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Abstract — 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 compari-
son of both Y- and A-connected stator windings. As
the evolved electromagnetic torque is one of the most
important design parameter, various ratios of tooth
width and slot pitch are analyzed with the two con-
nections of the stator winding. On the other hand,
the phase voltages for various operating conditions
are compared between both Y- and A-connected sta-
tor windings.
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I. INTRODUCTION

HE permanent magnet excited synchronous ma-

chine (PMSM) with fractional slot stator wind-
ings using tooth coil technology provides an increased
torque capability due to a more compact construction
[1]-[4]. Thus, the PMSM in particular with an exter-
nal rotor is the most important device for high perfor-
mance electrical drive systems such as wheel hub drives
of electric driven vehicles. For such an application, the
torque ripple shows high significance and should be as
small as possible [5], [6].

The paper discusses finite element analyses of a
PMSM with an external rotor in terms of a compar-
ison of both Y- and A-connected fractional slot stator
windings with tooth coils. Since both connections will
provide different spectra for magnetic flux and mag-
neto motive force, they will significantly influence the
machine parameters such as phase voltages and elec-
tromagnetic torque. In order to validate the results
obtained from the numerical analyses, they are suc-
cessfully compared with measurement results.

II. FINITE ELEMENT MODELLING

Table I lists the main data of the investigated PMSM
with an external rotor. According to these geometry
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data, we have the winding data as listed in Table II.
Consequently, the machine can be equipped with a
single-layer fractional slot tooth coil winding of first
kind.

TABLE I
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 2 mm
Inner Stator Diameter 200 mm
Outer Rotor Diameter 400 mm
Remanent flux density 1.30 T
Coercive field strength 985.25 kA/m

TABLE II
WINDING DATA OF THE
PERMANENT MAGNET SYNCHRONOUS MACHINE

2

Number of slots per pole and phase q % 5

Number of base windings t b 3
n

Number of slots per base winding Q" g 12
- «  2p

Number of poles per base winding 2p + 10

1 5

Winding pitch o — =

mq 6

As shown in Fig. 1, the smallest 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.

All analyses utilize fully independent models of rotor
and stator denoted as €2,; and Q; which are described
with their own matrix equations

(Cm%+Km)Um+Gm:Pm ,om={st,rt} . (1)

Both model parts are constructed with an equidis-
tant discretization in circumferential direction along



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

the sliding surface interface I'y; within the air-gap as
shown in Fig. 2 [7],[8]. In dependence on the angu-
lar rotor position, these two model parts are coupled
together by floating multipoint boundary conditions

Urt,e = Ek Ust,e ) Gst,e = _Eg Grt,e . (2)
for their exterior unknown degrees of freedom along the
boundaries I',; and I's; on the sliding surface interface
s [8]-[11]. Consequently, any remeshing of the air-
gap region is avoided yielding an identical quality of
the numerical results for the analyses of subsequent
angular rotor positions [10], [11].

Fig. 2: Domain parts with the sliding surface approach

III. SPACE VECTOR CALCULUS

The various analyses are based on the field oriented
control of the PMSM by using stator current and stator
flux space vectors. In the dq rotor fixed reference frame
[12],[13], the normalized stator current and stator flux
space vectors are given by

igaq =1is€” =iq+yiq , (3)
£S7dq :wS eﬂ? :wd_'_]wq b (4)

where (3,9 are the stator current angle and the stator
flux angle, respectively.

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

isap =1sae€" (5)
Vsas = Vsag® (6)
where vy 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

iSl = Re(j&(xﬁ) 5 (73.)
iSQ = Re(is7oé6 e_']27r/3) s (7b)
is3 = Re(ig np e_34”/3) ) (7c)

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

iSl - ZO + Re(ls7oé6) 5 (Sa)
isa = io + Re(igag € 27/%) | (8b)
25’3 = ZO + Re(is7a6 e_J47T/3) . (SC)

The unknown zero sequence current ig has to be deter-
mined iteratively for each angular rotor position with
all operating conditions according to the vanishing sum
ug1 + uge + ugs = 0 of the three phase voltages.

IV. ANALYSIS RESULTS

A. Comparison with Measurements

Fig. 3 and Fig. 4 depict no-load phase voltages and
zero sequence currents of both finite element analy-
sis 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.
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Fig. 4: No-load zero sequence current of the initial design

with a A-connected stator winding, numerical anal-
ysis and measurement results

Additionally, Fig. 5 depicts the average value of the
load torque with the initial design in dependence on
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Fig. 5: Load torque of the initial design, Y-connected and

A-connected stator winding as well as measurement
results

the quadrature axis current. The numerical results are
shown for both Y-connected and A-connected stator
windings while the measurement results are obtained
from the initial design with a A-connected stator wind-
ing. There is a good agreement with stator currents in
the range up to rated current loads but increasing devi-
ations with larger current loads. They arise from stray
field portions in the axial direction in particular with
the permanent magnets of the rotor.

B. No-Load Voltages

Fig. 6 and Fig. 7 depict the no-load voltages of one
phase with various ratios b;/ 74 of tooth width and slot
pitch and all three phases with the initial design for the
speed of 320 rpm for both Y- and A-connected stator
windings. Accordingly, Table III and Table IV list the
magnitudes of the significant harmonics in dependence
on the ratio by /7.
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Fig. 6: No-load voltages with various ratios b;/7s of tooth
width and slot pitch, Y-connected stator winding
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In comparison of the Y- and A-connected stator
windings, the latter generates a smaller fundamental



TABLE III
NO-LOAD VOLTAGE HARMONICS (MAGNITUDES) WITH
VARIOUS RATIOS OF TOOTH WIDTH AND SLOT PITCH,
Y-CONNECTED STATOR WINDING

60
Angular rotor position (°)

Ratio Voltage (V)
be/7s 15% order 3'd order 5% order 7'M order 9*P order
0.257 239.9 73.0 4.1 6.8 3.0
0.300 255.9 71.7 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) 0.429 292.6 61.2 3.3 6.0 3.6
0.471 301.0 56.7 3.4 7.1 2.7
0.514 307.9 51.4 3.9 7.4 1.6
0.557 313.5 45.4 4.6 7.0 0.2
0.600 317.9 38.5 5.4 6.0 1.4
TABLE IV

NO-LOAD VOLTAGE HARMONICS (MAGNITUDES) WITH
VARIOUS RATIOS OF TOOTH WIDTH AND SLOT PITCH,
A-CONNECTED STATOR WINDING

Fig. 8

400

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

Torque (Nm)
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Ratio Voltage (V)
be/7s 15 order 3'd order 5t order 7P order 9t 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  278.5 0.0 14.7 13.3 0.0
(ID) 0.429 288.8 0.0 14.7 14.5 0.0
0.471 2974 0.0 14.7 14.4 0.0
0.514 304.5 0.0 14.9 13.4 0.0
0.557 310.4 0.0 15.0 11.9 0.0
0.600 315.3 0.0 14.8 10.0 0.0

harmonic with all ratios b;/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.

C. Electromagnetic Torque

As mentioned above, a cogging torque as small as
possible is the most important criterion for a drive sys-
tem of an electric vehicle. Fig. 8 and Fig. 9 as well
as Fig. 10 and Fig. 11 depict cogging and load torque
with various ratios b; /7, of tooth width and slot pitch
for both Y- and A-connected stator windings. Accord-
ingly, Table V and Table VI lists the magnitudes of the
significant harmonics in dependence on the ratio b/ 7s.

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 mul-
tiple of the number of slots and the number of poles as
well as multiples,

V:%lcm(Q,2p):12g, geEN . (9)
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Fig. 9: Load torque with various ratios b;/7s of tooth width
and slot pitch, ig 4, =7, Y-connected stator winding

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

The A-connected stator winding generates a smaller
mean value of the load torque in case of an identical
stator current injection ig ;, =7 and simultaneously a
higher cogging torque with all ratios by /7s.

With both connections, two design variations yield
a significantly smaller 12*" harmonic component in the
cogging torque than the initial design (ID). With re-
spect to a lower saturation level, the higher value of
the ratio b /7, will be preferred.

D. Comparison between Y- and A-Connection

In summary, the Y-connected stator winding, in par-
ticular due to a 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-
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Fig. 10: Cogging torque with various ratios b¢/7s of tooth
width and slot pitch, A-connected stator winding
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Fig. 11: Load torque with various ratios bt /7s of tooth width
and slot pitch, ig 4, =7, A-connected stator winding

connected stator winding will generate slightly more
power losses in the stator windings. Further, the latter
one shows smaller mean values of the load torque with
the same stator currents and more significant higher
harmonic components with the cogging torque. Nev-
ertheless, the 6" harmonic component is always less
for the A-connected stator winding than for the Y-
connected stator winding. Consequently, for the same
stator currents the first one produces a smoother load
torque along the circumferential direction.

V. CONCLUSION

The paper discusses parametric finite element anal-
yses of an external rotor PMSM with either a Y- or
A-connected stator winding. In order to obtain an op-
timized machine design in terms of cogging torque and
magnetic saliency, electromagnetic torque and no-load
voltages in dependence on the angular rotor position
based on geometry variations are shown in detail. As
the cogging torque of the PMSM is one of the most
important criterion for an application in a high perfor-

TABLE V
LoaD AND COGGING TORQUE HARMONICS (MAGNITUDES)
WITH VARIOUS RATIOS OF TOOTH WIDTH AND SLOT PITCH,
Y-CONNECTED STATOR WINDING

Load

Cogging

Ratio Torque (Nm) Torque (Nm)
be/Ts Average 6 order 12t order 6% order 12tP 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 5.9
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

TABLE VI

LoaD AND COGGING TORQUE HARMONICS (MAGNITUDES)
WITH VARIOUS RATIOS OF TOOTH WIDTH AND SLOT PITCH,
A-CONNECTED STATOR WINDING

Load Cogging
Ratio Torque (Nm) Torque (Nm)

bt/Ts Average 6" order 12" order 6" order 12" 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
0.343 311.6 6.1 1.9 7.6 0.6
0.386 322.9 6.2 5.2 6.5 4.5
(ID) 0.429 331.9 6.5 6.5 5.4 6.6
0.471 338.7 7.1 5.3 4.4 6.2
0.514 343.1 8.0 2.3 3.5 3.4
0.557 345.5 9.0 2.1 2.6 0.6
0.600 345.8 10.2 5.1 1.8 4.0

mance drive system for an electric vehicle, detailed in-
vestigations concerning both Y- and A-connected sta-
tor windings are carried out. Consequently, an opti-
mization of the machine design can be carried out in
the design stage without a prototype of the machine.
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