with various ratios b;/7s of tooth width and
slot pitch, Y-connected stator winding

375} q

Torque {Nm)

250 L L
] 30 60

Angutar rotor position (°}

Fig. 18. Load torque with various ratios by /s of tooth width and
slot pitch, A-connected stator winding

Table 5, Load and cogging torque harmonics (magnitudes) with
various ratios of tooth width and slot pitch, Y-connected stator
winding

Ratio Average Load

Torque (Nm)
\

_—

e
.\l M
T

e

T—s—0.257

—+—0.300
—6—0.343
————0.386

—— 0.4234

0.471
0.514
0.557
——*— 0.600

30 €0 90
Angular rotor position (°)

Fig. 16. Cogging torque with various ratios by /s of tooth width and

slot pitch, A-connected stator winding

heft 3.2011

€ Squinger-Verag

120

bl/Ts

torque (Nm)

Cogging
torque (Nm)

6th order 12th order 6th order 12th order
0.257 289.2 5.3 3.7 0.0 7.4
0.300 306.4 5.6 1.5 0.0 4.3
0.343 321.1 6.4 2.3 0.0 0.1
0.386 333.3 7.5 4.9 0.0 4.1
(ID) 0.429 343.2 8.9 5.8 0.0 6.3
0.471 350.9 10.5 4.3 0.0 59
0.514 356.4 12.2 1.2 0.0 3.2
0.557 359.8 13.8 2.3 0.0 0.5
0.600 361.1 15.2 4.7 0.0 3.8
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Table 6. Load and cogging torque harmonics (magnitudes) with
various ratios of tooth width and slot pitch, A-connected stator
winding

Cogging
torque (Nm)

Ratio Average Load
by /7 torque (Nm)

6th order 12th order 6th order 12th order

0.257 280.9 6.8 4.6 9.9 6.6
0.300 297.6 6.2 2.0 8.8 3.6
0.343 3116 6.1 1.9 7.6 0.6
0.386 322.9 6.2 52 6.5 4.5
(ID) 0.429 331.9 6.5 6.5 5.4 6.6
0.471 3387 7.1 5.3 4.4 6.2
0.514 3431 8.0 2.3 3.5 3.4
0.557 3455 9.0 2.1 2.6 0.6
0.600 3458 10.2 5.1 1.8 4.0

Tables 5 and 6 list the magnitudes of the significant harmonics in
dependence on the ratio by/s.

in comparison of the Y- and A-connected stator windings, the first
one shows harmonic components of the cogging torque according
to the least common multiple of the number of slots and the number
of poles as well as multiples,

u:% km(Q.2p) = 129, gEAN. 21)

On the other hand with the latter one, there are harmonic compo-
nents of orders 6g, g € A/, and in particular a noticeable sixth
harmonic component in the cogging torque resulting from the zero
sequence current in the three phases.

The A-connection against the Y-connection generates a higher
cogying torque and simultaneously a smaller mean value of the load
torque with also a smaller total harmonic distortion in case of an
identical stator current injection with all ratios by /7s.

With both connections, two design variations yield a significantly
smaller 12th harmonic component in the cogging torque than the
initial design (ID). With respect to a lower saturation fevel, the higher
value of the ratio b /7s should be preferred.

Finally, Figs. 19 and 20 depict the trajectories for a constant
electromagnetic torque with the initial design. In comparison with
Fig. 4, the inverse-saliency behaviour with a saliency ratio lyg/lgq of
the apparent two-axes inductances slightly less than one is con-
firmed. On the other hand, the saliency ratio /yqa/lqq of the apparent
two-axes inductances changes to values slightly greater than one in
the very deep field weakening range. As mentioned above, this is
caused by a desaturation mainly with the direct axis with these
operational conditions.

4.5 Comparison between Y- and A-connection

in summary, the Y-connected stator winding, in particular due to the
high third harmonic, will generate higher iron losses than the A-
connected stator winding. On the other hand, the zero sequence
current of the A-connected stator winding will generate slightly
more power losses in the stator windings.

Further, the A-connection shows more significant higher harmonic
components with the cogging torque and smaller mean values of the
load torque with the same stator currents. Nevertheless, the 6th
harmonic component is always less for the A-connected stator
winding than for the Y-connected stator winding. Consequently,
the A-connection produces a better total harmonic distortion and a
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Fig. 19. Constant torque trajectories of the initial design, Y-con-
nected stator winding
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Fig. 20. Constant torque trajectories of the initial design, A-con-
nected stator winding

smoother load torque along the circumferential direction for the
same stator currents.

5. Conclusion

The paper discusses parametric finite element analyses of an
external rotor PMSM with either a Y- or A-connected stator
winding. In order to obtain an optimized machine design in
terms of the two main keypoints of a small torque ripple and
a magnetic saliency ratio necessary for the position sensorless
control scheme, geometry variations concerning various ratios of
tooth width and slot pitch are carried out. Thereby, no-load
voltages, differential inductances and evolved electromagnetic
torque in dependence on the angular rotor position are shown
in detail.

With all results, both Y- and A-connected stator windings are
compared against the advantages and drawbacks. On the other
hand, the numerically obtained results are successfully com-
pared with the results obtained from measurements of a pro-
totype design of the external rotor PMSM. Consequently, an
optimization of the machine design can be carried out in the
design stage without a prototype of the machine.
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