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Static Characteristics of A New Doubly Salient
Permanent Magnet Motor

Ming Cheng, K. T. ChauMember, IEEEand C. C. ChanFellow, IEEE

Abstract—n this paper, magnetic field analysis of a new doubly
salient permanent magnet (DSPM) motor is carried out based
on finite element method (FEM). Hence, the corresponding static
characteristics, including PM flux linkage, self-inductance, mutual
inductance, and static torque are deduced (the interaction between
the PM field and armature field are taken into account). New
methods for measuring the motor inductance are also proposed.
The theoretical analysis is verified by experimental results.

Index Terms—boubly salient motors, finite element methods, in-
ductance, inductance measurement, permanent magnet machines,
static characteristics, torque.

I. INTRODUCTION

ECENT developments of the doubly salient permanent
magnet (DSPM) motor have shown that it has many afi9- 1. Cross-section of DSPM motor.
vantages such as high efficiency, high power density and high
energy conversion ratio [1]-[3]. Thus, more and more attentidie magnetic field prevailing in the interior of the machine can
has been paid to this motor since its advent. However, the stdtf described in terms of the vector potential. In a 2D rectan-
characteristics of the motor, being the fundamentals of desigilar coordinate, the nonlinear magnetostatic Poisson equation
analysis and control, have received insufficient research. Tigegiven by:
PM flux linkage and the inductance in the available literatures 9 < 8AZ> 9 < 9A,

"By ) =)

are obtained under the assumptions that the variations of the PM 32 \' 3 90
flux linkage and the armature flux linkage are spatially depen- * * 4
dent only [2]. In addition, the corresponding mutual inductance S1+52: 4. =0
has never been mentioned. where
The objective of this paper is to perform the analysis of the 4. and.J, are thez components of vector potential
magnetic field distribution of the DSPM motor by using finite and current density, respectively,
element method (FEM), and hence to calculate the PM flux ;. is the equivalent surface current density of the
linkage, self-inductance, mutual inductance and static torque. PM,
The iron saturation and the cross-coupling between the PM flux,, is the reluctivity,

and armature flux will be taken into consideration. Furthermore, 5, and S, denote the Dirichlet boundaries.

the inductance measurement of the DSPM motor usually suffetise equivalent variational expression to the above class of non-

from a great difficulty because of the interaction of PM flux anfinear magnetic field problems for DSPM motor can be written
armature flux. New methods for measuring the self- and mutysd:

inductances are proposed for the DSPM motor. A new 6/4-pol

. . . . . B
DSPM motor with stationary PMs is designed, built and teste W(A.) = // / vB' dB' —(J,+J.)A, | dv dy = min
0
Q

for exemplification. The experimental results verify the theore

ical analysis.
AZ|S1 +5; = 0.
(2)
Fig. 1 shows the schematic configuration of the DSPM motor.
Two-dimensional (2D) finite element analysis (FEA) is useBue to the semiperiodic motor configuration, the region of in-
to determine the magnetic field distribution of the DSPM mototerests for FEA is a half of the whole motor crosssection. Fig. 2
shows the finite element mesh of this motor. Fig. 3 shows the
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funded in part by the CRCG of the University of Hong Kong, the Hong Kon@ngle of 30 (the rotor anglé is defined as the angle between

Il. MAGNETIC FIELD ANALYSIS

Research Grants Council, and NSFC under Project 59507001. ~ the central lines of stator pole and rotor slot; the rotor angle
The authors are with the Department of Electrical and Electronic Englneerlng, h | Lli l ith th |
The University of Hong Kong, Hong Kong, China. IS'zero as the gtator pole centra ine aligns with t e rotor spt
Publisher Item Identifier S 0885-8969(01)02650-X. central line). Fig. 3(a) is the PM field at no-load, Fig. 3(b) is

0885-8969/01$10.00 © 2001 IEEE



CHENGet al.: STATIC CHARACTERISTICS OF A NEW DOUBLY SALIENT PERMANENT MAGNET MOTOR 21

20

15. )

1.0

0.5

0.0 s
20 40 60 80 100 120 140 160 180
Angle(degree)

@)

Flux density (T)

(=4

Fig. 2. Generated mesh for finite element analysis.

20

15. )

1.0
0.5

0.0 s
20 40 60 80 100 120 140 160 180
Angle(degree)

(b)

Flux density (T)

(=4

20
1.5
1.0
0.5
0.0

Flux density (T)

_ \

0 20 40 60 80 100 120 140 160 180

gz . “ 3 Angle(degree)
G e,
~7 (©
- \ Fig. 4. Magnetic flux density in airgap ét= 30°. (a) PM. (b) PM and, =
\ /‘\ 4 2A.(C)PM, I, 2 AandI. = —2 A.

© 06
Fig. 3. Flux distributions at = 30° under different conditions. (a) PM.
(b)y PMandl, = 2 A. (c) PM, I, 2 Aandl. = —2 A

the magnetic field produced by both PM and armature current
1, (with strengthening action to the PM field), and Fig. 3(c) is
the magnetic field produced by PN, (with strengthening ac-
tion to the PM field) and, (with weakening action to the PM

lllllllllll

field). The corresponding magnetic flux density distributions in 0.0 S T T T SR N R
the airgap are shown in Fig. 4. It can be seen that the flux in 0 10 20 30 40 50 60 70 80 %0
the DSPM motor is mainly contributed by PMs. The armature Rotor angle (degree)r
flux has less effect on the total flux value, but it changes the flux
distribution. Fig. 5. PM flux linkage versus rotor angle.
[ll. STATIC CHARACTERISTICS where

is the back EMF,

A. PM Flux Linkage € ! |
The PM flux linkage versus rotor angle can be obtained from Ym 1S the PM flux linkage,
? is the rotor angle and

the finite element analysis as shown in Fig. 5. It can be seen tha is the speed of the motor in rpm.

the PM flux I|nkage_var|es Imgarly with the rotor _angle n th?‘—ig. 6 shows the theoretical and measured waveforms of the
two strokes respectively. The induced back EMF is given by:back EMF of the 6/4-pole DSPM motor at the rated speed of

Ay dib 2770 1500 rpm. It can be seen that the experimental result closely
=Ta 48 60 3) agrees with the theoretical one.
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(b) Fig. 7. Phase inductances versus rotor angle. (a) Self-inductance. (b) Mutual

_ ) inductance.
Fig. 6. Back EMF waveforms. (a) Theoretical. (b) Measured.

B. Inductances

In the calculation of inductances, the cross-coupling between 3
the PM flux and armature flux should be taken into account. As
the PM and armature current act together, the flux linkage of
one phase is given by:

Y = by, + Li 4)

where

) is the total flux linkage produced by the PM and phase

current,

L is the inductance of one phase, and

i is the phase current.
Then, the inductance can be rewritten as:

L= (=) /i. () © Torque

Fig. 7 shows the inductance characteristics, in which Firstly,
“PM+2A” and “PM—-2A" denote the strengthening an
weakening actions of the armature field (the phase current is Ug
2A) to the PM field, respectively, while “2A” denotes that the
inductance is calculated at the phase current of 2A withou
the PM field. It indicates that the self-inductances with anf{
without the PM are very different in both the magnitude and “e
pattern. In addition, the strengthening and weakening actions @
of the armature field to the PM field have significant effects on
the inductance value, which should be taken into account in¥a andyy
performance prediction and control of the DSPM motor. From
Fig. 7(b), it is seen that the DSPM motor has a large mutual
inductance, similar to the level of the self-inductance. Its peak
value occurs at the position that the stator and rotor poles are
half overlapped. Increasingly, Fig. 8 depicts the self-inductanedere
as the function of the rotor position and current, in which L, andL,
positive and negative currents denote the strengthening and.,,
weakening actions to the PM field, respectively. Ve ANAY
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Fig. 8. Self-inductance at different rotor angles and currents.

we consider the two-phase-on condition, say phase A
dand phase B on, the voltage equations are:

= Ri, — eq =~ —e, = dip, /dt
} (6)

= Rib —Cp N —Cp = di/)b/dt

are the phase voltages,

are the back EMFs,

is the phase winding resistance, and

are the flux linkages that can be expressed as:

¢a = Laia + Labib + r‘/)rna} (7)
Py = Lyiy + Lapta + s

are the self-inductances,
is the mutual inductance, and
are the PM flux linkages.
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Fig. 10. Static torque and its componentd at 3 A.
Substituting (7) into (6), it yields ypres On=9 .
. . [ ) T/} 1 1 1
—ea:La% +ia% +Lab% +ide“b Dpma 4 3 2 1 0 1 2 3 4
dt dt dt dt dt Current (A)
dib . dLb dia . dLab dz/}nlb '
6= Lb% + “’W + Lab% ta 0t dt Fig. 12. Flux-current diagram of DSPM motor.

®)

Neglecting the iron and ohmic losses, the input power can pgy 12 By using the co-energy method, the torque is expressed
expressed as:

as:
P, = Uty +upip = —(Gaia + Gbib) = dwsf +T.Q 9) 8W’(i, 9) AW’(i, 9)
where Te=—%—| oot ¥TTa6 (13)
—7 42 i 4 52
wss = Lata/2+ Laviato + Lot /2 (10)  where AW is the increment of the co-energy and is the
r 120l +1i2@+i ;. Lab i dma 4 dima  increment of the rotor position as shown in Fig. 12. The average
cT2%qp "2 de e T de df torque in one conducting cycle is written as:
11
. . . . (1) Tow = W’/ch = W’/(27r/p,,) (14)
andw, s is the armature reaction field enerdly, is the torque,
and¢ is the angular velocity. For the one-phase-on conditioi‘i’,h‘:‘r/e )
(11) can be simplified as: w is the co-energy equal to the area sur-
1 - dL i rounded by the flux versus current locus,
I.=3 i dea + g dg’“ =T+ Lpm (12) .. =2x/p, is the conducting cycle,

where ;. is the reluctance torque due to the variation of th?i]: uite evident thitttmi?ltzlgiirzfniogg ezlriimethod is more
inductance and, is the reaction torque due to the interactio q )

between PM flux linkage and winding current. s_,|mple in calculating the average torque becau/se only/the flux
- linkages at four rotor positions, namey,, 6., 6., andé’
When a two-stroke rectangular current, as shown in Fig. 9, is . . on o .
. . : . are required. However, this method can only give the total static
applied to the phase winding, the static torque and its com 8_r Ue. but not the torue Components
nents are shown in Fig. 10. The asymmetrical wavefori,of que, q P '
in two strokes is due to the inductances corresponding to dif- E M
ferent saturations, “PM3A” in the first stroke and “PM-3A” - INDUCTANCE VIEASUREMENT
inthe second, leading to the nonzero average value of reluctanc&he inductance characteristics of the DSPM motor are func-
torque. Fig. 11 illustrates the static torque at different currentsons of not only the rotor position but also the phase current.
The torque can also be calculated by using the flux-currefihe available methods for measuring the inductance of conven-
diagram technique [4]. Based on the FEA, the perphasienal electric machines, such as induction machines and syn-
flux-current diagram of the DSPM motor is illustrated irchronous machines, are not valid for the DSPM motor. The
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inductance of the DSPM motor can only be measured at the

static state and point by point. Moreover, it is almost impossible
to eliminate the effect of the PM field on the magnetic saturation
and hence the inductance once the motor is made. Therefg_re, . - -

. . g 15. Equivalent circuit of phase winding.
new methods for measuring the inductance of DSPM motor

are indispensable.
P B. RMS Value Method

A. Peak Value Method If the RMS values of voltage and current as well as the input
As shown in Fig. 13p is the operating point at no-load. AsPower are measured, the average value of selfinductance can be

a sinusoidal voltage is applied to a phase winding, a sinusoi@®Proximately obtained as:

component of flux is added t&,. The operating point will move - 1 b 21)
betweenp’ andp”. The peak values of voltage and flux have w2402
following relationship: where
Urn, =~ Ern, = wwd)max (15) g = Q/U’
where L andl,  are b teal andimagi fth
w is the number of turns in series per phase, ~¢ anal, ilrjerrteri rfssp?:ctiilrgﬁ/g:srs);g%nr:Fi)r?rl]:?gtig the
w is the angular frequency of power supply, . ’ . ’ C
U, andE,, are the peak values of voltage and Empnductancel in (21) can be considered as the average value of

LT and L~ approximately. When the phase current increases,
t{heestrengthening action to the PM field in the positive half-cycle
leads to higher magnetic saturation and helitavill decrease,

while the weakening action to the PM field leads to lower mag-

respectively.
When the peak values of voltage and current are measured,
inductances can be expressed as:

+ _ A+ i+ ) . o .
L™ = whmax/imax = Un/(Wiax) (16) netic saturation and hende~ will increase. However, the in-
L™ = whmos/tmax = Ui/ (Wigay) (17) crement ofL~ will be larger than the decrement &ft due to

whereL+ is the inductance when the armature field strengtheH nonlinear magnetizing characteristics of the ferromagnetic
the PM field, andZ,~ is the inductance when the armature fie|(5nater|al. This well explains the phenomenon found in the exper-

weakens the PM field. Fig. 14 shows the current waveforffl€nt that the higher the voltage supplied to the phase winding,

recorded in the inductance measurement. As seen from Figs & larger the value of self-inductance obtained by the RMS
and 14t > . ,solt < L™, value method. Similarly, this approach can be applied to the mu-

max .
In practice, however, the voltagé across the inductance istU@! inductance measurement.

unmeasurable due to the resistance of the phase winding. It cah@P!e | shows a comparison of the calculated and measured
only be calculated based on the measured supply voltage self—lnductancgs at two typ{cal rotor posmons. foe= 2.5 A
input current! and input power®. Alternatively, based on the A0, Table Il lists a comparison of the mutual inductantes

power factor angles, U,,, can be deduced as follows: at three typical rotor positions fer= 1.4 A. As expected, good
. agreements are found.

lfsnl = lfsnl £0° (18)
jmax :Imaxlga (19) V. CONCLUSION
Un =Usm = Imax R (20) The magnetic field of a new DSPM motor is analyzed by

wherelj,, is the peak value of th&, as shown in Fig. 15. using 2D FEM, showing that the magnetic flux is mainly
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