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Abstracs—A new scheme to estimate the rotor position at
standstill for the sensorless switched reluctance motor drive is
presented in this paper. This scheme utilizes the accurate
estimation modelling based on the two-dimensional least
squares and bisection methods. Furthermore, the optimal
sensing phase that is detected via exciting each phase in
sequence with a DC voltage for a short duration is used to
estimate the mathematical rotor position at standstill,
According to the developed logic rules, thus, the physical rotor
position at standstill can be determined on the basis of the
obtained mathematical rotor position at standstill. The
simulation and experimental results validate the presented
scheme.

L INTRODUCTION

Both starting and running of the switched reluctance motor
drives depends on the rotor position information. Rotor
sensors or encoders are one of the approaches to acquirethe
positien information. However, mounting such sensors or
encoders increases the size and cost of the switched
reluctance motor drives. Moreover, sensors or encoders are
also a source of unreliability. Thus, low cost, small package
size, and reliabilityis the primary motivation for research in the
sensorless switched reluctance motor drives. For the
sensorless switched reluctance motor drives, the estimation of
the rotor position at standstill (named as the initial rotor
position in this paper) is the same important as the rotor
position estimation at running (at low or high speed), because
the starting performance and the expected rotation direction of
the switched reluctance motor drives depend on the
information of the initial rotor position. Furthermore, the
accurate determination of the initial rotor position will be much
helpful to the next rotor position estimation at running.
Whereas, most of the reported publications on the sensorless
switched reluctance motor drives are interested in the rotor
position estimation at running. Only few publications
discussed the initial position estimation.

Reference [1] presented an active probing methed to
estimate the rotor position at low speed and at standstill via
look up table with respect to the inductance. It uses the
sinusoidal high frequency (600Hz) current signal which is
injected into the idle phase. In [2], Suresh, Fahimi, and et al
proposed also the active probing method to estimate the rotor
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position at all speeds via the analytical expression of the

inductance. This method utilizes the sinusoidal voltage

sensing signal with 36 kHz frequency. Exciting two phases
using a short pulse of current, t he rotor positionat standstill is
estimated based on fuzzy logic, in [3]. Reference [4] presented
the passive probing method to estimate the initial rotor

position through applying a DC voltage to the all phases fora
short moment and the look up table. In the meantime, it uses
also the optimal sensing phase technique. Gao, Salmasi, and
Ehsani presented a passive probing method to estimate the
rotor position at standstili. In this methed, exciting each phase
in sequence with a narrow voltage pulse, the starting phase is
detected by comparing the amplitudes of the resultant phase
currents [5].

Flux linkage (or inductance) characteristics within a rotor
period for the switched reluctance motor drives are
symmetrical about the position of the half a rotor peried.
Hence, at a given instan, the rotor position cab be uniguely
determined only within the half a period if the phase current
and flux linkage (or inductance) are acquired. Such a detected
rotor position is named as the mathematical rotor position, in
this study. Consequently, it is not sure that the mathematical
rotor position does be the physical rator position that is most
closed to the actual roter position. However, the estimated
physical rotor position just can ensure that the switched
reluctance motor drive runs with the large starting torque and
the expected rotation divection. The methods presented in
[11[2)X4] only can estimate the mathematical rotor position at
standstill via look up table with respect to both the current and
the flux linkage (or inductance), and does not describe how
detenmining the physical initial rotor position. Furthermore,
the mutual coupling between phases has an effect on the initial
rotor position for that excitation approach in {4]. For the
estimation scheme presented in [3], the two mathematical
initial positions must bz estimated and consequently the
physical initial position can be determined. The optimal
sensing phase technique can be not utilized because of only
exciting two phases. Reference [5] discussed the detection of
the starting phase accorcling to theamplitudes of the current
and does not deal with the mathematical and physical rotor
position estimation.

A good estimation scheme of the initial rotor position
should have the following features: a) Accurate estimation
model with respect to both the current and the flux linkage (or
inductance); b) Selecting the optimal sensing phase; ¢)
Estimating not only the mathematical position but also the
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physical position; d) few stored data and rapid computation.

This study presented a new scheme to estimate the initial
rotor position for the sensorless switched reluctance motor
drives, which uses the passive probing methed. The proposed
modelling based on two -dimensional (2-d) least square s needs
few given data and is used to describe accurately the flux
linkage characteristics of the switched reluctance motor drive.
Exciting each phase in sequence with a DC voltage for a short
duration, the voltage and the current are acquired. According
to the amplitudes of the phase currents, the phase having the
largest current and the optimal sensing phase are detected.
Consequently, the flux linkage in the optimal sensing phase is
only computed by using the trapezoid integration method.
Furthermore, the optimal sensing phase is employed to
estimate the mathematical initial rotor position with high
resolution, and the phase having the largestcurrent is used to
determine the physical initial rotor position from the proposed
logic rules. The bisection algorithm is utilized to solve the
mathematical retor position accurately and rapidly. The
simulation and experimental results validate the presented new
scheme. The presented new scheme has the salient features,
which are the accurate estimation modelling, few stored data,
the rapid computation, and only to need to estimate the initial
rotor position to the optimal sensing phase.

il. ESTIMATION MODELLING

A Anabtical modelling based on 2-d least squares

Assuming that MM flux linkage data y;, with respect to
rotor position 6 and current i are obtained through the
measurements on existing motor or through the numerical
computations (k=0,1,... ,N-1;j=0, 1, ..., M-1), the analytical
modelling preposed in this study can be expressed by (1).

3 = ke T
y(@.i)= L Yay@-8)0-1) m
k=0 j=0
where N 2p, M 2 g, and
—  N-t
g="S8,/N
oo @
T="Yi /M
j=0

Equation (1) shows that the proposed meodel is the 2-d
polynomials, in which the highestorder of the rotor position 8
is (p-1)and the highestorderofthe phase currentiis {g-1). The
keast squares are widely applicable to science andengineering.
This technique is anefficient toolto precisely fit discrete data.
In this study, the coefficients ;i (1} are determined by using
2-d least squares technique [6][7]

At standstill, the flux linkage characteristics to both the
rotor position and the current are obtained through the
experiment on the exiting prototype of a four-phase switched
reluctance motor drive, n this study. There are 13 rotor
position data (¥ =13) from 0 to 30 degree (half a rotor period)
with the step of 2.5degree, 7 current data (M =7) from Oto 3 A
with the step of 0.5 A, and 137 flux linkage data. pand ¢ is

selected to 8 and 7, respectively. 8 and 7 is equal to 15
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degree and 1.5 A, respectively. The computed coefficients
from the above given data are shown in Appendix.
Consequently, the flux linkage characteristics of the switched
reluctance motor drive can be modeled accurately only by
these 56 coefficients.

Fig.1 illustrates the flux linkage characteristics from the
experiment roughly, whereas Fig. 2 depicts the fux linkage
characteristics from the presented analytical modelling
smoothly .

Fillt Linkaga (WD)

Currert (&)

Rotor Postikon (Bgmee)

Fig. 1, Flux linkage characteristics from the experiment
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Fig. 2. Flux linkage characteristics from the presented
analytical modelling

B.  Sohving rotor position using bisection algorithm

The rotor position can be solved on the basis of the above
analytical modelling of the flux linkage with respect to the rotor
position and the current, if the information of both the flux
linkage and the current is ebtained. The analytical modelling is
the high-order polynomials withthe 2-d variables. Hence, it is
difficult to directly solve the rotor position if the flux linkage
and the current are known. In this study, the bisection
algorithm is utilized to solve the rotor position from (3).

1 g1 —
F©)="3 T ay0-) -1 -y =0

k=0 j=0

3)
where p=8,q=7, i and  are the acquired values at standstill.
1. SCHEME OF INITIAL ROTOR POSITION ESTIMATION

A, Optimal sensing phase
The fourphase {8/6 poles) switched reluctance motor drive
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is regarded as the analytical case study in this paper. Fig. 3
illustrates the typical relationship between the rotor position,
the flux linkage, and the current, where the rotor period is 60

degree and the flux linkage within a period is symmetrical

about the position of 30 degree.
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Fig. 3. Relationship of the rotor position versus the flux linkage
at various currents

From Fig. 3, it can be observed that a pair of values of the
flux linkage and the current determines a uniquerotor position
within the half perod, such as from 0 degree to 30 degree.
However, the rotor position estimation has the greatly
different resolutions if the estimated rotor positions locate in
the different regions. Clearly, in the regions where the rotor
position is near the position of 0 degree or 30 degree, the rotor
position estimation resolution is low because the small errors
in the flux linkage and the current measurements will lead to a
large error in the rotor position estimation. However, in the
region from 7.5 degree to 22.5 degree (or from 37.5 degree to
52.5 degree), the rotor position estimation resolution is high
because the small errors in the flux linkage and the current
measurements will only resultin the negligible error in the rotor
position estimation. It can be seen that the rotor position has
high resolution if such a phase is selected to measure the flux
linkage and the current and to estimate the rotor position. This
phase senses the rotor position accurately and thus is named
as the optimal sensing phase in this paper.

B Detecting optimal sensing phase at standstill

At standstill, the back EMF in the switched reluctance
motors is zero. Thus, the magnitude of the phase current at
standstill depends on the phase inductance because the all
phase windings have the same resistance and the same DC
voltage is applied to the ali phase windings during the same
time. Consequently, the phase with the smallest inductance
must have the largest current and the phase with the largest
inductance must have the smallest current, at standstill.

If the rotor position to a phase is near the position of 0
degree, the phase inductance has the smallest value and
consequently the phase has the largest current among the all
phases, such as the phase-A shown in Fig. 4. In this case, the
rotor positions to two phases next to the phase having the
largest current will locate within the region from 7.5 degree to
22.5 degree or from 37.5 degree to 52.5 degree, such as the
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phase-B and the phaseD shown in Fig. 4 Hence, anyone of
these two phases canbe selected as the optimal sensing phase
according to the above analysis. This study suggests that the
phase with the larger current among these two phases is
determined as the optimal sensing phase a standstill. The
rotor position to the optimal sensing phase is the estimated
initial rotor position. Fig. 4d) shows the distributions of the
phase with the largest current and the optimal sensing phase
within a period. For example, if the initial rotor position to the
phase A is in the region from 0 degreeto 7.5 degree, the phase
with the largest current must be the phaseA because the
phase-A has the smallest inductance, and thus theses two
phases next to the phase-A having the largest current are the
phase-B and the phaseD. The phaseB has the smaller
inductance than the phase-D and conseguently the phase-B
has the larger current than the phaseD. Hence, the optimal
sensing phase must be the phase-B, as shown in Fig. 4c)and
4(d). Furthermore, Fig. 4c) and (d) show that the optimal
sensing phase commutates every 7.5 degree and the phase
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(a) Position of the stator pole and the rotor pole at the rotor
position to the phase-A = (t degree

(b) Position of the stator pole and the rotor pole at the rotor
position to the phase-A = 30 degree

(c) Ideal profiles of phase inductances

(d) Distribution of the optimal sensing phase and the phase with
the largest current at standstill

Fig. 4. Relationship between the optimal sensing phase and the

having the largest current commutates every 15 degree.
C.  Determining physical initial rotor position

To sclve the unique mathematical sclution from (3), the
known flux linkage {or inductance) characteristics should be
limited within the half peried. Thus, the analytical modelling
presented in this study is active within the half period from 0
degree to 30 degree. In this case, the estimated initial rotor
position from (3) is the mathematical initial rotor position,
because it always locates within the region from 0 degree to 30
degree. However, it is not sure that the mathematical initial
rotor position leads to the best starting feature and the
expected rotation direction. Therefore, the physical initial rotor
position to the optimal sensing phasemust be determined. The
physical initial rotor position just is the actual initial rotor
position.
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The physical initial rotor position to the phase having the
largest current has to satisfy the given constraint, which
depends on the numbers of both the phases and polesin the
switched reluctance motor drives. For the four-phase, 8/6
poles switched reluctance motor drive, the physical initial
rotor position to the phase having the largest current should
satisfy (4).

0<PIPLL 7.5,0r
52.5< PIPL £ 60

where PIPL represents the physical initial rotor position to the
phase having the largest current.

@

D.  Logic rules

Table I shows the logic rules for detecting the phase having
the largest current and the optimal sensing phase from the
amplitudes of the phase currents.

TABLE |

L. OGICS FOR DETECTING THE OPTIMAL SENSING PHASE

Comat | | P
aPip2ig?i, A B
Bg 2 ig> iy > 1, A D
>, 28> ig B C
foig>i, > ig B A
Pig2iy > g c D
i, i ig>ia C B
igPig2i, > iy D A
[ FEEPE-E - D C

According to the estimated mathematical initial rotor
position to the optimal sensing phase and the phase having
the largest current, the physical initial rotor position to the
optimal sensing phase can be determined. Fig. 5 depicts the
logic rule for determining the physical initial rotor position to
the optimal sensing phase-A. Similarly, the logic rules to
determine the physical initial rotor positions to the other
optimal sensing phases can be deduced.

| Prased is the optiza! senxing phaze ]

Fhase-B is the phasa hav
- the largest currant 7
b4

PIPB=MIPA+4S

PIPD=MIPA+ 15

N

The actual initial
tox Ttiom i
Pl S 60 HiPA

]

[ =« PIPF=« 7.5 oF
2 Sa<PIPAe< 602

b
The actual initial sotor position
to phase-A WIPA

Fig. 5. Flowchart to determine the physical initial rotor
position to the optimal sensing phase-A
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In Fig. 5, PIPB denotes the physical initial position to the
phase-B having the largest current, PIPD denotes the physical
initial position to the phase-D having the largest current, and
MIPA denotes the mathematical initial position to the optimal
sensing phase-A. The estimated mathematical initial rotor
position must be located within the half period (from 0 to 30
degree) and the estimated physical initial rotor position is
limited within a period (from 0 to 60 degree). The phase having
largest current must be the phase-D if the phase-B is not the
phase having the largest current, because the phase having
the largest current is adjacent to the optimal sensing phase-A.
For the four-phase switched reluctance motor drive, it is clear
from (4) that the physical initial rotor position to the phase
having the largest current is not smaller than 0 degree and not
larger than 7.5 degree, or not smaller than 52.5 degree and not
larger than 60 degree.

E. Scheme of the initial rotor position estimation

In general, the phase voltage and the phase current of the
switched reluctance motor diive can be acquired directly on
line. Hence, the flux linkage has to be computed according to
the measured voltage and current. Here, the flux linkage is
computed by using the rapezoid integration method, which is
described by (5).

v+ =y +151fv Vi +D+V ) —rill + D —ri(h)] )

y(0)=0
where y{f+1) and y{) are the flux linkage values at sampling
instants (1) and {), Hi+1)} and F(f) are the voltage values
applied to the phase winding at sampling instants (#1) and {/).
{H-1) and i() are the phase current values at sampling instants
(#1) and (J), r is the resistance of the phase winding, T, is the
sampling time, and /=0, 1, 2,

Based on the above analyses, the scheme to estimate the
initial rotor position can be presented and illustrated by the
block diagram in Fig.6.

InFig. 6, the DC voltage v, is used to excite each phase in
sequence during the same short time. The rotor is not
disturbed at all because the exciting duration is very small,
This excitation approach is better than the exciting all phases
for a short time proposed in [4] because exciting each phase in
sequence can eliminatethe effect ofthe mutual coupling. From
the resultant phase currents , 4, §, and f;), the optimal
sensing phase can be detected, based on the proposed logic
rules where i, denotes the current in the optimal sensing
phase. Then, integrating both the veltage and the current in
the optimal sensing phase with respect to the time, the flux
linkages w, of the optimal sensing phase can be computed.
Hence, the mathematical initial rotor position ?, to the optimal
sensing phase can be estimated, according to the presented
estimation modelling based on the 2-d least squares and the
bisection solution algorithm. Based on the established logic
rules, the physical initial roter position 7, to the optimal
sensing phase can be determined At last, the other physical
initial rotor positions to the other phases.can be computed
from the estimated physical initial retor position to the optimal
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sensing phase.
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initial rotor position to the phase-A and the abselute error,
when the initial rotor position varies within a period. The top

Iv. APPLICATION graph depicts the estimated initial rotor position, and the
nether graph depicts the assolute error between the estimated
A Simulation and actual initial rotor pesition It is clear from Fig. 7 that the
v ?fn‘:‘,“a’ i1 | Fhx L’Mathemaﬁcal J‘ Physical |
E_p Excitor [——— h:f Ly linkage 2 posiion "M positon [—E»
Tyl | P integrator estimator selector
detector r

Fig. 6. Block diagram of the proposed scheme to estimate the initial rotor position

Using the above proposed scheme to estimate the initial
rotor position, the prototype of the four-phase switched
reluctance motor drive is simulated. Its magnetic
characteristics from the experiment were given by Fig. 1. The
DC link voltage is selected to 28.5 V. The sampling frequency
is 20 kHz. The exciting duration is chosen as 0.5 ms, The phase
resistance of the prototype is 0.687 ohm.
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Fig. 7. Comparison between the estimated and actual initial
positions from the simulation
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Fig. 8. Distributions of the optimal sensing phase and the phase
having the largest current from the simulation

Fig.7 illustrates the simulation results of both the estimated

estimated initial retor position from the simulation is
agreement very well with. the actual initial rotor position and
that the absolute positior error of the estimated initial rotor
position is considerably small. It indicates that the estimation
modelling presented in this sudy is accurate although this
modelting only needs few known data. This also indicates that
the proposed scheme to estimate the initial rotor position is
able to estimate the arbitrary initial rotor position effectively
and has the high resolution.

The simulation results of the optimal sensing phase and of
the phase having the largest current within a period can be
observed from Fig. 8, where the number represents the phase,
such as phase-A = 1. It is clear that the optimal sensing phase
commutates every 7.5 degree and that the phase having the
largest current commutates every 15 degree. Furthermore, the
distributions of the optimal sensing phases and of the phases
with the largest current shown in Fig. 8 agree with the
theoretical analytical results shown in Fig. 4.
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Fig. 11 Schematic diagram of the experimental set-up for the initial rotor position estimation

Fig. 9 and Fig. 10 depicts the simulation current and flux
linkage waveforms in four phases at standstill, respectively,

& om
when the actual initial rotor position to the phase-A is equal to Soos oo reseeciong
15.0 degree. The estimated initial rotor position from the gms_ . e
simulation is 15.003 degree. The absolute position error is & DD: os 118 2 25 3 @6 4 45 6
equal to 0.003 degree. It can be observedfromFig. 9and Fig. 10 Soms- AR SRS SOOS SUONRN ORI SO |
that both the current and flux linkage almost changes linearly g.ﬁ]ﬂ;: :
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2 00
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Ta test the scheme presented in this paper, the experimental B
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consists of the several sub systems: computer, the DSP Time (s} 10

controfler board, the interfaces, the four-phase IGBT
converter, current and voltage sampling circuit, 8/6 SRM, and
the initial rotor position pointer. The sampling frequency is
still selected to 20 kHz. The exciting duration is chosen as 0.6
ms.

Fig.12 and Fig. 13 shows the current and flux linkage
waveforms from the experiment, respectively, under the same
control as Fig. 9. and Fig. 10. The actual initial rotor position is
15 dt?gree and the estimated initial rotor position from the R R
reaktime senscrless control is 13.668 degree. The absolute Aotua Inttial Rcto! Posttion (cagree}

Fig. 13. Flux linkage waveforms at standstill from the
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Fig. 14. Comparison between the estimated and actual initial
rotor positions from the experiment

Phase B (A)
o - N

The estimated initial roter position and the absolute
position error within a petiod can be observed from Fig. 14.
The actual initial rotor position is measured by using the initial
retor position pointer. The test approach of the rotor position
pointer is described as the follows. Firstly, the phase-A

Phasa$ (A}
o - M

]

Z

92 ! s winding is excited withthe DC voltage for a proper duraticn so

E ; I R e ! that the rotor is finally standstill at a position, which should be
[} 0.5 3 16 2.5 3 36 ] 45 5

the position of 30 degree to the phase-A. Then, a pointer is
fixed on the axis of the motor and aligned with the above

Fig. 12, Current waveforms at standstill from the experiment position of 30 degree. Finally, a mechanical degree scale is
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mounted on the motor housing. Consequently, the pointer
may point to a degree value if the rotor is located at someone
position. Thus, the actual initial rotor position can be
measured.

V. CONCLUSION

This paper presented a new scheme to estimate the initial
rotor position for the sensorless switched reluctance motor
drive. The estimation modelling is based on the 2-d least
squares technique and the bisection algorithm, Consequenily,
this modelling only needs few coefficients, which can be
computed off line or on line. The optimal sensing phase is
detected through exciting each phase in sequence for a short
duration. The mathematical initial rotor position to the optimal
sensing phase only needs to be estimated. The physical initial
rotor position can be determined from the developed logic
rules, on the basis of the obtained mathematical initial rotor
position. The simulation and experimental resuits validate that
the scheme presented in this paper is effective and can
estimate the initial rotor position fairly accurately.

The salient advantages of this scheme can be summarized
as follows. 1) The estimation modelling only needs few given
data and can be used to estimate the initial rotor position
accurately. 2) The scheme senses the initial rotor position with
high resolution because of using the eptimal sensing phase. 3)
The physical initial rotor position can be determined onty from
the estimated mathematical initial rotor position. 4) The
estimation scheme takes up few memories and takes less
computation time. 5) The effect of mutual coupling is
eliminated.

APPENDIX

TABLE II
COEFFICIENTS IN THE PRESENTED MODELLING FOR THE PROTOTYPE

J k 0 1 2 3
1] 434801E-01
1 374081E-01
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< 797749E-03 - 395857E-04] .6240B3E-05 | - 133682E-04)
172876E-04
128174206
- 548625E-05

- 197630E-03 - 634557E-04) -. 589302E-05]
- 88071 4E-00)]

2
3
4 41537 E-02] - 701351203 -.193270E-03
5
6

259503E-03| 585086E-04
7 & 4 s & 1
712824E-07| - 5069 13E.08] -.

177530E-09]
254S39E-07| - 303131 E-08 - 17432705
.155645E-08 843885E-07| 421729E-08| - 153535E-04]
- D199B9E-07 - 10SYS4E-O7 30030SE-09
219217E-05) - 945041 F-07] - 614850E-04)
524006E-07| 511125E-08| -.159012E-09)
-E1STTIE-D8| 292792807 gmETELR

L] 183482E-05

1 109720E-05

S17894E-10

152094E-09
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-451550E-10
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