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Online and Offline Rotary Regression Analysis of
Torque Estimator for Switched Reluctance
Motor Drives

X. D. Xue, K. W. E. Cheng, Senior Member, IEEE, and S. L. Ho

Abstract—A new torque estimator for switched reluctance motor
(SRM) drives based on 2-D rotary regression analysis is presented
in this paper. The proposed torque estimator is composed of a
bicubic regressive polynomial as a function of rotor position and
input current. The regressive coefficients can be computed offline
or online from the torque characteristics acquired either experi-
mentally or from numerical computation. Furthermore, a torque
estimation method by taking mutual coupling into consideration
is proposed. It can be seen that the estimated and experimentally
obtained self-coupling and mutual-coupling torque characteristics
are in good agreement with each other. In addition, the dynamic
torque waveforms with and without the mutual coupling, estimated
by the proposed estimator, are found to be virtually the same as
those obtained from the bicubic spline interpolation for SRM drives
with single-pulse voltage, hysteresis current chopping, as well as
with voltage pulse width modulation control. The success of all the
case studies being reported is a good validation of the usefulness
and accuracy of the proposed real-time torque estimator that, as
described in this paper, can be used to quickly estimate the instan-
taneous output torque of SRM drives.

Index Terms—Mutual coupling, regression analysis, switched
reluctance motor (SRM), torque estimator.

NOMENCLATURE

A Information matrix.

I Phase current.

1 Current in phase j.

i Current in phase k.

Tnax Maximum current

Tin Minimum current.

N Number of given torque values.

R Regressive coefficients matrix, which includes
T0,71,72,711,712, 722,111, 7112, T211, and 7222.

T, Estimated torque.

T, Matrix of given torque.

Ty Instantaneous torque generated by phase k.

Tim Instantaneous mutual-coupling torque generated by
the phase adjacent to phase k.

Ths Instantaneous self-coupling torque from phase k.

W} j Mutual-coupling co-energy in phase k£ generated by

the current in phase j that is adjacent to phase k.
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Wi, Self-coupling co-energy generated by the current in
phase k.

X Regressors’ matrix that includes x;, which corre-
sponds to the rotor position, and x5, which corre-
sponds to the motor current.

L2 Regressive parameter corresponding to the second-
order regressors.

I Regressive parameter corresponding to the fourth-
order regressors.

e Regressive parameter corresponding to the sixth-
order regressors.

0 Rotor position.

Omax Maximum value of rotor position.

O min Minimum value of rotor position.

Yrj Given mutual-coupling flux linkage in phase &k gen-
erated by the current in phase j that is adjacent to
phase k.

Vkk Given self-coupling flux linkage characteristics in

phase k, which is generated by the current in
phase k.

I. INTRODUCTION

SWITCHED reluctance motor (SRM) has salient poles on

both stator and rotor. The windings on the stator have a
particularly simple form and there are no windings on the rotor.
Thus, the salient advantages of SRM drives are their simple and
robust configuration, low rotor inertia, high power-to-volume ra-
tio, high reliability, and low cost. On the other hand, the doubly
saliency structure means the air-gap reluctance between the sta-
tor and rotor is dependent on the rotor position, and hence, there
is inherently more “ripple” in the motor torque. Furthermore,
SRM drives need to operate with heavy magnetic saturation
in order to obtain good performance. Consequently, both the
torque and magnetic characteristics of the motor with respect to
the rotor position and the current are highly nonlinear.

Because of the inherent characteristics of SRM drives, the
torque ripple minimization study is becoming a topical research
area for SRM drives. However, most control strategies incorpo-
rating torque ripple minimization need to estimate the instanta-
neous torque from the rotor position and current in real time [1].
Therefore, the nonlinear torque characteristics at arbitrary rotor
positions and currents must be estimated accurately and quickly
using a minimal amount of stored data. The present paper is
focused on this issue.
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Reported torque estimators mainly include four kinds of
methodologies, which are, namely, the lookup table approach
[2], interpolation [3], analytical approach [4]-[6], and artifi-
cial neural network (ANN) [7]. For torque estimators based on
the lookup table approach, a set of discrete static torque char-
acteristics are stored in a tabular form, and the instantaneous
torque is looked up from the rotor position and the current in
real time. However, such torque estimators need to store large
amounts of data, and hence, a lot of CPU time is required.
For torque estimators based on the interpolation approach, the
bicubic spline interpolation is, generally, used to interpolate
the torque values from rotor position and motor current. The
interpolation coefficients can be computed offline from given
static torque characteristics. Torque estimators based on the in-
terpolation approach also require a lot of computation time.
Torque estimators based on ANN approach use ANN models
to compute the instantaneous torque from the rotor position
and the current in real time. However, ANN models have to
be trained by using large amounts of given static torque char-
acteristics offline, and the amount of training data strongly af-
fects the accuracy of the ANN estimators. For torque estimators
based on the analytical approach, the instantaneous torque is
computed by using analytical expressions in which the coeffi-
cients are determined offline from the static torque characteris-
tics measured earlier, and hence, the instantaneous torque can
be estimated quickly in real time. The accuracy and speed of
these torque estimators are dependent on the selected analytical
expressions.

In [4], the instantaneous torque is estimated analytically
from the flux linkage and air-gap reluctance. However, the
flux linkage is estimated from rotor position and motor cur-
rent using complicated analytical expressions with compound
exponent function, and the air-gap reluctance is computed us-
ing Fourier series. Clearly, such a torque estimator requires
complicated computation and consumes a lot of computation
time. An analytical torque estimator is also proposed in [5].
It comprises complicated analytical expression including the
square term of the Fourier series, the first-order derivation
term of the Fourier series, and the compound exponent term
of the Fourier series. This torque estimator, thus, needs com-
plicated computation and computation time. In [6], an ana-
lytical torque estimator is presented. It is a complicated ana-
lytical expression, which includes the fifth-order polynomials,
the compound exponent functions with the fifth-order polyno-
mial, as well as the square term of the fifth-order polynomial.
Therefore, the torque estimator proposed in [6] has to process
complicated computation and requires substantial computation
time.

This study presents a new torque estimator for SRM drives
based on rotary regression technique. The 2-D bicubic regres-
sive polynomial is used to model the self-coupling or mutual-
coupling torque characteristics. The regressive coefficients in
the estimator can be determined either offline or online using
the rotary regression scheme. The proposed simple torque es-
timator only consists of a bicubic polynomial. Hence, it only
needs to execute simple computation, stores a small number of
given data, and hence, requires a short computation time. The

estimated results and the given data are reported to validate the
proposed torque estimator.
II. TORQUE ESTIMATION TECHNIQUE
A. Torque Estimator
The proposed torque estimator is defined by

T.=R'X ey

@

x=| “ 3)

where R denotes the regressive coefficients matrix; R’ de-
notes the transposed matrix of R; 7, denotes the estimated
self-coupling or mutual-coupling torque; ro, 711,722,712, 71,
7111, 7122, T2, 222, and ro11 are the regressive coefficients de-
termined by the rotary regression scheme, as described in the
next section; X denotes the regressors matrix; 1 and zo de-
note the regressors, which correspond, respectively, to the rotor
position and motor current.
The regressor x1 is computed from

aav = (emin + omax)/Q
AH = (Gmax - emin)/2 (4)
1 = (0 — Oay) /Dy

Similarly, 2 is determined by

Iav - (Imin + Imax)/2
AI = (Imax - Imin)/2 (5)
2o = (I — Lw)/Ar

where 6 denotes the rotor position, 6,,;, denotes the minimum
value of the rotor position, 0,,,, denotes the maximum value
of the rotor position, I is the current, I,;, is the minimum
current, and I, is the maximum current. Clearly, x; satisfies
-1<z; <1(j =1,2).

It can be seen that the proposed torque estimator is composed
of a bicubic polynomial. Hence, it will execute simple computa-
tions only, and requires short computation time. In addition, the
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Fig. 1.
scheme.

Schematic diagram of distribution of given points for arotary regressive

regressive analysis technique being described in the next sec-
tion can ensure that the given self-coupling or mutual-coupling
torque characteristics can be modeled by the proposed torque
estimator accurately.

B. Rotary Regression Scheme

Suppose that N torque values and N pairs of regres-

sors (z71, 2,0 = 1,..., N) are given in the rotary regression
scheme, then the information matrix A is defined by
A=Y'Y (6)

where Y is the transposed matrix of the matrix Y, which only
depends on the regressor values and can be expressed by (7)
shown at the bottom of the page. It can be observed from (6)
and (7) that A is a symmetrical matrix. For a bicubic rotation
regression with two regressors, the total given points, except the
centric point (x; = x2 = 0), must be located on two or more
homocentric circles with different radii, which are not equal
to zero. Furthermore, the number of the given points on each
circle must be greater than 7, and these points are distributed
symmetrically, as shown in Fig. 1. However, the amounts of the
given points on each circle may be different, and the amount of
the centric points can be selected arbitrarily [8].
Thus, such a rotary regression scheme gives rise to

N
21:1 x12J = Ny
N N
D1 zﬁ =3 z%kx%] =3Npq
N N
Zl':l a??j =5 21_:1 mka% = 15N pg
k,j=1,2(k#j)
where (9, 114, and pg represent the regressive parameters.
It can be seen from (8) that the regressive parameters ps, (4,
and pg depend only on the regressor values of the given points.
In other words, s, 4, and pug can be computed from (8) as

®)
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Substituting (7) and (8) into (6) results in

G Zy, Zs Zj;
o Z1 N/J,4 Z1 Z1
A= Zs Zo H Zj ©
Zs Zo Zs H
where
N N’[LQ N‘LLQ
G=| Nuz2 3Nps Npg (10)
Nps  Nps 3Npg
Npz  3Nps  Npg
Nps  3Nps  3Npe
and
0 0 0 O
Z1=(0 0 0), Zy=[0], Zs=(0 0 0]. (12
0 0 0 O

Consequently, the inverse matrix of A can be determined by

G_l ZQ Zd Zd
_ Z (Npg)™t Z A
1_ 1 4 1 1
A= Zs Zs H' Z,4 (13)
Zs Z, Z, H!
where G~! and H ! are, respectively, expressed as
g11 912 913
G'=|0921 g2 93 (14)
g31 g32 933
and
hir hi2 his
H ' = hy hay hos (15)
hs1  hsz2  hss

Based on the regression technique [8], the coefficients matrix
R in (1) can be determined by

soon as all the given points are determined. R=Y'Y) Y'T,)=A'B (16)
1 x%l x%Q 11212 T11 xi’l xllx%Q T12 xi’Q (E%l.’lilg
1 x%1 5’3%2 T21T22 Z21 11‘5’1 962130%2 T2 $§2 m%lng

Y = 1 lel 13122 T2 T :c:l?’l :1711:17122 T2 17'?2 x?lxgg @
1 I?Vl x]éVQ IN1TN2 IN1 :173\,1 le‘x]QVQ 13];[2 x}o’\Q z?\,l'xNg
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where T, represents the given torque matrix corresponding to

the given points, which is expressed by

Establishing
the torque astimatar

Tlg Salact'ing rotany
T regressive scheme
29 ale i e
. Amount and Arnount of test polnts Amount of test
Tg = : 17 radil of clredas on each elrcles palnts a1 the centre
T2g T \JL T
: Determining values of
: regressors and ones of
TNg relative static terque
. A
B is computed from Compuling RRraMeEtens 2,y s
N T
Z Tig Computing the matrix A and
=1 determining & and
N L
Z T2 T Computing the
= 11+tg ragreselva coafficiants
N
2
Z xllﬂZTZg Fig. 2. Flowchart for computing the regressive coefficients.
=1
N
Z xllTlg
B=Y!T = |!=1 (18) By substituting (13) and (18) into (16), one can have (19).
g N . .
S 23T, Note that (19) may be computed offline or online. As aresult, the
=1 instantaneous torque at an arbitrary rotor position and current
% o 22T can be estimated from (1) in real time. Fig. 2 illustrates the
= 1ti2tly flowchart to compute the regressive coefficients.
N
l; 12Tl C. Torque in SRM Drives
sz: BT In general, the mutual coupling between phases in SRM drives
P is neglected in the design of torque ripple minimization algo-
N, rithm. However, the effect of mutual coupling does exist [9],
>z wiTly
=1

and it is not negligible. During phase commutation, the effect

N N N
911 > Tig + 912 ) x%lTlg +913 ) xl,22Tl.<1
=1 =1 =1
N N N
921 2. Tig + 922 > a2 Tiy + go3 > x5 Th,
=1 I=1 =1
N N N
931 . Tig + 932 > iy Tig + 933 > iy T
=1 =1 =1

N
(Npg) ™" z; iz,

N N N
2
hir 3o anTig +hia Y0 @ Ty + haz 3 xnafy T,
=1 =1 =1

N N N
3 2
hor >~ xinTig + hoo Y Py Tig + hos > a1,
=1 I=1

=1

N N N
3 2
hs1 > xnTig + hse Y ap Tig + has > xnxihT,
=1 =1 =1
N N N
har Y- wieTig + hao Y- xp Ty + haz Y- wjyxiTly,
=1 =1 I=1

N N N
2
hot 3 @inTiy + hao Y. ) Tig + hos Y afzi2Thy
=1 =1

=1

N N N
3 2
hs1 > xi2Tig + hae Y xyTig + has > xjyxi2Tl,
=1 =1

=1
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of the mutual coupling between the adjacent phases must, in-
deed, be taken into consideration in order to obtain an accurate
estimation of the motor torque.

Taking into account the mutual coupling in SRM drives, the
instantaneous torque generated by one phase is composed of
two components as expressed in [9]:

Ty = Tks + Thm (20)
where T}, represents the instantaneous torque from phase &, T}
represents the instantaneous self-coupling torque generated by
the current in phase k, and 7Ty, represents the instantaneous
mutual-coupling torque generated by the current in the phase
adjacent to phase k.

The torque from phase £ is the self-coupling torque produced
by the current in phase k if the mutual coupling is neglected. The
self-coupling torque characteristics with respect to the position
and current are the same as the static torque characteristics of
SRM drives. Such characteristics can be measured directly by
means of a torque sensor. They can also be acquired indirectly
based on the flux linkage characteristics with respect to the
rotor position and current. If the flux linkage characteristics are
obtained experimentally, the self-coupling torque generated by
phase k can be computed from

W.,(0,ir) = / ber (0,7) di @1)
0
oW}, (0, i)

Ths(0,05) = 90

(22)
where T/, denotes the self-coupling co-energy generated by
phase k, 1x; denotes the given self-coupling flux linkage char-
acteristics, and i;, denotes the current in phase k.

The mutual-coupling torque needs to be experimentally mea-
sured indirectly via the mutual-coupling flux linkage charac-
teristics. If the mutual-coupling flux linkage characteristics are
given, the mutual-coupling torque can be determined by

Wi, (0,4;) = / i (0,4) di (23)
0
oWy ;(0,i;)
00

where W,;l denotes the mutual-coupling co-energy in phase k,
which is generated by phase j adjacent to phase %, 1);; denotes
the given mutual-coupling flux linkage in phase k, which is
generated by phase j adjacent to phase k, and i; denotes the
current in phase j.

Tkm (9; z/) = (24’)

III. APPLICATIONS

A prototype of the four-phase SRM drive is used to validate
the proposed torque estimator. Because both the self-coupling
and mutual-coupling torque characteristics are highly nonlinear,
and the proposed torque estimator consists of a bicubic regres-
sive polynomial, the given torque characteristics are divided
into four regimes in order to enhance the accuracy of the torque
estimator.

1) eminl S 0 S 0max1 and Z‘minl << Z‘maxh

2) 9min2 S 0 S 0max2 and Z‘minl S 1 S Z‘maxh
3) eminl S 0 S 9max1 and Z.mir12 S { S imax2s
4) 6min2 S 0 S 0max2 and imin2 S { S Z-max2-

In this study, the rotor position is equal to 0° when the sta-
tor pole is just unaligned with the rotor pole, and the rotor
position is equal to 30° when the stator pole is just aligned
with the rotor pole. The rotary regression schemes for the
aforementioned various parts are the same. It can be found
from (2) that the proposed torque estimator within each part
requires 10 regressive coefficients. Thus, 40 regressive coef-
ficients are to be determined and stored for the self-coupling
or mutual-coupling torque characteristics. The developed ro-
tary regression scheme is described as follows: four circles are
selected and their radii are p; = 1.0, ps = 0.9, p3 = 0.7, and
p4 = 0.5. A total of 64 given points are distributed symmet-
rically on each circle, and there are four given points on the
center.

A. Self-Coupling Torque Estimator

The self-coupling torque characteristics of SRM drives are
the same as their static torque characteristics. For four-phase
SRM drives, the period of the static torque characteristics is
60 mechanical degrees, and the static torque characteristics are
antisymmetrical about the position of 30°. Hence, the positions
ranging from 0° to 30° are selected as the domain of the rotor
position for the self-coupling torque estimator. The parameters
of four parts are selected as 0,in1 = 0°, Omax1 = 7.5°, Ominz =
7.5°, 01nax2 = 30°, tmin1 = 0A, Tmaxl = 3A, Tmin2 = 3A, and
imax2 = 12A. Furthermore, for the static torque characteristics
of the prototype, the proposed self-coupling torque estimator
should satisfy the constraint such that the self-coupling torque
must be zero when the current is equal to zero, the rotor position
is equal to 30°, and the rotor position is greater than 0° and
smaller than 2°. Indeed, the torque is theoretically zero at 0° and
30°. The experimental and computed results from the prototype
show that the torque is approximately zero within the range from
0° to 2°.

Table I shows the computed regressive coefficients in the
firstregime (Oin1 < 0 < Omax1 andiping < @ < ipax1) and the
second regime (fmin2 < 0 < Omaxe and iming < @ < max ), Ie-
spectively. Table II lists the computed regressive coefficients in
the third regime (Omin1 < 0 < Omax1 and imine < @ < Gpax2)
and the fourth regime (Opine < 60 < Oaxe and iyine <@ <
Tmax2), Fespectively.

Fig. 3 illustrates the estimated self-coupling torque values
from the proposed self-coupling torque estimator and the ex-
perimental values. It can be observed that the estimated torque
values are, generally, very close to the given values. Hence, the
proposed self-coupling torque estimator is accurate.

B. Mutual-Coupling Torque Estimator

In this paper, the mutual coupling between adjacent phases
is taken into account. For the prototype of the four-phase SRM
drive, the mutual-coupling torque 7,4 and T,;, for phase A,
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REGRESSIVE COEFFICIENTS IN THE FIRST AND SECOND REGIMES FOR THE

TABLE I

SELF-COUPLING TORQUE ESTIMATOR

Coefficients First part Second part
¥ .127340E+00 744259E+00
7 .389936E+00 -.504969E-01
" 219412E+00 \137407E+01
i .665176E+00 -.248222E+00
i .196639E+00 -.62956 1 E+00
o .117300E+00 .533139E+00
ri .318928E+00 -.162318E+00
ran A76047E+00 -.910323E+00
rin -.139924E+00 -.145043E+00
a2 -.152754E-01 -.740014E-01

TABLE I

REGRESSIVE COEFFICIENTS IN THE THIRD AND FOURTH REGIMES FOR THE

SELF-COUPLING TORQUE ESTIMATOR

Coefficients Third part Fourth part
7o .107503E+01 .503973E+01
7 .286642E+01 -.125834E+01
I 170675E+01 .643300E+01
i 362531E+01 -245969E+01
T .117034E+01 -.383915E+01
2 577029E+00 440465E+00
ri2 115784E+01 -.113415E+01
i 161459E+01 -433218E+01
rin -.924871E+00 -.123519E+00
Fa) -.140974E+00 -.911735E+00

generated by the current in phase D and the current in phase
B, can be represented approximately by the profiles shown in
Fig. 4, if phase A is selected as the reference phase.

Clearly, the period of the mutual-coupling torque character-
istics is also 60° for four-phase SRM drives. It can be observed
from Fig. 4 that the mutual-coupling torque characteristics (7,4 )
for phase A, which is generated by the current in phase D, are
antisymmetrical about the position of 20°. T,4 is zero within
the position range from 40° to 60°. Similarly, T, is inverse
symmetrical about the position of 40°, and is zero within the po-
sitions ranging from 0° to 20°. If the mutual-coupling torque
characteristics (7}, ) in the positions ranging from 0° to 20° are
given, the mutual-coupling torque values (T,q and T,;,) at any
position and current can be computed from

T, (6,1), 0<0<20
Tad(aa Z) = =Ty (40 - 95 i)a 20 <69 <40 (25)
0, 40 < 6 < 60

—— Experiment =
|| ---- Estimator

Static Torque (Nm)

(a)

—— Experiment
---- Estimator

Static Torque (Nm)
o

0 5 10 15 20 25 0
Rotor Position {degree)

(b)

Fig. 3. Experimental and estimated self-coupling torque characteristics.

and

Ton(0,1) = —Ta (60 — 0,7). (26)

Hence, the given mutual-coupling characteristics (75, ) can be
used to determine the mutual-coupling torque estimator. The ro-
tary regression scheme for the mutual-coupling torque estimator
is the same as the one for the self-coupling torque estimator.
The parameters of four regimes for the mutual-coupling torque
estimator are selected as Oin1 = 0°, Omax1i = 8.5°, Omin2 =
8.50, emaxg = 200, iminl = OA, imaxl = 3A, imiHQ = 3A, and
imax2 = 12A. The computed regressive coefficients for the
mutual-coupling torque estimator are shown in Tables IIl and I'V.

The comparisons between the estimated and given mutual-
coupling torque characteristics are illustrated in Fig. 5. It is clear
that the estimated and the given values are in good agreement.
Therefore, the proposed mutual-coupling torque estimator can
be used to accurately compute the mutual-coupling torque.
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08
£
2 0
=
@
&

05

R 1 1 1 1 1

0 10 20 30 40 50 60
Rotor Position (degree)
Fig. 4. Mutual-coupling torque characteristics generated by the adjacent

phases for the four-phase SRM drive.

TABLE III
REGRESSIVE COEFFICIENTS IN THE FIRST AND SECOND PARTS FOR THE
MUTUAL-COUPLING TORQUE ESTIMATOR

Coefficients First part Second part
7o .154219E-01 .528912E-01
r .338922E-01 -.556254E-01
) .361986E-01 .105757E+00
ri .750078E-01 -.813795E-01
i 222712E-01 -.379414E-01
7 279171E-01 434052E-01
r122 450344E-01 -.547235E-01
i 476528E-01 -.643275E-01
Fin -.126526E-02 485029E-01
r22 251352E-02 -.870452E-02
TABLE IV

REGRESSIVE COEFFICIENTS IN THE THIRD AND FOURTH PARTS FOR THE
MUTUAL-COUPLING TORQUE ESTIMATOR

Coefficients Third part Fourth part
¥o 165119E+00 .326829E+00
" .305732E+00 -413526E+00
" .181800E+00 .316655E+00
12 247245E+00 -265057E+00
i .887253E-01 -.162103E+00
N -.500527E-01 -.866426E-01
Fi2 -.937960E-01 .116095E+00
Fani .922963E-01 -.130263E+00
i -.818615E-01 .280465E+00
2753 -.543926E-01 -.665773E-01

07 T T T T T T T T T
— Experiment
---- Estimator oz
06 | 4
E ost AT .
= )
® d 3 \\
g MA .
8 04 gA [ .. AN 1
= 7A /e '1’ N N\ \.
g 03F ga R h
E 3A NS L R
g 02 1A N I,' ™ Y B
01 b R i
P oo , “: 0
0 rf 4 S E— R
0 4 B 8 10 12 14 16 18 20
Rotor Position (degree)
(@)
07 T T T T T T T T T
— Experiment v
---- Estimator s
06 | VNS .
£ ostf . RN -
= 124 /
5 04 10A A RS :
[ o fe \
g BA I N \
=% g d AN s
S o3 BA 1
s 4A We R .
E] 2 A £
g 02t 1
o1t 0 DN
U T L 1 L - 1 L s
u] 4 B 8 10 12 14 16 18 20
Rotor Position (degree)
(b)
Fig. 5. Experimental and estimated mutual-coupling torque characteristics.

C. Dynamic Torque Estimation

To examine the proposed self-coupling and mutual-coupling
torque estimators, they are used to estimate the dynamic torque
in real time and the dynamic torque waveforms under three con-
trols are simulated using the proposed torque estimators. Firstly,
the mutual coupling is neglected, and only the dynamic torque
without the mutual-coupling is taken into account. Fig. 6(b)
shows the dynamic self-coupling torque waveforms from the
bicubic spline interpolation [10] and the proposed self-coupling
torque estimator with single-pulse voltage control. Both torque
waveforms are produced by the same phase current profile, as
shown in Fig. 6(a). In the same way, the dynamic self-coupling
torque waveforms with hysteresis current chopping control and
voltage pulse width modulation (PWM) control are depicted in
Figs. 7 and 8, respectively. It can be seen that the dynamic self-
coupling torque waveforms estimated by the proposed torque
estimator are in good agreement with those obtained from the
bicubic spline interpolation with these three controls, as men-
tioned earlier.
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Then, both the self-coupling torque and mutual-coupling
torque are considered. In other words, the proposed self-
coupling and mutual-coupling torque estimators are used to
estimate the dynamic torque by taking mutual coupling into
consideration. Figs. 9-11 depict the dynamic phase torque pro-
files generated by the self-coupling and mutual-coupling phase
currents with single-pulse voltage, hysteresis current chopping,
and voltage PWM control modes, respectively. It can be seen
that the dynamic phase torque profiles estimated by the pro-
posed self-coupling and mutual-coupling torque estimators are
in good agreement with the predicted ones using the bicubic
spline interpolation.

Clearly, not only the comparisons between the estimated and
given self-coupling and mutual-coupling torque characteristics,
but also the dynamic torque profiles from the proposed estima-
tors and the bicubic spline interpolation, can demonstrate that
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Fig. 11. Interpolated and estimated dynamic phase torque waveforms with the

inclusion of mutual-coupling with the voltage PWM control.

the developed self-coupling and mutual-coupling torque estima-
tors are accurate. In summary, the proposed torque estimator,
which consists of a simple bicubic polynomial that requires a
very small amount of stored data, can be used to accurately and
quickly estimate the static or dynamic torque of an SRM drive
with or without the inclusion of mutual coupling.

IV. CONCLUSION

A new torque estimator based on the rotary regression analysis
has been developed in this paper. The proposed torque estimator
consists only of a bicubic regressive polynomial with respect to
rotor position and motor current. The regressive coefficients in
the estimator can be computed offline or online from predeter-
mined torque characteristics acquired by experiment or numeri-
cal computation. Moreover, a torque-estimation method with the
inclusion of mutual coupling has been proposed. The estimated
and given self-coupling and mutual-coupling torque character-
istics are in good agreement. Furthermore, the estimated dy-
namic torque waveforms with and without the mutual coupling
are found to be in good agreement with those obtained from the
bicubic spline interpolation. Overall, the case studies as reported
in this paper are a good demonstration of the usefulness of the
proposed self-coupling and mutual-coupling torque estimators.

By using the rotary regression technique as proposed, the
torque estimator needs to store a small number of coefficients
and execute simple computation only. Hence, the salient ad-
vantages of the proposed torque estimator are the rapidity of the
computation and the need for very minimal computer memories.
In summary, this paper provides a valuable approach to rapidly
estimate the instantaneous torque of SRM drives in real time.
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