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Abstract: This paper model and simulates an Induction
Sart Permanent Magnet Synchronous (ISPMS) motor with
asymmetry. The parameters like winding inductances and
permanent magnet flux linkages are cal culated directly from
the geometry and winding layout of the machine using
reluctance-mmf network. The model takes into account of
many phenomena such as slot opening and the rotor
movement, with a good compromise between calculation
time and accuracy of results. Using the modified winding
approach, the effect of salient polerotor and stator winding
mmf distribution on the inductances are closer to those
obtained from finite element computation. The influence of
slot opening on the air gap field distribution over the
permanent magnet flux linkage has been studied. Finally,
using these parameters the dynamic performance of an
induction start permanent magnet synchronous motor is
simulated and the results are shown to be in good
agreement with the solution obtained by a conventional dg
model.

Key words: Induction start permanent magnet synchronous
machine, Inductance, reluctance mmf network, permeance
and flux linkages.

1. Introduction
For many industrial applications, the deveiept

Usually, this type of motor has voltage source
inverter circuit as integral part for variable spee
applications and requires accurate prediction dbmo
parameters to obtain the desired the closed loop
performance. Hence, a comprehensive model involves
time varying parameters such as winding inductance
and the PM induced flux linkage is needed. The
conventional techniques, like, Finite Element Metho
and dq theory are used to find the parameter awd al
assess the performance of any AC machine. 1f{b]-
present a time stepping finite element analysis for
ISPMS motors have cage bars with sufficient spaice f
buried permanent magnets in the rotor. The cross
sectional view of the ISPMS motor with cage bar is
shown in Fig. 1. The time stepping finite element
analysis offers detailed field calculations in mtg
with complex shapes. However, finding the solufam
the set of nonlinear equations, for each rotortfsi
gives rise to programming difficulties and requires
powerful compute. In [8], the conventional dg mddel
used for analysis of an ISPMS motor. It is basethen
assumption that the stator windings and air gap flu
density are distributed sinusoidally. However, this
assumption is far from reality under asymmetrical

of Permanent Magnet (PM) machine becomes and/or faulty condition. Therefore, an effective

powerful competitor for small rating drives duefieir

modeling technique is required to combine the spéed

higher flux density and pullout torque as compaeed the conv_entional dg model and the flexibility of ME
the asynchronous machines such as, induction mof8F Studying the performance of ISPMS motors.

[1]-[4]. But, the cage winding is to develop good T~
Stator iron
/ "Eamin’l')ﬁor \

starting as well as accelerating torque. In pdergthe
Rotor bar

Induction Start Permanent Magnet Synchronous motor
combines the advantages of permanent magnet and
cage winding. The size of motor is small and dgy&lo
high inertia torque. Therefore, it can be usedieffitly
instead of conventional induction motor. For
economical reason, the design of stator is sinidar
induction machine with three phase distributed wigd

in slots to produce the synchronously rotating guas
sinusoidal armature mmf wave form.
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shaf

maane

Fig. 1. Rotor Configuration.



The reluctance-mmf circuit has been widely used fé&° , R - A Diagonal matrix of stator and rotor
modeling and simulation of induction motor . Thamma resistance respectively.
advantage of this model is that it is possiblermitt | *¢_ seif and mutual inductance of stator coils.
transient and steady state performance of any mechi _ T . '
with any type of winding distribution and air gapl =L - Mutual inductance between stator coil
length. In the literature, it is considered to lessl and rotor bars nr.

attractive for ISPMS motor. In this paper, the " - self and mutual inductance between rotor bars.
reluctance-mmf circuit model of the given motor is ¢

. . .
developed which includes stator and rotor teeth,!i,- Stator coil and rotor bar current respectively.

reluctances leads to analysis of small changes \ps\y/ . stator and rotor voltage respectively
designs but not gives reliable results in situatibere ‘

completely new designs are being tried. A new\ A’ - Stator and rotor flux linkages respectively
comprehensive method for the calculation of

parameters like, magnetic flux linkages, winding The sign of the permanent magnet flux linkage
inductances are developed and using this perforeanfepends on the orientation of the magnetic field
of the ISPMS motor has been analyzed. The simulatigroduced by the magnets and coupled with stator
results are verified with the conventional dq mOdQ{/indings are represented by an equiva]ent circslit a

results under symmetrical condition. shown in fig. 2. Based on the geometrical inforomati
. _ and winding layout of the machine given in the
2. Mathematical Analysis Appendix. |. the machine parameters with respect to

position are calculated between any two windings k

Consider an ISPMS motors having three balanceghd | with a reasonable accuracy has been evaluated
stator windings and rotor circuits with ‘nr’ idecxd using magnetic coupled circuit model.

bars and an end ring [8,9]. Let there be ‘'nm’ qdir

magnet bars buried in diametrically opposite irot 3. ReluctanceeMM F Network

create dq axis inductance and the same may be

evaluated by using iterative technique under symymet For easy understanding and reduce the computation
[10]. While consider an asymmetry and/or faultfimings of the machine, an ideal reluctance - mmf
condition, the calculation of parameters variatiéth  network is so helpful for analysis. The reluctance
respect to the rotor pOSitiOﬂ is essential. The $afe mmf network is deve|0ped based on magnetic Coup|ed
represented by constant current souftéiparallel circuit . The effect of saturation, fringing andikage
with recoil inductance £ By applying Kirchhoffs and are neglected. The back iron parts in the statdr an
faradays law, the generalized equation of the (geo rotor have a large cross sectional area and nelaoly

machine is written as length compared to the slot segment of stator @tod. r
Therefore, the mmf drops in the stator and rotdeyo
[Vs]: [Rs][,s]Jr_dj} )X are much smaller than mmf drops in the teeth setgmen
 dt of stator and rotor. The stator winding comprises

concentrated coils represented by equivalent stator
teeth reluctance @ in series with armature source

ool [N 2) mmf (Fs).
=R+ dt} 2)

The PM is represented by a thevenien equivalent
circuit consists of an mmf sourcey{fFin series with
internal magnetic reluctance,R11]. Let Ry is the

3 3 3 nr 3 nm
DI S HE DI A HE-D I W Y (3)  reluctance of the rotor bar segment. To formulage t
k=L 1= kL 1= k=L 1= system of algebraic machine equations, only the

number of slot per elementary pole pair needs to be
, , modeled rather than simultaneous analysis of the
N = L'Sis + LS + L™+ L (4) complete circuit due to symmetry. The represergativ
" ,;'4 K Z‘; K (Z‘; K Z‘E k'j' part of reluctance-mmf network is shown in Fig. 2.
Then, the node potential equations of the netwozek a
Where, given by
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magneto static Finite Element simulation packagel us
— is ANSOFT's Maxwell 2D model. The air-gap
permeance is modeled with variable permeance for
Stato  (different stator-rotor tooth positions. Since,épeénds
on the relative position of rotor with respect he t
— stator. Usually, the stator pole arc is smallentraor
pole arc. It means that the air gap permeange G
Airgac  connectingf stator teeth with jth rotor segment are
varies over an angular interva) (Wheno is equal to
E— zero (reference vale), the air gap flux path isimam
value i.e. the permeance function is maximum. When
Rotol increases, rotor moves away from stator, the peTogea
value is reduced to zero as shown in Fig. 3.

udj”
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Fig. 2. The part of reluctance-mmf network i : i : i
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Up =Ug +Rgi¢s +Fy (6) Rotor position in rad
Uz =Ug +Rp¢r +Fy 7 Fig. 3. Permeance Function
Where,
U, W, W and uy -the vectors of magnetic node .
potentlal The stator mmf (&) and rotor mmf (f) vectors in

Oy anddy, -the vectors of stator and rotor teeth fluxegquation (6) and (7) are related to stator andrroto
Ry and R, -the stator and rotor teeth reluctancavinding configuration and number of turns per coil.
matrices. Then,

F.:and K -the vectors of mmf source in the stator and

rotor.
A, Ass, Asp and Aithe node permeance matrices. J' «(9,6) dp = I N, (¢, 6) (10)
. G(¢,6) G(9, 9)
The reluctance-mmf network repeats thetaoth
next to the first tooth. Therefore, equation (8)l é9)
become necessary J'Fn @.9) 4 db = .[N (9.0). (12)
Yy =0 ® O®O " T owd

Where, N and N is the magneto motive force
_ 9 transform matrixe is the stator reference frame. Using

%q’ﬂ' =0 ©) the modified winding function approach presentegd ,
and F; are calculated foeach coil at a certain rotor

By substituting (8) and (9) in equation (5), thap, position Which includes a periodic function of

depends on stator slot rotor slot and air gaf¢ell suited for studying the effect of machine unde

permeance. The elements of node permeance matrig6gentricity.
are given in the Appendix. Il. It is calculated rfro



4. Inductance Calculation 5. Simulation Results

Once the magnetic coupled circuit is formed the The proposed algorithm is simulated using Matlab
inductance can be directly calculated by solving trﬁnd SimuLink, Various simulation results are oladin
above equations. Since there is no restrictiohith the specifications of the motor is given ireth
concerning symmetry of stator winding, rotor barg\ppendix.1.
shape of PM and air gap length, this model may be
applied in the study of asymmetrical effects andtfa A- Computation of Inductance coefficient
conditions. According to the magnetic coupled dircu
theory, inductances of healthy machine as well asIn the simulation program an inductance matrix is
faulty machine can be calculated by substitutingeeded to describe the connection between the each

equation (4) and (5) into (2) and (3), and theftator coils and rotor bars. The difference in

rearranging parameters as follows permeability between rotor core and magnet results
self and mutual inductances are position dependent.

ApoNgg +ApaN i, =Chs+A 3 Ry ®r (12) Although, itis possible to calculate self inductarof
each stator circuit at any position. Finally, tealdage

AgoNgic +AggN i, =DOr +Ag, Ry®s (13) inductances are calculated from the design datd mus

be added to form the corresponding circuit self
inductance. From the Fig. 4 one can observe tHat Se
inductance of each stator circuit differs on the fhath
with least reluctance path.

Where,
C=(lnsns* A22Rs1)

D =(lnrxnr *Az3Rt)

and by further simplification the following equai® 0.02 / \ / \
will be obtained. Loy )
NTC™A NG +NTCTA 5N i, = NT (@ +CT A L3 Ry D) = A4 / \\ / \\
14 L \ / \
0.01 \ / \ |
NTD ™ AgNg +NTD Mg, =NJ (@, +D A Ry@g =2, 8 | /
(15) \ L
Comparing the equations (14) and (15) with the well 1 2 3 4 5
known flux linkage equation (3) and (4) results in Rotor angle (rac
- T Fig. 4. Circuit self inductance
L# =NsC "AzNs (16) The mutual inductance between any two windings k
and | in any electric machine can be computed Ingus
L% =N{CT AN, (17)  flux linkage equation. There are two positions veher
the mutual inductance reaches its maximum as & resu
L'S =NTD ™A 3,Nq (18) of the series connection of the member coils of the
circuit. The effect of rotor skew, slot openingatat
LT = NTD AN (19) and dynamic eccentricity on mutual inductance has
r 330r studied. Similar effect was experienced by the

. . proposed machine also. The mutual inductance
It should be noted that due to the inclusion ditsta petween stator phase and rotor loop as shown.i6 fig

and rotor teeth reluc.tances it is pos_sible to sthey |, agreement with the finite element method
effect of the magnetic property of different comes

machine inductances by this model. Therefore, this
model is well suited for efficient design of ISPMS
motors.
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Fig. 5. Mutual inductance between stator phaseraiwa

loop (a) FEM method (b) proposed method Fig. 6. Calculated Flux linkage produced by PM (a)

Healthy condition (b) Including slot opening effect
B. Flux linkage produced by PM
. . Comparison of plots 7(a) and 7(b) shows that thte sl
The flux linkage of the circuits produced by PMyhening affects and degrades the shape of the flux

poles is another important issue in the S'mUIat'orﬂnkages. In fact, the magnitude and frequencippie
Having the reluctance-mmf network, neglecting thg, plot 6(b) depend on slot opening width. The

internal magnetic reluctance and the assumptioremqqagnitude of ripple on these flux linkages introelsic
previously, the total magnetic flux linkage is gugn of ripple in the torque production also.

the flux linkages produced by the individual PM as
. C. Smulation of ISPMSM
Nom =+ I N2 Gy, (20) . . .
i=1 A simulation study has been made to determine the
) ) ~ performance of the ISPMS motor using the circuit
The sign beforé, is determined by the manner inmechanical equations

which the flux orientation of the magnet in theorot dee
circuit. Fig. 6. Shows the calculated flux linkage T T, =J—" (21)
each stator coil versus rotor positions where hive f dt
linkage reaches its maximum magnitude which _ad8,
corresponds to the fact that the ISPMS motor hais fo mT gt
PM poles. (22)
dG.
_ns nr 2 i
‘ //\ Te El jél(um u3j) dem (23)

0.01 (

\ Where T is the electromechanical torque of
‘ machine, T, is the load torqud),, is the mechanical
angle, J is the inertiay, is the mechanical speed and

k | dG;/d8y, is the derivative of air gap permeance with
\ { respect to the rotor position. Unlike the convemio

| synchronous motors, The ISPMS motor torque can be
\d separated into three components. Namely, the
permanent magnet creates a considerable braking
torque during its asynchronous mode of operation as
well as they help to synchronize with high ineltiad.
When the strength of the PM is too strong, the moto

|
|
|
|

ux linkage in wb/m
o

|
|
|
|
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may fail to synchronous because of the excessive
pulsating torque component. The asynchronous torque
developed by the cage winding aids to improveittee |
starting from standstill under transient period.eTh
difference in permeability between the magnet and
rotor core results in significant magnetic salieaog
reluctance torque at steady state as shown in/Fig.

Instantaneous electrical torgue
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For the purpose of comparison the model is first
simulated using conventional dg model with sinuabid
voltage excitation and the results are shown in Fig
8(a). In fig.8 (b). The same machine is simulatsidgi
the proposed method under the same conditions.
Comparison of the two simulation traces shows ve®/ condusion
good correlation. The slight deviation appearséo b ] )
caused by the harmonic effects created by the A new approach to induction start permanent

simulation of each separate winding circuit. Theegp Magnet synchronous motor modeling has been
of motor speed from simulation are shown in fig. 9. developed based on the geometric and winding layout
information. From the reluctance — mmf network, the

self and mutual inductances and permanent magnet
flux linkages were calculated on coil to coil basis
Simulation results have confirmed the validity loét
model. Because the magnetic coupled circuit model
takes into account arbitrary winding distributiah,
‘ should prove very useful for analyzing the slotropg

LIff ‘ effects also. It has also been shown that theteearé
T Un\}ﬂ\}‘\uﬂ \Wuﬂ Uﬂuﬂ\jnuﬂﬂuﬂvn\jn\] W\UAVW'M\}M consistent with the results of the conventionalhuoét
for balanced operation.

Fig. 9 Speed curves after start up
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APPENDI X

3ph, 4-poles, 220V, 4.7A] connected, single laye

winding, 50hz, 0.6kw.

conference-
TENCONO98, New Delhi, pp. 379-382, December200

Active axis length 75mm
Air gap length 0.7mm
Stack Factor 0.76mm
Slot Number 32
Outer diameter 159mm
Inner Diameter 80mm
Slot Depth 18.4mm
Stator Slot Opening 3.3mm
Slot bottom width 8.152mm
Slot upper width 6.382mm
Winding number 96 turns
Slot Number 54
Outer diameter 59.4mm
Rotor Inner Diameter 40mm
Slot Depth 9.85mm
Inertia 0.00219kg.f




