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Abstract — The paper is focused on the permanent II. FEM MODEL VERIFICATION

magnet location and shape investigation in PMSM. At firgt, . . . L
the real PMSM has been modeled by means of FEM which T he real PMSM with buried PM has been investigated

has been verified by experiments. Next step was a creating ~FEM model and verified by experiments and calcatzi
of two new models with different position of PM: one with  [4]. It is necessary to prove, that the created Fbtel
surface mounted PM and other one with inset PM. The PM  represents real PMSM very well. Below you will find

volume and quality have been in all models kept constant . pasic tests for FEM model verification.
The main goal of this paper isto investigate the influence of

the PM design on PMSM properties such as torque ripple, ~ Original PMSM with buried PM

.T:;'msgitggﬁgs‘ Eal\g Zhgwaz?rtﬁ:t”% agrﬁf;vgg%n:ﬂgglgii The model_of the real PMSM with buried PM _has been
improve PM SM properties. presented in [4], [5]. The machine namep_late i ‘4_10
- 8.3 A, 2kW, 36 Hz, 360 rpm. PM material is N33Hhi§

Keywords — Permanent magnet synchronous maching\j material has been demagnetized in previous tipera
FEM, design optimization. and in next investigations this demagnetizatioRlf has
been taken in the account (initial residual magn#tix
densityB, = 1.15 T, actuaB, = 0.83 T). The PMs have
rectangular shape. The PM dimensions are 32 mm X
Many research activities are focused on permanert mm x 35 mm. The cross section area can be sereon
magnet (PM) rotor design investigation. The differeM  Fig. 1.
position influences machine behavior. In [1], ausho
created four finite element method (FEM) models for
investigation of different rotor structures of PMSWVhe
FEM models have been used in iron loss calculatioms
authors carried out the cogging torque calculatiom$?]
the authors investigated four models, three witbhéped
PM and one with rectangular placed PM. In [3] the
authors have done modifications in rotor structunés
interior PMSM in such way that made PM segmentation
In [4], the authors carried out the PMSM parameters
investigation by experiments, FEM models and aii/t
calculations. In [5], the authors investigated atatlot
changes on PMSM parameters and torque ripple.

. INTRODUCTION

It is known, that PM position in rotor of the machican
significantly change the machine behavior. In thper
three models of PMSM with different PM position® ar
investigated. If the PMs are surface mounted, PM&is!

no saliency in principle. PMSM with surface mounted
PM has very easy construction, but the PMs are not
protected against mechanical stresses and armature
reaction. These unfavorable effects can cause PMSM
destruction. The way how to protect the PM is toignse

the PM into the rotor, so the PMs are buried. is tase
PMs are protected against mechanical and electrical
stresses. The main drawback of this PM configunaio

high leakage PM flux, typically a quarter of PMKage

flux [6]. The goal of this paper is comparison dHM
properties such as torque ripple, maximum torque,
winding losses, EMF and stator current in differém Fig. 1 a) Cross section of PMSM FEM model, b) dethoriginal PM
configurations. buried in the rotor
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TABLE |
INVESTIGATED PARAMETERS OFORIGINAL PMSM
Method R(0) L s(mH) L q(mH) L-q(mH)
Experiments 3.852 28.23 25.59 78.35
Analytical calculation 4.002 23.02 21.1 78.21
FEM - - 24.68 76.21
a) The voltage waveform has been saved by digital escop

14 (Fig. 3b). The FEM model simulation in generatord@o
under no-load condition has been performed. Irsthtor
winding the current; = 0 A due to no - load condition.
051 The air-gap magnetic flux density waveform has been
obtained (Fig.2a). By fast Fourier transformati&ii1),

the magnitudes of harmonic components have beamfou
out (Fig.2b) and used for calculating of the vo#tag

waveform.
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Fig. 2 Air-gap magnetic flux density a) waveform & gap periphery 1w
b) harmonic components
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Parameter investigation of original PMSM -k --------

The experimental parameter investigation, FEM
parameter verification and analytical calculatidmsve

been carried out in [4]. Results are in Table I.
It is seen, that 2-dimensional FEM analysis givegeq Gy T RS T e i S
accurate results of parameters investigation acdritbe

employed in the renewed models.

MAIH M ifne TCHI EDCE 7

_ N CH1 ==5au CH2 == 5al
Generator operation under no-load condition Fig. 3 EMF waveforms gained by a) FEM, b) measureme

This experiment has been chosen to verify FEM modelhen the harmonic components of the air-gap magneti
and PMSM behavior in generator mode. The originaflux densityB; are known, the induced voltage EMF can

PMSM has been operated in generator mode under nope calculated by formula EMF 21t @syNkys, Wheref
load condition. It has been driven at the rateatdpe
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is frequency®py is PM magnetic fluxNs is number of PMSM with surface mounted PM
stator turns andk,s is stator winding factor. This
calculated EMF waveform (Fig. 3a) is compared with
measured one, see Fig. 3.

This model has been created with surface mounted PM
(Fig. 4). The PM quality and PM volume has beert leep

in the original machine. The PM shape has been fireddi
The magnitude of simulated voltage waveform is ¥75 to create a constant air-gap length. Therefore BMriot

and of measured one is 171 V, what is quite good rectangular shape more (see Fig. 4c) what cam mea
coincidence. higher cost.

The FEM model provides very good results, which are

confirmed by experiments. Therefore the next retear .

will be carried out by means of FEM models with PMSM with inset PM

different PM position in the rotor. All investigatedata The third model has been created with an inset Pigfl (

will be compared with original PMSM. 5). As in previous case, the PM quality and PM wadu
has been the same as in the original machine. aime s
PM shape has been used as in Fig. 4c due to comastan

[ll. NEWPMSMDESIGN gap length.

For effect of the rotor design, two new FEM modwse
been created. These new models have the same asator
the real machine, so it is possible to assume dteor a)
resistance and leakage inductance is the same the in
real machine shown in Table |I. The PM volume hambe
kept constant. The PM quality is represented bystmae

BH — curve in all three model®, = 0.83 T andH. =

626 kKAM".

b)

Fig.5 a) Cross section area of FEM model b) deféitset PM rotor

IV. FEMMODELSINVESTIGATION

©) Firstly, the magnetizing inductancdsg L,q of new
7° PMSM designs have been calculated by FEM models.
/‘E \r These parameters can be used in mathematical models
a.9W Secondly, the induced voltage EMF is calculatedten
base ofB; created by PM. EMF has important influence
32,50 on the stator current, which is calculated on theebof

difference between EMF and terminal voltage (se€gq

Fig. 4 a) Cross section area of FEM model b) defailirface mounted ~ N€Xt, the maximum torque and torque ripple is datea
PM, c) detail of PM shape for all three FEM models. All three FEM models are



Transactions on Electrical Engineering, Vol. 1 (2D1No. 3

101

simulated at the
frequency.

rated terminal voltage and

Parameters identification

The new designs of PMSM rotors require currying ou

the parameters investigation - magnetizing induann

d andq axes L,q, L,q by FEM [4]. Parameters of PMSM

with surface mounted PM are in Table Il and witkeh

PM are in Table Ill. The stator resistariReand leakage

ratedhduced voltage EMF

The induced voltage EMF has been investigated déov n
rotor configurations. The waveform of magnetic flux
density in air gaB; is obtained by FEM model for the
surface mounted PM (Fig. 6) and inset PM (Fig.Bdth
waveforms have been analyzed by FFT to get their
harmonics. Note increasing 8f in both new models in
comparison with the original one.

inductancel_ ;s are the same for all three models and can

be seen in the Table I.

TABLE |l
PARAMETERS OFPMSMWITH SURFACEMOUNTED PM
Method La(mH) | Lyg(mH)
FEM 23.97 19.27
TABLE Il
PARAMETERS OFPMSMWITH INSETPM
Method L. (mH) L (mH)
FEM 24.37 58.37
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Fig. 7 Inset PM a) Bwaveform b) harmonic components of Bs
=0.8205T)

By using harmonic components of magnetic flux
densities in Fig 6b, 7b, the voltage waveforms are
calculated by well known procedure. By formula give
above each harmonic component is calculated and the
by inverse FFT an EMF waveform is gained. The EMF
waveform for surface mounted PM is shown in Fig. 8a
and for inset PM in the Fig. 8b.

The RMS value of EMF has been calculated for all
machines, see Table IV. The reason of low RN
case of the original machine with buried PM is: ttoxn
bridges over PM are saturated and behave as a

Fig. 6 Surface mounted PM a) ®aveform b) harmonic components of diamagnetic material, which enlarges effectivq;ap.

Ba( B51 = 0.8302 T)
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For quality of EMF waveform it is necessary to defi
total harmonic distortion THD: 0 ‘ ‘ . . ‘ ‘
0 10 20 30 40 50 ¢ (o) 60
2 2 2 2
\/ + + +...+
THD = At A A_LAA A (1) d)
Tmax Te (Nm

where A is harmonic order amplitude. Calculated THD
values for all machines are in Table 1V. All comipans
are done at rated frequency 36 Hz. It is seen ttiat
position of PM has significantly influence on the&lwe of
EMF and its quality.

Torque investigation
The rated torque of original PMSM g, = 53 Nm. All

three models have been simulated in FEM under this

rated load (Fig. 9 a, b, ¢). The goal of this irigedion is
to investigate influence of rotor design on theqtemr
ripple and maximal torque (Fig. 9d).

<l

2

Load angle b

Fig. 9 The torque ripple vs. rotor position of istigated machines: a)
original PMSM with buried PM, b) PMSM with surfaneounted PM,

c) PMSM with inset PM, d) torque vs. load anglehwit,ax
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Table IV contains results of simulations for maximu

torque and torque ripple by FEM analysis. Torquplg

Tipp is calculated as difference between maximum valu
and minimum value of the developed torque. It isnse
that the torque ripple is worse in both new modals

comparison with original one.

TABLE IV

MAXIMUM TORQUE ANDTORQUERIPPLEVALUES FORDIFFERENT
ROTOR PMSMDESIGN

V. CONCLUSION

él'he research has shown that different rotor desbgms
¢hange machine properties significantly by keepgihg
volume and quality. PM mounted on surface or ifdt
can improve maximum torque and induced voltage EMF,
however the torque ripple is increased. The statorent

is lower than in buried PM, which results in lowkrule
losses in the stator winding. The main disadvargazfe
surface mounted or inset PM are special shape of PM
which can increase costs and there is a dangembf P

Original Surface
PMgSM mounted Inset PM
PM
Tripp (%) 30.07 48.42 46.56
Tmax ((Nm) | 129 150 143
EMFrus 131.1 179.8 177.65
V) "
THD (%) | 6 4.77 4.07
Stator current investigation [2

The induced voltage EMF has high influence on thtos
magnetizing current. Lower EMF causes higher stator
current then in case of higher EMF, at the sam®rsta [3]
terminal voltage. Lower EMF means under-excitation,
therefore higher magnetizing current is requireahfrthe
source. In no-load condition the stator curreptcan be [4]
calculated by (2) if stator resistance can be gtk

VSph -EMF 5]

log=—— 2
s0 X, )

whereX; is the synchronous reactance in d axis ¥gpd (6l
is the phase terminal voltage. In Table V therestu@wvn

the results of calculated stator currelytsand current at
rated loadsy, which were obtained by FEM simulations.
Joule losseaP;sy calculated at the rated load are shown
in the Table V to illustrate how the position of RMII
influence PMSM efficiency.

TABLE V

CALCULATED STATOR CURRENTS ANDWINDING LOSSES

Original Surface

PMSM mounted pm| MS€tPM
lso (A) 6.83 4.337 4.458
lsn (A) 8.3 4.695 4.632
APjsN

880 309.68 301.42
(W)

damage by centrifugal forces.
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