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Winding Inductance and Performance
Prediction of a Switched Reluctance Motor with
an Exterior-rotor Considering the Magnetic
Saturation

Minjie Zhang, Nasir Ali, Student Member, IEEE, and Qiang Gao, Member, IEEE

Abstract—This paper deals with an analytical method to effectively
calculate the inductance of an exterior-rotor switched reluctance
motor (SRM), which evaluates the winding inductance of both the
active section and the end section, accounting for the influence of
core saturation. According to the inductance calculated by the
analytical model, the flux linkage table and torque table can be
established, and the steady state performance such as phase
current, flux linkage, copper loss and core loss can be predicted.
Effectiveness of this method is verified by the finite element

method as well as by experimental results of a 12/8 SRM prototype.

Index Terms—Analytical approach, Exterior-rotor switched
reluctance motor, Magnetic saturation, Inductance

I. INTRODUCTION

WITCHED reluctance motors (SRM) is an attractive
candidate for propulsion in electrified transportation system

and other safety-critical applications, mostly due to their low-
cost and highly robust structure[1,2,etc]. However, accurate
design and analysis of an SRM is far more complicated than its
counterparts owing to its non-linear magnetic field, which is
reflected by its inductance curves dramatically varying both
with rotor position and with excitation current. Hence, the
accurate knowledge of inductance curves of an SRM is vital for
its performance evaluation as well as for control simulation.

The finite element method (FEM) applied on a 3D model is
a very accurate way to calculate the inductance of an SRM, as
shown in [3]-[6], etc. However, since it is time-consuming, the
FEA is generally used for design validation and optimization.

Analytical derivation of inductance is thus attractive for its
advantages such as time-saving, much more economic in
computing costs, easier for integration with other design tools.
Reference [7] presents an analytical model to calculate the
unaligned inductance of SRMs with different pole numbers and
rotor diameters.
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Reference [8] presents an analytical method to calculate the
nonlinear relationship between flux linkages and phase currents
of an SRM in aligned rotor positions. References [9]-[10]
presented an analytical method for computing minimum and
maximum inductances of an inner-rotor SRM without
considering the inductance in the intermediate region.
References [11]-[13] calculated the inductance profile to
predict the performance of SRM without considering the end
winding effects. A model for the end inductance calculation of
an inner-rotor SRM was presented in [14]-[15], whose
calculation error was large, as the core saturation was ignored
when a rotor pole was aligned to a stator tooth.

Reference [16] proposed an analytical technique to evaluate
the inductance in the active section of an interior-rotor SRM.
The inductance of the active region can be calculated in an
arbitrary rotor position. Owing to the neglection of the end
region inductance, however, the accuracy of this method is
limited. Reference [16] also revealed the relationship between
phase currents, torque and inductances of an SRM. The flux
waveform in each part of an SRM was analyzed through
magnetic circuit analysis in reference [17]. It shows the flux
waveform of other parts of the motor can be calculated from the
flux waveform of the stator core.

As shown in [7]-[16], currently almost all efforts have been
devoted to computing the inductance in the active section of
interior-rotor SRMs with varying degrees of accuracy. But in
many applications, such as in-wheel motor drives for electric
vehicles, it will be much more convenient from the perspective
of the whole system design to choose an exterior-rotor motor.
However, as far as an exterior-rotor SRM is concerned, due to
its non-linear feature in the magnetic field and different
magnetic line shapes in the air gap, its phase inductance cannot
be computed directly with those methods developed for inner-
rotor SRMs. This explains the fact that very rare publications
have been reported so far about the design, or specifically the
analytical winding inductance evaluation of an exterior-rotor
SRM. This challenge becomes more prominent if one considers
the fact that many inductance calculation methods for inner-
rotor SRMs do not include the inductance in the end section,
and even some methods do include it, very often the high
magnetic saturation effect, which is common in the normal
operation of an SRM, is ignored for ease of non-linear
calculation. Since the maximum inductance in the end section
can account for up to 30% of the total inductance when stator
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pole is unaligned with rotor pole [15], it is extremely critical to
accurately compute the inductance in the end section to evaluate
SRM’s performance.

The total inductance of an exterior-rotor SRM has been
calculated and the method was presented in [17] by the authors,
where some initial simulation results have been provided. More
comprehensive analytical derivation of phase inductance of the
SRM is detailed in this manuscript, taking the core saturation
into account. Following the inductance computation, such
critical variables as current, flux, losses and torque are
estimated. Furthermore, a prototype of an exterior-rotor SRM
has also been built and its test results are reported in this work.

The remaining paragraphs are presented as follows. In
Section II, the analytical method to determine the total
inductance of an exterior-rotor SRM considering saturation
effect is detailed in Section II. Section III deals with its
performance prediction. Sections IV and V detail verification
of the inductance and performance estimation based on FEA
modeling and prototype tests. Finally, Section VI concludes the
work.

II. ANALYTICAL MODELING

The following assumptions are made to ease the analysis[16]:

(1) The magnetic flux lines are straight or semicircular

(2) Assuming only one phase is excited

(3) In the stator and rotor pole the magnetic flux lines are
parallel to the polar axis

(4) In the yoke the magnetic flux line is concentric

(5) The shaft is non-magnetic

In this paper, the inductances in the active section and in the
end section will be calculated separately.

A. Equations

For the purposes of illustration, this sub-section shows the
principle of inductance calculation in the active section. The
basic criterion is also suitable for the end section. Half of the
cross section view of a 12/8 exterior-rotor SRM is shown in
Fig.1, and the corresponding definition of structure parameters
is listed in Table I. In order to simplify the analysis, the
calculation is divided into four parts according to the relative
position between a rotor pole and a stator pole:

(1) Totally unaligned position

(2) Totally aligned position

(3) Region 1, i.e., between the completely unaligned position
to the initial overlapping position

(4) Region 2, i.e., from the initial overlapping position to the
totally aligned position

In the xOy plane the magnetic flux path at the totally
unaligned position and the aligned position obtained by FEM is
shown in Fig.2, whereby 8 paths are defined to calculate the
inductance in the active section when a rotor pole is totally
unaligned with a stator pole, as shown in Fig. 2 (b). The paths
from 1 to 8 are those for the active inductance evaluation from
completely unaligned position to region 2. It is assumed that
there is only one path when the rotor pole is completely aligned
with the stator pole, as shown in Fig. 2 (a). The rotor position,

0 , in region 1 is defined as:

0cg<Z _\Bth) 0
N 2

r

and the rotor position in region 2 is

7 (BHB) o7 o
N, 2 N,
where N, represents number of rotor poles.

Fig.3 shows the general equivalent magnetic circuit for paths
1-8, obtained by Ampere’s circuit and magnetic equivalent
circuit theorems. The circuit consists of the reluctances of the
air gap, the rotor pole, the rotor yoke, the stator pole and the
stator yoke i.e., Rgk, Ripk, Rk, Rk and Ry, respectively. The
applied magnetic motive force (mmf), F, is given by

F, =N, 3)
where N, and i are number of turns per pole and the current in
each pole respectively. On the other hand, the total magnetic
voltage, Fy, for each path is defined as

F=H +H I +H_I

spk” spk rpk “rpk syk " syk

+H I

rvk“ryk

+H, I, (4)

gk” gk
where Hgr, Hipr, Hok, Hyi and Hge denote the magnetic field
intensities in the stator pole, rotor pole, stator yoke, rotor yoke
and air gap, and lyk, lpk, Ik, Lk and Iy represent the average
length of flux path k in the stator pole, the rotor pole, the stator
yoke, the rotor yoke and the air gap.

TABLEI
DEFINITION OF PARAMETER IN FIG. 1
Parameters Definition Parameters Definition
D rotor outer diameter h, stator pole height
D. rotor inner diameter b,,, rotor.back tron
" thickness
. stator back iron
D, stator outer diameter b, .
’ thickness
D, stator inner diameter A rotor pole arc
h, rotor pole height B stator pole arc

Then the reluctance of the stator pole can be expressed by

H I
Rspk — _spkisok (5)
B spk Aspk
Y

/ VAN D - \ \

/ / N N2 2 /) N\
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Fig. 1. Cross section view of a 12/8 exterior-rotor SRM.

where By, represents the flux density in the stator pole of path
k, Aspi 1s the mean area of the cross section of the stator pole.
During the calculation process of inductance, By at any given
pole current, i , and rotor position, 6, is stored in a table which
is called flux density look-up table in the following sections.
The magnetic reluctance of other parts can be obtained similarly.
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(a)

(c) (d)
Fig. 2. Magnetic flux distribution in the x0y plane, (a) at the totally aligned
position, (b) at the totally unaligned position, (c) region 1,(d) region 2

i

+

Fig. 3. General equivalent magnetic circuit of paths 1~8

The flux densities of rotor pole, stator yoke, rotor yoke and
air gap in the path k (k=1~8), can be obtained, respectively, by
iterative adjustment of the stator pole flux density, By The
magnetic field intensities of each part are then acquired
according to the B-H curve. By applying (5) to all the sections
in each path, the reluctance of each section can be calculated.
The inductance, Li(i, ) can thus be given by

4N ?
L, (i, 9) = 2 (6)
Rspk + Rrpk + ng + Rsyk + Rryk
The active section total inductance is derived as follows:
8 N 8
La(i,H):ZLk(i,Q):TPZgbk (i,0) (7
k=1 k=1

where ¢ represents the magnetic flux in the path £.

B. Inductance in the Active Section

1)  Totally Unaligned Position

In the practical control of an SRM, the totally unaligned
position of stator and rotor poles is normally defined as 6=0°,
as shown in Fig.4.

In order to illustrate the calculation process, the calculation

of air gap reluctance in flux path 1 will be given in the following.

As shown in Fig.2(a), the flux path 1 is assumed to cross the air
gap, split in the rotor yoke, and then re-cross the air gap to the
stator pole.

¥
' .

- o )
- \ .,
WA A = L f,r“\\ .9
_,/ {'/ \ \JI ﬂ/ / \3 \‘\_
[~ ' ""\.\_ A2\ \
[ \ / \\1 = ; |[ ill

|I|': [ 1 =TT

Fig.4. Totally unaligned position of stator and rotor pole

The area of cross section of flux path 1 in the stator pole, air
gap and rotor yoke is defined as 4,1, Ag1, and 4,,,, respectively.
And the length of flux path 1 in the stator pole and air gap is
defined as /y,; and /7. According to the actual magnetic line
shown in Fig.2, the cross sectional area of flux path 1 in the
stator pole is assumed to be 1/4 of stator pole area, therefore

1 DL BDL
A, =L :ﬁégﬂ ®)
where L is the stator iron stack length. The constants in all
formula in this paper are set based on the flux distribution in
Fig.2.

The length of flux path 1 in the stator pole is assumed to be

equal to the stator pole height, therefore
Ly =, (€)

And the cross sectional area of flux path 1 in the rotor yoke

is assumed to be 1/3 of the inner side of rotor yoke area,

therefore
1 (=« D,
4, = EX(Z—ﬂ)(?_bry)L

When calculating the air gap reluctance, the cross sectional
area of flux path 1 in the air gap is assume to be the average of
both cross sectional area of rotor yoke, A,,;, and stator pole, A1,
therefore

(10)

1
Agl :E(Aryl +Asp1) (11)
1, =h, (12)
/

R, =—% (11)

£ /’lOAgl

And (13) can be further written as

_ 48h, I (12)

R [38.D,+(7-48,)(D, -2b, )]

At the totally unaligned position, similarly, based on the
above assumptions, the air gap reluctance in the flux path & (k
=2~8), Rat, 1s given by

2
R ZZL (Dr—Zb,,,)sin z P —Dssinﬂ
O 12u4,, ! 24 6 8
2 12
+ (D,,—Zb,,)cos z b -D, cosﬂ
’ 24 6 8

I({BDL L(nx D,
where 4, = E(T + E(Z -pB. )(7 -b, D represents

(13)
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the mean cross section of air gap for path 2.

2
R, S - (D,, —2bn,)sin r_ b -D, sinﬂ
“ 12,4, : 12 3 4

+|:(Dy —Zbry)COS[i_ﬂ)_Dx COS£:| }
12 3 4

T

3 2
R,,=—|(3D,+2h, )sin6 —3D, sin—f,
g4 18/({0Ag4 {|:( i r) 1 s 8ﬂ$}

o (15)
+|:(3Dri +2h,)cos6, —3D, cos§ﬂs} }

3D.
where g = 77— 2ubs 4 _
N, 6D, +4h 2

r

2
h
R ,=—2 [D”,Jrlhrjsinﬁz— D, ——= |sin®,
= 6uyd, 32 10

16 5 )

T B.D, B.D
h g =2 __ P 0 = P~
W BTN oD, +h10) P T 2(D,—Tm 32)

h L
A,5=l S—+£hrL .
£ 2010 25
39 h ’
R = z D, sin l——,b’r —(DY——Sjsiné?4
64,4y N, 80 S 4
2 12
+| D, cos i—ﬁﬂr - Dv—h—s cos 6,
N, 80 T4

D, ,
— ﬂ\ s A l(i L+ﬂanLj

= =—|=Zh
2(D,-h/4) " 216" 15

amn

4
where , .
For paths 7 and 8, the air gap reluctance is obtained by

_kﬁ’(DS_th) 2’_7[_ /BSDS
) [N (o\,—hs,)} {19

K

where k, = 8/3 for path 7 and k, = 4/5 for path 8.

2)  Totally Aligned Position

As shown in Fig. 2(b), only one type of flux path is
considered at the totally aligned position, and the air gap
reluctance can be defined as:

R, = e 2 (19)
Agxuo Hy (ﬂst +B.D, )L

where g is the air gap length when rotor pole aligned with stator
pole.

The reluctances of air gap in region 1 and region 2 can be
derived in a similar manner, and the results are given in the

appendices.

C. Inductance in the End Section

The inductance of the end region is heavily influenced by the
rotor position and excitation [14]. The end winding inductance
at the totally unaligned position slightly increases with an
increased excitation. However, when the rotor pole moves into
the aligned position of the exciting pole, it decreases with the
increase of excitation, as a result of high reluctance path due to
core saturation.

Fig. 5 shows the magnetic flux path of the SRM in the y0z
plane obtained through a 3D FEM in the totally unaligned
position, according to which, the model for inductance
calculation in the end section is plotted in Fig. 6. Its equivalent
magnetic circuit is similar to that in Fig. 3, except for the air

gap reluctance.

Air gap flnx lines in the end
section {for inductance in
end section)

Raotor
. yoke

Zy ghafe SO
4 yobe
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Fig. 5. Magnetic flux path in the y0z plane at the totally unaligned position

End winding

z Air gap flux lines
f 4

in th d section
N /,I e eIl 1

Stator Stator Rotor Rotor

Shaft yoke pole pole yoke

y

Fig. 6. Model for inductance in the end section at the totally unaligned position

Since total inductance is the sum of inductance in both active
section and end section, for convenience in analysis, the flux
path in the end section is treated as a semicircle, as shown in
Fig. 5. As shown in Fig. 2(a), three kinds of air gap flux path
exist:

(1) Flux path from the stator pole arc to the rotor yoke, like
paths 1~3

(2) Flux path from the stator pole arc to the rotor pole side,
like paths 4 and 5

(3) Flux path from the stator pole side to the rotor pole arc,
like paths 6 and 7

Similarly, it is assumed that there are three types of air gap
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flux path in the end section defined as paths 9~11. Paths 9~11
are semicircles on y0z plane and take the average length of air
gap for these three kinds of flux path in xOy plane as the
diameter, respectively. For the path m (m=9~11), the air gap
reluctance in the end section, Rgn(i,0), can be obtained by

27h, 0=0
IUOﬂSDShS
487h, 0<o< ﬂ
t,[38.D,h,+(z=4B,)(D, 20, )b, | 5
4r

. . 2
0 3#0 [ﬂ\D)h) +ﬁrDrihr] {I:DS o 95 _(Dyi " 2hr1 )SIH ay:l

2 12 ﬁ
+[D300505—(D”.+2h,1)cos€yJ} ,?“<6’S6’

x

4rg

T
S 1 S— YD P
(ﬂs +6x _H)Dshs ’ ) N,

r

(8.+5,)

Where ax =Ni_— s 6 :l___e s 95 =

T

2
— [(wﬂ +2h,)sin 6, — 3D, sin > /35}
91u0ﬂsths 8

"

+[(3Dn. +2h,)cos 6, —3D, cos%ﬂs}z} ,0=0
4

t| BD,h +(7~4B,)(D, ~2b,,)b, |

x{[(D, ~2h,, )sin(B,/2)

~(D, +2h,)sing, | ~[(D, +2h,,)sin6,

12
~(D, +2hr2)cos€yT} ,0<0 S%,BS

&x
¢t 31”0 (ﬂan’hr +IBSDShS

D, sin6,] +[(D, —2h,, )cos(3./2)

){[(Ds ~2h,)sin(5./2)

D, cos0, '} %ﬂ <0<0,

107 (B
1y (B.D,h, + f.Dh) {(DS —2h, )sm[ 5 j

-D,sin6,]" + [(DS -2h,, )cos('is j

(21)
2 1/2 3
D, cos6,] } 0,<0<_f,
4rg 3 T

25 co<
(5. +6,-0)D.h, sh<0sy

r

107 . [ 7 39
D, sin| ——-—p.
3/10 (lBrDrihr +IB.vah.v) Nr 80
2

h ) . 7z 39
oY o.on{ -2

h P 12
—| D, —— |cos b, , 0=0

T4

1672' DY _h_g Sin ﬁs

3(4ﬂvhst +lgrhrDri) A 3 2
. h ,

R, =1—D,sin 6,1 +[[D‘Y —?jcos(%}

> 1/2
—Dm.cosé’m]} ,0<0<0,

167 (5
3@ﬂﬁ#%+ﬁhD”{“DfQ@J$n6;j

-D,sind, |’ +[(DS —2hx4)cos(ﬁ25 j

172 4
D, cOSHH]Z} 0,<0<_p,

(22)
L S Yy P
(8,+6,-0)Dh, 5" N,
D, h h
where 96=1—i , h,=—-0-— ,
N, 6D, +4h 120 12
h h
hrzz——’6’+ih, 6, =6 +ﬂ6?—ﬂ hﬂ:——se—ihv
l6 16 Y30 6 40 40 °
B g__ BD 1] 2
G=000 P 2w WO rEhoh
hooo1 1 Y
a=——=0+=h 6,=0 +—pO0-——=
54 30 3 s 11 y 30ﬁ) 15 .

The flux density of each segment in the core is expressed as
(25) by calculating the inductance in the active section.
B, (i,0) = ¢"S’9) = L’}él’j)l,k=1~8
k %
where A, and By are cross section area and the flux density for
the path £ obtained by active inductance respectively.

The main difference between inductance derivation in active
section and end section is the calculation for magnetic flux
density. If one considers the increase of core reluctance caused
by core saturation, the core magnetic flux density for end
winding calculation can be defined as

(23)

Bm(i,H)=%l’9)+éZk:Bk(i,¢9),k=l~8,m=9~11 (24)

where @,, and 4,, are magnetic flux and the cross section area
for path m respectively. And the flux density look-up table is
updated by the average flux density in the stator pole
considering the end effect.
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1 11
Bspfavg=§;3wm (25)
where By, denotes the flux density in the stator pole for paths
9~11.

Similar to the active section, through iterative adjustment of
flux density in the core, inductance in the end section can be
obtained.

III. PERFORMANCE PREDICTION

After the inductance is calculated, the inductance and flux
linkage profile can be obtained.

A. Phase Current and Flux Linkage

Since the inductance L(ix,6) is a function of both current and
rotor position, the k-th phase current i+ under APC can be
obtained by (28) when the turn-on angle 6,, and turn-off angle

O, are given.
d|L(i,0)i
Uk = Rphik +60—[ (lk )lk:|

do
OL(i,,0 j
= R i, + i, {L) i (26
0i
O=const
dL(i,,0 j
—(lk ) +a)Lﬂ
de iy =const de
where Ui=U; during magnetization, Uy=-Ug during

demagnetization. Uy is the k-th phase voltage, Ug. is the dc-
linkage voltage, R, is resistance per phase, @ is motor speed.

Flux linkage is a function of phase current and rotor position.
The k-th phase flux linkage is defined as

v (i,.0)=L, (i,.0)i,

Due to the even symmetry [18] characteristic of the flux
linkage curve, the flux linkage table in a complete electrical
period can be obtained by

2 T
| ,0)= ,——0],0<0<—
l//k(lk ) ‘//k[lk N j N

r

27

(28)
B. Loss Estimation

After the phase current i is obtained, the flux linkage curve
can be obtained. At the same time, the copper loss per phase is

A

sp_avg

= ————
00 0,

Fig. 7. Flux density waveform in the stator pole

P,=i’R, (29)

Core loss calculation can be realized with 2D FEM, e.g. [19]-
[20], however, core loss prediction in this paper is based on the
magnetic circuit analytic method [21]. The flux density
waveform of the other parts of the motor can be obtained by
calculating the flux waveform of the stator pole. As shown in
Fig.7, the flux waveform in the stator pole is assumed to be
triangular[14] and its peak value can be obtained by a flux
density look-up table stored in the inductance calculation
process, where 6. represents the conduction angle for one phase,
and 6.= Oy - Oon, Oris the fall angle, ,, represents the rotor pole
pitch, 8, = 2n/N, . Then, according to the turn-on and turn-off
angles, we can calculate the current waveform. According to
the current waveform, the peak value of flux density waveform
in stator pole is obtained by finding corresponding current at the
turn-off angle. Due to the high nonlinearity in the magnetic field
of SRM, the flux density waveform contains a large number of
high-order harmonic components. Therefore, FFT of flux
density in each part of core is conducted by

B(t)= %)+ Z[an cos(nawt)+b, sin(na)lt)} (32)
n=1

where ay is coefficient of dc component, a, and b, are the

coefficient of n-th harmonic component, @ ;is fundamental

angular frequency of flux density. The flux density amplitude

of fundamental wave and higher harmonics can be expressed as

B, =\a +b},k=12...n (33)

Core loss calculation in this paper is based on Lavers’ model
for both hysteresis loss and eddy loss [22]. The eddy loss is
expressed as

P=Ko.f’B, (34)

i\ B

1

2 2
where Kf(i] Z[n—B’J , Bi is the i-th harmonic
P
component in the flux density waveform, B, is the peak value
of flux density waveform, o, is a constant related to the property
of core materials.

The hysteresis loss is expressed as

£, =K,0,/B, (33)

where

k .
K, = 1+B—Zj\; AB, and 0.6<k < 0.7, N is the number of
P
reversal flux density in the positive half cycle, 4B; is the i-th
reversal flux density magnitude, o, and a are constants related
with loss characteristics of the core material.
The friction and windage loss of SRM [21] is

P, =54x10"n""P, (36)
where n is motor speed, Py is rated power of the SRM.
The stray load loss is calculated as [21]
F = 0'07(wa +F, +Pfe) (37)

C. Torque Estimation

Since the torque is a function of rotor position and phase
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current, torque table can be obtained after the flux linkage
profile is calculated. By calculating the co-energy, the
instantaneous torque curve at any current and angle be obtained.
After flux linkage curve is calculated, the co-energy at any
given current and angle is obtained. Then we can get the torque
table in the simulation. The relationship between co-energy, W,
and torque is expressed as

ow'

T(ikﬁ):%

(39%)

iy =const
iy .
where W' :J.O wdi.

Due to the odd symmetry characteristic of the torque curve
[18], the torque table in a complete electrical period can be
obtained by

T(ik,H):—TEik,fv—”—QJ,OSQ<N£ (39)

r r

IV. SIMULATION VALIDATION

The presented method is employed to predict the total
winding inductance of an exterior-rotor SRM. After the total
inductance is calculated, the SRM’s performance is predicted.
Table II lists the main dimensions of this SRM, and Fig.8 shows
the 3D FEM model. 35WW250 was selected as the material for
the stator and the rotor.

TABLE II

DIMENSIONS OF THE SRM
Parameters Values
Phases 3
Stator slots 12
Rotor slots 8
Rotor exterior diameter 100.9mm
Stator axial length 40mm
Stator exterior diameter 72mm
Air gap height 0.25mm
Arc coefficient of rotor tooth tip 0.355
Arc coefficient of stator tooth tip 0.5
Series turns per phase 96

Fig. 8. 3D model of the SRM.

A. Inductance Validation

Fig.9 shows the calculation results of the active section
inductance using this method, and they are compared with the
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results from the 2D FEM. Since the inductances from 1A to 10A
are very close, only those inductances of 1A and 9A are given.
The error is smaller than 3%.

T T
—— FEM-0.06A|
— FEM-1A ||
—— FEM-9A
— FEM-12A
FEM-14A [|
—— FEM-15A
ANA-0.06AH
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ANA-14A
ANA-15A 1

D#o0A

phase inductance(mH)
(5]
V]

0 5 10 15 20 25 30 35 40 45
rotor position(°)

Fig. 9. Comparison of phase active inductance between the presented method
(with markers) and 2D FEM (solid lines)
The results of end-winding inductance calculation are given in
Fig.10 (a). Except for the extremely saturated region, the error
is smaller than 10%, which should be acceptable because the
end winding inductance is too small in these saturated regions.
As shown in Fig.10(b), the total inductance agrees with the 3D
FEA results, and the difference is smaller than 4%.
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(a) Inductance in the end region
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Fig. 10. Comparison of results between the presented method and 3D FEM
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B. Loss Estimation and Performance Evaluation

Figs. 11 ~12 show the comparison of the flux linkage table,
torque table and flux density table obtained by both analytical
model and the 3D FEM, respectively. The error is within 5%.

0.06 — FEM-1A
— FEM-3A
0.05 FEM-5A
FEM-7A
=2 — FEM-9A
=
E 0.04 — FEM-11A
A — FEM-13A|
Z 0.03} .\ |~ FEM-15A|
é o\ | © Analytical
Z 002 o
Z 0.
0-01 . - 4 ¢ -
Fee S8

0 5 10 15 20 25 30 35 40 45
rotor position(°)

Fig.11. Comparison of the flux linkage table obtained by the analytical model

and the FEM

f

1.5
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0.6
0.3

FEM-5A
FEM-7A
— FEM-9A

Torque(N)

30 35 40 45

10 15 20 25
rotor position(®)

=1
o

Fig.12. Comparison of the torque table obtained by the analytical model and
the FEM

V. EXPERIMENTAL VALIDATION

An SRM prototype with an exterior rotor has been built,
whose dimensions are given in Table II. Fig. 13 shows its
photos before assembling. Fig.15(a) shows the experimental
phase current when the speed was 500 r/min and 1000 r/min,
Bon Was 0°and Oor was 20°with a 0.5 Nm torque under APC.
Fig.16 (a) shows the phase inductances acquired by the 3D
FEM, the proposed method and measurement through a
TH2830 LCR meter under no load. The results from the
analytical method are aligned with the experimental results, and
the error is smaller than 6%, which could be attributed to the
difference in permeabilities of the materials in simulation and
in the prototype, and also to the machining tolerance.

Fig. 13. Photos of the prototype (a), Stator core and windings, (b) Rotor core,
frame and covers

= =
Fig.14. Photo of the experimental platform

Fig. 15. (a) Current obtained by the experiment with 0.5 Nm, 500 rpm, (b)
Current obtained by the experiment with 0.5 Nm, 1000 rpm

il
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Fig. 16. (a) Inductance curves obtained by the analytical method, FEM and
experiment under no load, (b) Current obtained by the experiment, the FEM
and the analytical model with 0.5 Nm, 500 rpm, (c) Current obtained by the
experiment, the FEM and the analytical model with 0.5 Nm, 1000 rpm

Due to the current limitation of the converter in the test bench,
only a maximum torque of 0.5 Nm (about half the rated torque )
could be applied. Fig. 16 (b)(c) shows the comparison of phase
current obtained by experiment and simulation when the speed
was 500 r/min and 1000 r/min, 8,, was 0°and O, was 20°with
a 0.5 Nm torque under APC. Table III and Table IV gives the
comparison of detailed data calculated by the analytical method
and the experiment. It can be seen from the table that the results
from the analytical model and the experiment are in good
agreement with each other in performance evaluation, with all
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the errors well smaller than 10%. It should be pointed out that
the efficiency of the motor will increase with the load, which
can be seen by the simulation efficiency map shown in Fig.17.

60

]

&0
145
40
35

30

0
500 1000 1500 2000 2500 3000 as00
Specd (ppm)

Fig. 17 Efficiency map in APC mode obtained by FEM.
TABLE III
COMPARISON OF RESULTS CALCULATED BY ANALYTICAL METHOD AND FEM
(0.5NM, 500RPM)

Tarque (Nm)

5

Parameters Analytical Experiment results error
results
Peak current 12.68A 13.89A -8.7%
Turn-off current 7.88A 8.51A -7.4%
f)::rage COPPEL - 60.3W 63.3W -4.97%
Average core loss  4.28W 4.01W 6.3%
RMSE - - 1.33A
Output power 26.18W 26.18W -
Average torque 0.5Nm 0.5Nm -
Efficiency 27% 25.8% 4.62%
TABLE IV

COMPARISON OF RESULTS CALCULATED BY ANALYTICAL METHOD AND FEM
(0.5NM, 1000RPM)

Parameters Analytical Experiment results error
results
Peak current 14.59A 15.03A -5.1%
Turn-off current 8.34A 8.53A -2.22%
Averaﬁ;g"pper 74.76W 79.06W -3.80%
Averﬁ)gs: core 6.42W 6.20W 1.3%
RMSE - - 0.4984A
Output power 52.36W 52.36W -
Average torque 0.5Nm 0.5Nm -
Efficiency 37.3% 36.2% 3.03%

VI. CONCLUSION

This work presents an analytical method for computing both
the active section inductance and end winding inductance for an
exterior-rotor SRM. Good agreement of the calculated results
by the method with the data from both the finite element
analysis and the experiment was achieved. By calculating the
inductance of this type of SRMs, such variables as phase current,
core loss and copper loss at arbitrary turn-on and turn-off angles
under the APC mode can be obtained. Fast optimization of the
SRM’s performance becomes possible based on this analytical
method, combined with an optimum algorithm. It should be
pointed out that the prototype SRM was designed and
manufactured only for guideline for the design of an exterior-
rotor SRM, and as shown in [1] the efficiency of an SRM with
much larger power rating for EV or HEV drives is comparable
to other candidates.

APPENDIX

A. Inductance in the active section of region 1

Inregions 1 and 2, except for path 1, the upper flux path and
the lower flux path is asymmetry. Therefore, the reluctance of
air gap for path k is divided into upper reluctance, Rgu, and
lower reluctance, Ry
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The air gap reluctance for path 7 and 8 can be obtain by (12).

B. Inductance in the active section of region 2
In region 2, the air gap reluctance is obtained by
2g

R,=—2=5 Al12
¢ u,D,LAG (A12)
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AO=60-6

* being the overlapping angle of rotor and

stator pole.
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The lower air gap reluctance for path 3 is calculated by
(A13), where the £, is replace by A,43.
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In region 2, if the reluctance for air gap is not mentioned
above, it equals to Ry;.
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