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Design and Analysis of a New Doubly Salient
Permanent Magnet Motor

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

Abstract—This paper presents the design and analysis of a Winding
new doubly salient permanent magnet (DSPM) motor. The corre-
sponding output power equation is analytically derived. The initial
calculation of motor dimensions and parameters, namely, the
core diameter, stack length, permanent magnet size, and winding
turns, are also discussed. An 8/6-pole DSPM motor is designed and
built for exemplification. Moreover, finite element analysis of this
motor is carried out to investigate the magnetic field distribution
at different rotor positions and load currents, in which the leakage
flux outside the stator circumference of the DSPM motor is firstly
taken into account. Hence, the characteristics of the proposed
motor are deduced. Experimental results of the prototype are
given to verify the theoretical analysis and to confirm its high
efficiency.

Stator

Fig. 1. Proposed four-phase 8/6-pole DSPM motor.
Index Terms—DPoubly salient motor, finite element analysis,

leakage flux, permanent magnet (PM) motor, sizing equation. on the analysis, rather than the design, of the DSPM motor.

Such analyses cannot help the engineers to kick off the design
|. INTRODUCTION process. In fact, the initial calculation of motor dimensions and
farameters, such as the core diameter, stack length, PM size,

d winding turns, is crucial. To the best of authors’ knowledge,
[hese kinds of calculations are surprisingly rare. Even so, only
he outside diameter and the stack length of the DSPM motor

T PRESENT, there is an increasing tendency to consi
brushless motors, namely, the permanent magnet (P
brushless motor and the switched reluctance (SR) motor, for
dustrial and electric vehicle applications [1], [2]. The PM brusH .
less motor offers the advantages of high power density and h?ﬁfﬁre ever discussed [3].

efficiency. However, since its PMs are located in the rotor, this Ve:jy ;ecel?tLy, a dniw'tgl 6-gole tDSPM mot(t)rr1 ha:; 4bee|n pro-
motor suffers from the possibility of irreversible demagnetiz:P—OSe I [r]]: h as de mclie a van_glges ovedr c I-poe one,
tion by high temperature operation or armature reaction flug@mely, higher power density, wider speed range, less torque

Also, the mechanical integrity of PMs in the rotor inhibits it§|pple, and lower current magnitude. Although this DSPM

application at high speeds. On the other hand, the SR mo'?&?tor possesses simple configuration, it does not imply any

takes the advantages of simple configuration and mechanil'i,':';ﬁ]p”City in design and analysis because of the heavy magnetic

robustness. However, because of the absence of PMs, it g%zi;‘tyranon in pole tips, the fringe effect of poles and slots,

erally offers lower efficiency and lower power density than th@s well ?IS the_z”c]:ross c.:ouptl;_ng .betW?e?].PM flux gnd arfma:ure
PM brushless motor. Recently, a new class of brushless mot&lér,rem ux. The main o jective of this paper Is to 'rs.t.y
termed the doubly salient permanent magnet (DSPM) mot [esent the design details of the DSPM motor, thus providing

has been introduced [3], [4]. This DSPM motor incorporates " e designer a practical way to make initial calculation of motor

merits of both the PM brushless motor and the SR motor. Fir 'mgnfsmns andl_?ar?_meteTrrs]. Anf_8/_:3-ptile DSFM nrot_or V\;'Itlhbe
the corresponding PMs are located in the stator, eliminating tH%et or_“eéemp |_|c§1 |or;._ ehn_, r:ntlhe € ement_ anatySf_ N 'Z
problems of irreversible demagnetization and mechanical jotor will be carnied out, in which the magnetic saturation an

o : Py . : . . the coupling between PM flux and armature current flux are
stability, while retaining the merits of high efficiency and hi H ) .. .
y g g 4 g taAgen into account. In addition, the leakage flux outside the

ower density. Second, the corresponding rotor is the same . o ) : .
P y P g ﬁgtor circumference will firstly be considered. Finally, experi-

that of the SR motor, hence, adopting the advantages of sim , 7 ,
configuration and mechanical rok?ust?]ess g ental results on the back EMF, inductance, and efficiency will

In the development of the DSPM motor, there were a numb%? given to verify the theoretical prediction.
of publications [3]-[10]. However, most of them were biased
II. THEORY
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Fig. 2. Theoretical flux and current waveforms. Fig. 3. PM flux linkage versus rotor angle with and without skewing.

corresponding theoretical waveforms of PM fkiy, and phase wherek, = U/E, andE is the phase back EMF due to the
currentz are shown in Fig. 2. Notice that the zero-current inyariation of PM flux linkage. This back EMF can be expressed
terval between the positive and negative currents is purposgly

provided to ensure successful current reversal. Since the applied

voltage I/ is the phase voltage of each phase winding, the g — wdff)m w, A~ ww
per-phase input powdr can be expressed as de 2

Adm
O

w.  (6)

Wy =w

1 /7
P:—/ wi dt
T Jo

_ % ut UL, df + /tm (—U)(=Ln) dt}

1 3

1
=7 201, AT Q)
where
T = O fwy;
AT = Ou/wy;
Ber = 21 /py rotor pole pitch;
Op=0—0, =04— 03 angular displacement of a
stroke;
Dr rotor pole number;
Wy rotor angular speed;

ty ~ 1y
the rotor position®; ~ 6.
Thus, (1) can also be expressed as

P= 2UIm,9'—w.

0. )

When there are: phases, the total input powé&k becomes

Pr=mP = 2mUIan%w.

cr

3

Denoting the efficiency ag, the total output powep is written
as

O,
P, =nP =2mUlI,,— 7.

. (4)

Substitutingd..,. = 2w /p,. into (4), it yields

Py =2k EL,8un

v

®)

wherew is the number of winding turns in series per phase,
Pmax anNd ¢, are the PM flux linked by one coil when the
stator pole aligns and nonaligns with the rotor pole, respectively.
In general A¢,, can further be expressed as

Ad)rn = ¢max - ¢min ~ 0-87¢Inax = 0-87kdasTsleB6
Dsi
= 0.87kqos ——21 1. By @)
where
kq flux leakage factor;
l. stack length;
Bs airgap flux density;
7s = wDg; /ps Stator pole pitch;
o stator pole arc factor;
Ps stator pole number;
D, stator inner diameter.
time instants corresponding toSubstituting (7) into (6), the back EMF can be written as
0.877k sDsile B,
=27 ‘“”Z % 8)
pS w

When the rotor is purposely skewed to minimize the cog-
ging torque, the characteristic of PM flux linkage and hence the
back EMF are altered. Fig. 3 shows these characteristics with no
skewing 6 = 0°) and with a skewing angle of about one half
the stator pole pitché(= 22°). In order to take into account the
effect of rotor skewing, a skewing factor is defined as

T
k. = cos <Wcs 6)

wheref.; = 2r/p; is the stator pole pitch. Thus, (8) can be
modified as

9)

o 0.87rk kqos Dyl Bs
N Psbw

Wye- (10)

Notice thatdé = 0° implies no reduction in the back EMF,
whereasd = 6., results in no back EMF.
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On the other hand, the magnitude of the rectangular current by s
waveform can be expressed as 0, Y0, YO, V0. YO,
DsiAs A
Irn = ki-[rms = kz i (11) "
2mw
where Fy A, TA, TA, TA, TA,
A, electric loading of the stator; T
I..s root mean square (RMS) phase current;
ki = Irn/-[rms- ) . . ) o
Substituting (10), (11), and, = 27ms/60 into (5) while Fig. 4. Simplified equivalent magnetic circuit.
adopting the general case that ~ 0.5, the output power of
this DSPM motor can be derived as experience, the range df; is selected to b&0 000 ~ 30000
0 8772 A/m. On the other hand, since the airgap flux density of the
P, = '120 br kokakekiA,BsD%1.ngn (12) DSPM motor is usually the same as the tooth flux densitys
Ps

generally equal to 1.5 T. Therefore, by substitutihg= 15000

wheren, is the rated speed of the motor. Am, Bs = 15T, kg = 09, k. = 1.5, k; = \/3/2,n, =
The output power equation given by (12) reveals the relatioh500 rpm, andn = 0.82 into (13), the main dimensions of the

ships between the output power and various design parametpreposed 750-W 8/6-pole DSPM motor with rotor skewing of

Therefore, it is the basis for design and steady-state analysi®6f can be calculated by

the DSPM motor. For instance, it can be found from (12) that the ) 4

output power is directly proportional to the ratio of rotor to stator Dile =4.2717 < 107" m”. 19)

/ps. Gi s Bs, /D .
polesp,/ps. Given A, and 3;, the larger the value gf,./p It-heéwce, oncd),; is selected. can be deduced from (19). For

can certainly possess the higher the power density. Hence, . o . .
8/6-pole motor can offer higher power density than the 6/4_p0||%stance, the main dimensions of the proposed motor are given
y

one by 12.5%. o

(20)

D, =0.075m
I1l. DESIGN

l. =0.076 m.

A. Initial Sizing of Core Diameter and Stack Length o ) )
Once the main dimensions are determined, the other struc-

By rearranging (12), the sizing equation can be deduced agr5| dimensions, namely the stator outer diameter, pole heights
P and pole arcs can be specified in a similar way of the SR motor
(13) 121, (21,

D3l = 08772
2T Pr e kghoks Ay Bsngn
120 p.

B. Initial Sizing of Permanent Magnets
In accordance with the basic operation of the DSPM motor, theFig. 4 shows a simplified equivalent magnetic circuit of the

general relationship between, p.., andm are given by proposed 8/6-pole DSPM motor, in which the iron core is as-

{pg = 2mk sumed to be of infinite permeability. From the circuit, it yields
' (14)
Dr = Ds =+ 2k Aa Aa
wherek is a positive integer. Thug, /p, = 6/4, 8/6, and 12/8 a J;X b+ Ao+ Aa 5
are typical configurations of the DSPM motor. b5 = ppg ——— (22)
As shown in Fig. 2, it is generally valid thét, = 6.,./3 for As + Mg
the DSPM motor. Hencé; can be calculated as follows where
A, ~ Ay permeances of phasésD, respectively,
1 7 1
L. =1 = / 2dt =/ — 2126, As sum of the permeances of four phases;
T Jo Ocr Ay leakage permeance of PMs;
21 2 da flux of phase4;
Voo 3 OcrLm = | 5 Im (15) ¢, airgap flux equal to the sum of four phase fluxes;
I 3 Onr magnet flux.
ki = ]m _ \/; (16) Making use of (21) and (22), it deduces
Generally, the ranges &f; andk. are given by b = % %% = O—% ba (23)
5 a a
ka =0.90 ~0.93 (17) wheres is the magnet leakage factor which is defined as the
ke =1.5~2.0. (18) ratio of magnet flux to airgap flux
Since the DSPM motor is a new class of motors, there is a o As+ A,

shortage of statistical data on the selectionigf Based on our 7= bs  As (24)
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The value ofs depends on the motor configuration. According A
to finite element analysis, which will be discussed in Section IV, B,
the corresponding value is generallylod ~ 1.5.
In (23), the permeances, andAs can be expressed as 5
- T T |Pm
Dsiaale
Ay = N04— (25) |
go |
DSZ‘OC le
As = po 7 d (26) !
go i
| S
where r H 0
«a, overlapping angle between the stator pole of phse ¢ M
and a rotor pOIe;_ Fig. 5. Demagnetizing characteristics of PMs.
as  sum of overlapping angles between four phase stator
poles and rotor poles; ) . .
go  airgap length: Typically, the value o3, /B, is 0.7~0.95 [12]. By using (30),
1o permeability of free space. the surface ared,,,,, of each piece of PMs can be expressed as

When the rotor pole arg, is given by . oBsD,il

Spm = =
By = 2005 — 0., (27) P 2By 4B,

(28, + By + Op — 26.5).  (35)

as becomes constant, hence, the operating point of PMs dd¥sthe magnet length,,,, in the axial direction is usually the
not change with the rotor position. Even when (27) is not s&tame as the stack length, the magnet widgh, can be ex-
isfied, the variation of this operating point does not introducel¥essed as

significant error. So the magnet flux in (23) can be calculated at g BD..

a particular rotor position that the stator pole of phase A fully w,,,, = l”m =0 4‘;9 (285 + Br + 0er — 20.5).  (36)
aligns with a rotor pole. Namely, as shown in Fig. 1, the flux of rm M

phase A has its maximum valyg, ;.. Then,as anda, can

In the proposed motor, PMs witB, = 1.08 TandH,. =

be expressed as 843521 A/m (10600 Oe) are used. By substitutiblg = 1.5 T,
s =28 + B+ Oor — 20,4 (28) g§4= 2.000 45 rt?, ch)tz 84d3521 A/m, andBM/B,, = 0.8 Into
aa — InaX([jS, [37) — [35 (29) ( )’ rm can € oDbtlalnead as

_ -3
Substituting (25) and (26) into (23) and making use of (28) and hpm = 6.37 > 107" m. @37)
(29), it deduces

Also, by substitutingg = 1.5, Bs = 1.5 T, D,; = 0.075 m,

oBsDy;le By =08B,=0864T, 3, =0.384, 8, = 0454, 6.,. = /3
— 235 31) ecr _ 29c5 . 30 M = y Ms y M ) » Yer ’
2 2 (26, + fr + ) (30) andf,, = = /4 into (36),w,,, can be obtained as
When adopting neodymium—iron-boron (Nd-Fe—B) as the
PM material for the proposed DSPM motor, the demagnetizing Wy = 0.034 M. (38)
characteristic of PMs is almost linear. As shown in Fig. 5, it
yields C. Initial Calculation of Winding Turns
By = B, <1 _ HM) (31) The electromagnetic torque for one-phase-on operation of the
H. proposed DSPM motor can be written as
By
Hy =H. <1 - ) (32) dvp 1 ,dL
B, T, = g™ — 272 1 T, 39
ph (2 d9 + 9 (4 d9 pm + 7 ( )

whereB,,; and H,; are, respectively, the flux density and field
strength of PMs at the operating point, while andH., are, re- Where _ _
spectively, the remnant flux density and coercive force of PMs. Zpr  instantaneous electromagnetic torque per phase;

Also, by using Ampere’s Law, it yields T, PM torque component due to the interaction between
PM flux linkage and armature current;
Hyihpm = 2Hsgo (33) T,  reluctance torque component due to the variation of
reluctance;

whereH; is the field strength in airgap, arid,.,, is the magnet PM flux linkage:
thickness in the direction of magnetization. From (32) and (33), %”m phase inductgné:e

it deduces When the rectangular current waveform, as shown in Fig. 2, is
S 2Bsgo (34) applied to the phase winding, the average value of the reluctance

pm B\’ torque component is equal to zero because of the symmetric

poHe < ) inductance characteristic with respect to the rotor position angle.
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Thus, the average torque per phase is governed by the average TABLE |
value of the PM torque component only, which is given by DESIGN DATA OF 8/6-FoLE DSPM MoTOR
1 ber [ d n 9 Stator outer giameter Emm; %8
- 4 1pm - = Stator inner diameter (mm
Lavph Ocr /o <L de ) @b Ocr TmBmw  (40) Stack length (mm) 75
Airgap length (mm) 0.45
wherel,, is the magnitude of the rectangular current waveform. Rotor inner diameter (mm) 22
Hence, the total average torgiig, of m phases is given by Number of phases 4
Stator pole number 8
2m Rotor pole number 6
Tow = 9. I Appw. (41) Stator pole arc (degree) 22
r Rotor pole arc (degree) 26
When neglecting the friction and windage losses, it yields Stator pole depth (mm) 13
Rotor pole depth (mm) 10
2, Number of turns/phase 220
w—— = P,. (42) Rated speed (rpm) 1500
60 Magnet volume (mm?) 2% (6x%37x75)

Substituting (4) and (41) into (42), it deduces

Ub.,n
2rng

B (43)
Ad)m W

w =

By substituting (7) into (43), the number of winding turns per
phase can be obtained as

ue,,
w= a,wD ‘77 2rng (44)
0.87kg——2] Bs—"
Ds 60

It should be noted that (44) i§ obtained b_as_ed on the ideal re,glg—_ 6. Experimental DSPM motor.
angular current waveform. Since the realistic current waveform

is trapezoidal rather than rectangular, the correspongins

usually smaller than the ide&),. Hence, the number of winding

turns calculated by (44) is usually larger than the actual one. Our

experiences in the design of 6/4-, 8/6-, and 12/8-pole DSPM mo- R,
tors indicate that 80% of the value given by (44) is close to the

actual value. Therefore, taking into account the correction factor

of 0.8, the modified number of winding turns is expressed as

0.8U4,,
w = U . (45)
0.8Tk astsil 27,
) ¢ Ps © 60 M, M, N, N,

Based on the above design procedure, the dimensions §%d7_ Domain of the region.

parameters of the proposed 8/6-pole DSPM motor are obtaine

The major design data are listed in Table I. The corresponding _
prototype is shown in Fig. 6. Fig. 8 shows the generated mesh for FEA. The corresponding

Maxwell's equation is expressed as [13], [14]

IV. FINITE ELEMENT ANALYSIS 9 OA. 9 OA,
Having completed the design process, the finite element 9z <I/%> + dy <V8—y

method is employed to analyze the magnetic field distribution

of the proposed DSPM motor. Due to the semiperiodic mot#here

configuration, the region of interests for finite element analysis 4- and.J. z components of magnetic vector potential

) = —(L+Jpm)  (46)

(FEA) is one half of the whole motor cross-section. Since the and current densit§, respectively;
PMs are located in the stator, the leakage flux outside the statofpm equivalent surface current density of PMs;
circumference (which is generally neglected in the conventional” reluctivity.

PM brushless motor) becomes significant. In order to takde corresponding boundary conditions are given by

this leakage flux into account, the domain of the region under

consideration is extended from the stator circumference to Alyn, = Alyn, =0 (47)
the surrounding space with a radil& as shown in Fig. 7. Al == Aln oy, - (48)
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Fig. 10. Airgap flux density distributions &t = 20°. (a) PMs only, (b) PMs
andi, = 2 A, (c)PMsand, = —2 A, and (d) PMs;, = 2 Aandi. = —2 A.

PMs and positive armature current (strengthening effect),
Fig. 9(c) is the field by the PMs and negative armature current
i, (weakening effect), and Fig. 9(d) the field by the PMs,
@ positive armature currerf and negative armature current
The corresponding magnetic flux density distributions in the
Fig. 9. Magnetic field distributions &, = 20°. (a) PMs only, (b) PMs and airgap are shown in Fig. 10.
1=2A, (C) PMs and, = —2 A, and (d) PMs;, = 2 Aandi. = —2A. As shown in Fig. 10, it can be found that the airgap flux den-
sity under the stator pole is about 1.5 T at no-load. In case the
The magnetic field distributions of the DSPM motor at difphaseB conducts a current of 2 A, which strengthens the field
ferent load conditions and rotor position angles are analyzed PMs, the airgap flux density under the conducting pole is in-
Fig. 9 shows the distributions at the instant that the rotor posireased whereas that under the nonconducting pole is decreased
tion angle with respect to the phaBeas 20, in which Fig. 9(a) and vice versa. A similar phenomenon occurs in the case of
is the field produced by the PMs only, Fig. 9(b) the field by thewo-phase conduction. Nevertheless, the sum of the effective
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Fig. 11. Armature field distribution &, = 20° andi, = 2 A. -80
-120
TABLE I 0 10 20 30 40 50 60
EFFECT OFR, ON AIRGAP FLUX Rotorangle (degree)
R, =R, =64mm| R,=95mm | R,=110mm | R,=120mm (a)
¢, (mWb) 0.84294 0.82856 0.82219 082041 ;
¢, (mWb) 1.52116 1.50120 1.49168 1.48948
0, (mWb) 0.31858 0.80493 0.79845 0.79696
6, (me)b 0.24180 0.23456 0.23164 0.23112
=S 342448 3.36925 3.34396 333797
5 1.5
i Oy - _ i i : 3
_ ] S Rotor angle (12 degree/div)
a4 — (o] o
= s
1S L . @
T [ — s (b)
23 | % =
b 3 Fig. 13. EMF waveforms at 1500 rpm. (a) Predicted and (b) measured.
1 I 1 l L I L I I -y . .
2 1.3 rotor pole to the position that the pole of phase C aligns with a
28 32 36 40 44 48 rotor pole. It can be seen that the magnet leakage factor of this

Rotorangle (degree) 8/6-pole DSPM motor almost keeps constant at 1.42. Addition-

ally, both the magnet and airgap fluxes do not exhibit significant

variations with the rotor position even though the rotor pole arc

of the 8/6-pole motor can not satisfy (27). Hence, the assump-

flux of the four phases does not significantly change, indicatin@n of neglecting the variation of the PM operating point with

that the airgap flux in the DSPM motor is mainly contributed byespect to the rotor position made in Section I11-B is reasonable.

PMs. This illustrates that the strengthening or weakening action

of the armature reaction flux to the PM flux is insignificant. The V. CHARACTERISTICS

reason can be observed from Fig. 11, in which most of the ar- .

mature flux loops through adjacent stator poles, and only a Iit{r}e PM Flux Linkage and EMF

portion passes through the PMs. The PM flux linkage versus rotor angle can be obtained from
To explore the effect ofz, on the field analysis, the mag-the finite element analysis as shown in Fig. 3. Then, the back

netic field distributions at different values &, are calculated. EMF can readily be deduced by

Table Il lists the calculated airgap fluxes when Rz, = 64 mm i i

(the conventional boundary that is equal to the stator outer radius e= T = TP, (49)

R,,), R, = 95 mm, R, = 110 mm, andR, = 120 mm. Since dt df

the discrepancy ofs betweenR, = 95 mm andR, = 110 Fig. 13 shows the predicted and measured back EMF waveforms

mm is 0.76%, while that betwedR, = 110 mm andR, = 120 of the 8/6-pole prototype, respectively. It illustrates that the ex-

mm is only 0.18%,R, = 110 mm is considered to be a rea-perimental result closely agrees with the theoretical one.

sonable selection for the proposed DSPM motor. Compating

betweenk, = 110 mm andR, = 64 mm, it can be found that B. Inductance

the effective airgap flux is reduced by 2.6%, which illustrates |n the calculation of inductance, the cross coupling between
that the leakage flux outside the stator circumference should®g flux and armature flux is taken into account. Both the PM

taken into account. flux and armature flux contribute the total flux linkagas given
Moreover, Fig. 12 shows the magnet fligx,, the airgap flux by

¢s, and hence, the magnet leakage faetavhen the rotor ro-
tates from the position that the pole of phase B aligns with a P = tpm + L. (50)

Fig. 12. Fluxes and magnet leakage factor versus rotor angle.
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Fig. 14. Inductance versus rotor angle. Fig. 15. Measured efficiency and RMS current at rated speed.

TABLE III measured efficiency and current of the proposed motor oper-

COMPARISON OFINDUCTANCE ating at the rated speed of 1500 rpm are shown in Fig. 15. It

Caloniated Gl Nisasared (i) can be found that the motc_)r o_ﬁ‘er_s high eff!C|enC|es over a wlde

9 _ _ . ) range of output power, which is highly desirable for application

= 8L63 8L62 8L63 8L77 9L08 8’;3 to electric vehicles. The efficiency at the rated operating point

5o | 2403 | 2693 | 2548 | 217 | 2681 | 2426 is 87.7%, which is much higher than that of an induction motor

30° | 28.15 | 3667 | 3241 | 29.05 | 36.88 | 32.97 (typically 75%) with the same capacity and speed range.

VI. CONCLUSION
Due to magnetic saturation, the inductarces both position-

dependent and current-dependent. Thus, in order to determjin b g don the derived ,
the inductance, the finite-element analysis is carried out in t s been presented. Based on the derived output power equation,

steps. First, no current is applied to the phase winding, so tllulé‘? sizing equation and the relat|onsh|ps between the main de-
the flux linkage is solely due to PMé = ,..,. Second, the sign parameters and performance requirements are established,

currenti is applied to the phase winding, thus the inductance'%ov'qmg a practical way for the dg5|gner to make initial cal-
given by culations of the motor frame, PM size, and winding turns. An

8/6-pole DSPM motor has been designed and built for eval-
Y — Vpm uation. Moreover, the finite element analysis of the proposed
- (51)  DSPM motor has been carried out, in which the leakage flux

outside the stator circumference is firstly taken into account.
Hence, Fig. 14 shows the inductance characteristics of the ppance, the characteristics of the motor have been deduced. The
posed DSPM motor, where “PM 2 A”and “PM — 2 A”denote  experimental results have verified the theoretical analysis and
the strengthening and weakening actions of the armature flggnfirmed the high efficiency nature (rated at 87.7%) of the pro-
(with the phase current of 2 A) to the PM flux, respectively. It iposed motor. Finally, its key features are summarized as follows.
noted that the inductance under “PM2 A” is lower than that « The airgap flux of the DSPM motor is mainly contributed
under “PM— 2 A” because of higher saturation under "PM2 by PMs, whereas the armature current contributes to
A.” Moreover, Table Ill gives a comparison of the predicted and change the flux distribution.
measured inductances with the phase current of 1 A, in which Because most of the armature flux loops through the ad-

+ - —([tal- i o \
L¥, L7, andL = (L*+L~)/2 denote the corresponding max jacent stator poles, not through PMs, the DSPM motor is

imum, minimum, and average values, respectively. As expected, |oqq sensitive to demagnetization than other PM brushless
the agreement is good. motors

It will be noted that the inductance of the DSPM motor is |, The inductance of the DSPM motor depends not only on

H1 this paper, the design and analysis of a new DSPM motor

L =

generally much lower than that of the SR motor due to the fact
that the permeability of PMs is similar to that of air. Actually,
a lower inductance is preferred because it reduces not only the,
electrical time constant, but also the torque ripple generated by
the reluctance torque component as given in (39).

C. Efficiency

A microcomputer-based controller and a power converter areyy
designed and built to drive the proposed DSPM motor. A DC
dynamometer is mechanically coupled to the motor as an ad-[Z]
justable load. Both the input power and RMS current of the
motor are measured by a digital power analyzer. Hence, the

the rotor position, but also on the strengthening/weakening
action of the armature field to the PM field.

The leakage flux outside the stator circumference of the
DSPM motor should be taken into account, which may
lead to a reduction in the effective flux of about 3%.
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