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This thesis proposes the rotor-position estimation technique for a switched-reluctance
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3.3 AUANUANMWIKANYDI SRM (Magnetic Characteristic of the SRM)
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3.7.1 NQUPLIAUVLINIIAIUAN SRM  varzi3unyuitinayue (Fundamental
principle of the proposed method)
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Oroua A 0y O
6, =0 0.06° 0.00° 0.00°
6, =25 0.10° 2.5 2.49°
6, =5 5.40° 4.99° 4.99°
6,=175 5.52° 7.50° 9.47°
6, =10" 10.00° 10.00° 9.59"
6, =125 12.50° 12.49° 15.01°
6, =15 14.99° 15 15.10°
6, =175 17.5° 17.49° 15.10°




6, =20" 19.99° 19.99° 20.40°
6, =225 22.50° 24.47° 20.92°
6, =25 25° 24.95° 25.00°
6, =275 27.49° 30.10° 27.50°
6, =30’ 30.00° 30.06° 29.99°
6, =32.5 32.49° 30.10° 32.50°
6, =35 34.99° 35.40° 34.99°
6, =315 39.47° 35.52° 37.50°
6, =40° 39.59" 40.00° 40.00°
6, =42.5" 45.01° 42.50° 42.49°
6, =45 45.06° 44.49° 44.99°
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Current Order Rotor Position Chosen Phase
For Estimation
Ic:Ib>Ia 9=0"" BorC
Iy>1.>1, 0°<0<7.5" B or C
L, >1.=1, =15 B
Ly >1,>1, 7.5" <0<15" A or B
I,=1,>1, 9=15° A or B
L>0,>1, | 15°<9<225° A or B
1,>1.=1, 6=225 A
L>1>1 | 25 <9<30° AorC
I,=1.>1, 9=30° AorC
Ie>1,>1, |30°<0<37.5° AorC
1.>1,=1, 0=31.5" c
I.>1>1, | 375 <p<45’ B or C
I.=1,>1, 9 =45° BorC
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Current Order Rotor Position Chosen Phase
For Excitation

I.=1,>1, 6=0° C
I,>1.>1, 0" <0<2.5° C
I,>1.>1, 25 <H<5 C
I,>1,>1, 5’ <9<7.5 C
I,>1.=1, 6=15 C
Iy>1,>1, 7.5 <6<10° BorC
I,>1,>1, 10°<6<12.5° B or C
Iy>1,>1, 125 <0<15° B or C
I,=1,>1, 6=15" B
L, > 1, >1, 15" <0<17.5 B
1> 1,>1, 175 <0<20° B
I, >1, > 1, 20°<9<22.5 B
STV TE VA 0=22.5° B
1,>1.>1, 225 <0<25° A or B
I,>1,>1, 25°<0<27.5 or B
I,>1.>1, 275" <<30° or B
I,=1.>1, 0=30" A
I.>1,>1, | 30°<9<325 A
I.>1,>1, 32.5 <6 <35 A
I.>1,>1, 35° <9 <37.5° A
I.>1,=1, 6=375 A
I.>1,>1, 37.5" <0 <40° A or C
I.>1,>1, 40°<0<42.5° AorC
I.>1,>1, 42.5° <0 <45 A or C
I.=1,>1, 0=145 C
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M9191 3.4 Feu lvdmsumsdenanendsnuludrwua A-B-C

Current Order Rotor Position Chosen Phase
For Excitation

IL=1>I, 0— 0 B
1,>1.>1, 0°<f6<2.5 AorB
I,>1.>1, 25°<0<5 AorB
I,>1.>1, 5’<9<15° AorB
I,>1,=1, 6=15 A
L>1.>1 | 75 <g<10° A
L>I,>1, | 10 <g<125° A
Li>1,>1 | 125 <0<15° A
Iy=1,>1, 0=15" A
L>5,>1 | 15 <o<175° AorC
L,>1,>1. | 175 <9<20° AorC
>0, >0 | 20°<0<225° AorC
I,>1.=1, §=22.5" C
Lo>1>1, | 25 <9<25° C
[p>1.>1, | 95°<9<275° C
la>1.>1, | 275 <6<30° C
l,=1.>1, 6=30" ¢
I>1,>1, | 30°<9<325° CorB
I.>1,>1, | 35°<g<35° CorB
>1,>1, | 35 <0<375° CorB
[e>1,=1, 0=315" B
1.>1,>1, 37.5 <6<40° B
I>1,>1, | 40°<0<425 B
I>1,>1, | 425 <0<45° B
l.=1,>1, 6=45° B
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Cubic spline coefficients

da b C d
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Hanfua Digital Oscilloscobe (YOKOGAWA)
U DL1540 /DL (4 Channel)
510821989 150 MHz Analog Bandwidth
120 MS/s on two channel
8 bit veetical resolution
DC to 30 MHz, 850V(DC+AC peak)
2% DC accuracy
Internal low pass filter
HAAAWM  Band Differential Probe
M 700924
510020a  100MHz
A probe lets you make wide-band
Differential input measurements
HAANMA  Current Probe(FLUKE)
I 80i-110s
5az19ua  Current ranges:

0 to 10 A dc or ac peak

0 to 100 A dc or ac peak
Frequency: DC to 100kHz .(@3 db)
Output signals:

10 A range: 100 mV/A

100 A range: 10 mV/A
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True RMS 1kHz

Accuracy = 0.09%

Vac or Vdc : 0.1mV to 1000V

Jac to Idc : 0 to 10A
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Position Estimation Technique of a Switched
Reluctance Motor at Standstill
K. Trakrancharoungsook, S. Kittiratsatcha

Department of Electrical Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang (KMITL})

Chalongkrung Rd., Ladkrabang, Bangkek THAILAND 10520

Abstract—This paper propeses the rotor-position
estimation technique for a switched reluctance machine
(SRM). This technique can be impl d-with,the systex
with an incremental encoder or sensorless system. The
results are the proper starting phase and exact starting
rotor position. The phase winding is energized by the
narrow voltage-pulse then phase currents are detected and
calculated to find the rotor position by using the cubic spline

‘interpolation technique. The proper phase is chosen for a

starting phase. This proposed ldea s done in the
MATLAB/Simulink program.

Index Teams-- Positlon estimation, Cubic spline

1. INTRODUCTION

The -switched reluctance motor drive is increasingly
gaining attention from both the industry and academy in
recent year due to its simple construction and converter.
Furthermore its high performance can be operated in
wide speed range, thus the SRM drive could be an
attracting alternative in variable speed drive[1].

The accurate rotor position is essentially significant for
SRM drive, thus a position sensor is important apparatus
in a drive system. Therefore mounting a.rotor position
sensor on the shaft adds to cost and size into SRM drive
system. However many indirect rotor position estimation
algorithms have been developed to solve a problem of
starting hesitation associated with the uncertainty of
initial rotor position.[1-5]. To ensure that the SRM rotates
in a desired direction, the initial rotor position must be
known. In a conventional way, measuring initial rotor
position is what done before. We called that the rotor
position initialization (or alignment). Thereafter the
optimal -phase can be chosen, to excite is first phase in
while rotor remain stand still. The rotor kick-back and
oscillation problems that may happen during rotor
alignment process from many applications.

The phase excitation of the SRM in sequence
according to the desired rotate direction is other
conventional way to start the SRM without rotor position
sensor. But the negative torque produced during starting
process may appear for kick-back the rotor or stop [1]. To
ensure reliable in starting of a SRM drive, Reference {1]
proposes solution by exciting all the SRM phases for
short duration and estimate the initial rotor position base
on the flux linkage-current-rotor position characteristic of
the SRM.

as,

Flux Linkage (W)
- B w8

°
&

1 10
Curront {A)
Fig .1. Flux linkage-current-position characteristic of the 12/8 SRM.

From the Fig. 1, show the relationship between phase
flux linkage, current, rotor positions of a 12/8 SRM. Due
to using the currents at aligned and unaligned position in
estimation rotor position can result in a large error.
Because of adjacent curves are very close to each other.
Moreover a low level current can result a large emror for
the rotor position estimation.

In this paper, a rotor position estimation algorithm at
stand still is presented. This technique has the following
features. First, only narrow pulse is injected into the SRM
phases. Second, there is no complicated computation
required by implementing the cubic spline. And the last,
unlike the previous works, there is no massive
magnetizing curve data stored in the memory. Only few
cubic spline coefficients are needed. Therefore, this
proposed technique is very simple to implement in real
time computation.

1I. PROPOSED CONTROL TECHNIQUE SCHEME AT
STANDSTILL

Proposed control technique scheme at standstill is
realized in the following three steps.
1. Excite all SRM phases for short duration.
2. Choose the optimal phase current o estimation
rator position by cubic spline technique.
3. Identify the phase capable of producing positive
torque at standstill.
The voltage equation of SRM is shown below.

v=iR+.Lﬂ

i 1
Mg ®
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Since the.rotor keeps stationary duting-excitation test,
and the resistive-voltage drop is neglected. The magnetic
circuit nét saturated. There is not mutual coupling
between phases. ’

Therefore (1) becomes

v= L% @

From (2). it can be modified to describe a peak-value of
current as i (3). :

128

i, = 0] (©)

where L(6) is the inductance at the particular rotor
position 8, ¥ is the applied voltage, T is the duration.of
the voltage pulses. To observe the current.amplitude at:
the different positions, the voltage pulse-is applied to the

stator winding while the rotor is located from
A=0"to@=45with 2.5 interval. The current at. each

rotor position of one phase is:shown.in fig. 2.

Amgtituso Cuterts (A)
2 o -
§ o @ - &

o
»

'ununlﬂlu \l Ltm,um;s

Roter Positions Angie (deoranioal Degree)

Fig. 2. Phase A current by applying the vollage pulse at the different
totor positions.

From Fig. 2, the magnitudes of the peak currents are
différent depend on the rotor positions. Therefore a
unique rotor position at standstill can be identified. In
addition, if all three-phase winding is applied by the
voltage pulse simultanecusly as iit Fig.3. At each rotor
position give different peak current of each phase. That
difference can be used to identify the phase capable of
producing rotor rotating iri a desire direction, when it is
excited.

Authonzed licensed use fimited to: King Institute of Tt L >}
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Roter Position Angle (Mechanizal degree)
Fig .3. The amplitude of the currents of phase A, B and C.

Phase B

Phase

Since we apply a voltage pulse into all three phases,
-consequently the peak of all phase currents are different
as shown in Fig.3. There is a question of which phase
current is used for position estimation. So this paper
proposes an algorithm as in Table I. For the example, if
1,>1,>1, then either currents of phase B or phase C are
uséd without significant error. Phase A current is ignored
becduse it has small values and the peak values are flat
during 0° <6< 7.5".

TABLE1
CONDITION FOR SELECTION THE PHASE FOR ROTOR POSITION
ESTIMATION
Courra:l Rotor Position Ch‘g;';;gsipor

IL=1>1, =0 BoC
I,>1.>1, 0 <f<7S BoC
IL>I=I, 9=15 B

L>1,>1, 75 <8<15 AwB
A=Y > 9=15" AorB
1,>T,>1, 157 <9<225 AorB
L>I=1I g=1225" A

L>I >1, 228 <6<30° AorC
L=1>1, 6.=30 AaC
I>I>1 30" <8<375 AaT
1 >1,=1, =375 C

I, >1,>1, 37.5 <8<45 Bor C
I =1>I, 8=45 Bo C

The suitable starting phase is determined by the
desired direction of rotation and the slope of the
inductance profile. The higher the peak current the lesser
the phase inductance as described in equation (3).
Supposing the rotor is in the region 0" ~2.5°, if we want
the rotor to rotate in the C-B-A sequence then Phase-C is
the starting phase. But if we want the motar fo turn in A-
B-C sequence, the starting phase must be phase B
instead. Table II shows the proper starting phase at each
particular rotor position in C-B-A sequence and A-B-C
sequence is shown in Table II1.

265
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TABLEIl

CONDITION FOR SELECTING mclfgﬁE TO EXCITATION IN SEQUENCE
%’:5:}' Rotor Position 'Cho;rgl:al:?‘s): For
I=1,>1, =0 c
I,>1.>1, 0"<0<28 c
I, >1.>1, 25 565 c
L>I.>1, £50<75 [
L>I =1, 6=15 C
L>1,>1, 15" <0<10° BorC
L>1,>1, 10° < 0<12.5 BorC
1,>1,>1, 125 <0<15 BorC
L=1>1, 8=15" B
I,>5,>1, 15" <8<17.5 B
L>5>1, 175" <9 <20° B
I,>1,51, N so<ny B
I>1 =1, =225 B
I,>1>1, 225" <6<25 AoB
I,>1 >1, 25" <0 <275 AoB
I,>1>1, 275 $#<30° Ao B
1=1>1, 6=30" A
I>1,>1 30°<0<325 A
I>1,>1, 325 $6<35 A
I>1,>1 35" <0<37.5 A
I>1,=1, 6=375 A
1.>1,>1, 375" <0 <40 AorC
1,>1,>1, 40 <9 <425 AxC
I>1,>1, 425" 50<45 AorC
=1,>], 0=45 [

TABLE Il

CONDITION FOR SELECTING THEAngI'A(SjE TO EXCITATION IN SEQUENCE
%1:;:‘ Rolor Position Cho;tgl:::;z: 7l
1=1,>I 6=0 B
L>1.>1, 0" <6<25 Ao B
L>I >, 25 <6<5 AaB
L>1.>1, 5015 AoB
L>I =1, 6=15 A
I, >1,>1, 75" <0 <10 A
L,>1,>1, 100$9<125 A
I, >1,>1, 125 < 0<15 A
L=1,>1I, =15 A
I>1,>1, 15" <6<17.5 Ao C
1L>1,>1, 17.5°$6 <207 AoC
1,>1,>1, 20"<9<22.5 Ao C
L>L =] =225 C
I,>1.>1, 225 <925 (o]

266

1,51, >1, 25 $8<21.5 c
I>1>1, 275" €9 <30 c
I=1>], 9=30" c
I,>1,>1 30" <9 <325 CorB
I.>1,>1, 325 <6<35 Co B
I.>1,5], 35" 56 <315 CorB
I.>I,=1], 9=375" B
I>1,51, 31.5 <6240 B
1,51,>1, 40" S0 <425 B
1.>1,>1, 425 <0.<45 B
L=1>1, 9=45 B

IiI. ROTOR POSITION ESTIMATION USING.CUBIC SPLINE
FUNCTION

Since 'we know that the peak current are the function
of the rotor position, then the cubic spline function is
implermented for a rotor position as shown in (4). The
reaSon that cubic spline is suitable for this application
becausé the inductanceé profile is smooth. So there is no
need to use more complicated function or complex
niethod. The amplitude of current are collected from
8,=0'to @,=45 with 25 degree interval. The
relationship between the peak currents and rotor positions
are created using (4). Therefore when amplitude is
known, thus the unique rotor position is known as well.
Fig. 4 depicts the spline function generated from the
spline coefficients in Table IV. We can sce that only
matrix size 17x4 is needed for position estimation.

¥=5() =g +h(x—x) +olx—xm) +di(x=5)° e

where x and y are the amplitude of the phase current and
the rotor position respectively. a,b,c and d are the cubic
spline coefficients. i is the section number.

2.
2 Region A
© 35
3
g !
B
= 5
=
2 2
2
gs
2
g 10
s Region B
g s ogion
o
9. o4 0.6 08 [ 12 14 18 e

Ammpiitude Curents (A}

Fig. 4. Spline fundions of the atrrent and rotor positions.

From Fig,. 4, there are two rotor positions which are in
both region A and region B. The correct rotor position
must be accordingly decided by the Table 1.

Authonzedticensed use limited to. King Mongkuls instiuta of Technology Ladirebang. Downloaded on January 23. 2010 at 05 05 frem IEEE Xplore Restrictions apply
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TABLEV
CuBIC SPLINE COEFFICIENTS
Cubic spline’s coefficients £a
a b 4 d g 0,
-3:6759e+005 31368 -554.02 2.5 = .
-3.6759¢+005 23428 -155.48 0 T n\nTn?" 906 005 00 O
1.0744e+006 | 21895 -596.487 7.5 ) . e . -
5.1892¢1005 17751 4747 5 Fig. 8. The algorithm has chosen the starting rotor position
32040 5175.1 2386 10 ag, =43, :
34314 890.14 31785 125
26035 189,71 31,69 15 F ,,‘]
287.55 32.653 3.0252 17.5 H N
281.55 194.92 39.781 20 83 1 15 2 29 3 35 4 48
28755 -32.653 3.0252 275 2
26035 189.71 41.69 30 =
3431.4 890.14 31.785 323 95 1 15 2 25 3 35 4 45
-32040 51751 -238.6 35 i,/\
4892¢+005 17751 147.47 40 e
-1.0744e+006 21895 96.487 375 Ui 152 28 3 35 4 46
3.6759¢+005 -23428 159.48 45 2
3.6759¢+005 31368 554.02 235 £ .
a5t 15 2 426 ) 35 4 45 .5
. ) Tiene (sue) ..|u.l
Fig. 5 shows the diagram of proposed rotor position Fig. 9. Variation of currents during voltage pulse excitation
prop Ppo & ng voltage pul
estimation algorithm. This is done in the MATLAB at g, =13 .
/Simulink_ program. More details of the diagram are
shown in the Appendix.
G ‘_”:"_‘...‘_. ’/\\ '-"ba S wor om 063 17 0.0 oS oo 0o
| s :,
Vithigs P’ RaoeW0mA Cuivehd Seawd  Redar peslioe eufiimetd >
° oc [1:) om 0o LT3 006 ao7 oma
Fig. 5. Block diagram of the initial rotor position estimation tectmique.
£
1V. SIMULATION RESULTS e
an (i3 om [IM] ons [T 3T [

e (v27)

Fig. 10. At ¢, = 13’ ,phase B is chosen to be a starting phase

€ 9
s 0 I I according to Table11.
H
i [53 1 15 2 25 3 35 4 ]
z
: 5
05 15 3 25 3 35 4 ar 'E‘
g e
05 1 15 @ 25 3 3% 4 it 00r 402 0m 00« 005 06 00 0%
Tima (sec)
H
Gs 3 15 225 3 35 & 4% Fig. 11. The algorithm has chosen the starting rotor position
Tira fa0) ar? N
Fig. 6. Variation of currents during voltage pulse excitation atg, =13 .
.
at 6, =43
10|
HE L'
- 0 08 1 &5 2 25 1 35 4«5
ﬁﬂ om oM 0m 004 D0S ﬂ?ﬁ oo oe Fy
161 a
§ 5 i 0§ t 1.5 2 25 3 38 ) 5
e H
e % 6r 1 75 7 35 3 35 4 _is
% 5
- g
3 B
om o O0M 0« 006 0% NW OB
Ters faeh 05 t 15 2 25 3 35 & 45
. . ! Tioe (se¢) i’
Fig. 7. At 6, =43 ,phase C is chosen to bea starting phase Fig. 12. Vanation of currents during voltage pulse excitation
according to Tablell. o
e ate, =21,
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Fig.13. At 9, = 27 ,phasc A is chosen to be a starting phase
according to Table I1.

¢ om om 0@ _0m 065 406 0w @oe
Teme (sec)

Fig. 14. The algorithm has chosen the starting rotor position

unaligned position is at 8,=0"and represented by OV
from DAC. The fully aligned position is at g, = 2.5 and
represented by 1.08V from DAC. The adjacent unaligned
position is al 6, =45" and represented by 2.16V from
DAC.

Fig. 15. Phase currents during voltage pulse injection
at 9=43 .

PR
PR

G Gl 0
o o mr od 12y

a g, =27
TABLEV

EXAMPLES OF THE ROTOR POSITION ESTIMATION
Actual | Calculation | Calculation | Calculati

rotor fromphase | from phase | from phase
position A B [¢)
0=43 35 42.99° 43"
8=13" 13.01° 12.99° 15.07
9=27" 27.02° 2357 26.99°

The proposed algorithm has developed in the
MATLAB/Simulink program. In the simulation program,
we can set the initial rotor position to imitate the rcal
event. Then the algorithm is used to estimate the rotor
position. Fig. 6 - 14 show the results from the computer
simulation. Supposing the initial position of the rotor is at
8,=43". By using the proposed algorithm, each phase
winding is energized by a narrow voltage pulse. The
phase currents are detected as shown in Fig. 6 which
is7.>1y>1,. By using Table 1, peak current of either
phase B or phase C can be used for calculation. By
applying the peak current values in the cubic spline
function, the result give the standstill rotor position at
8, =43 is shown in Fig. 8. Besides the proper starting
phase is chosen using Table II by energized phase C at
standstill. Fig. 8 shows the rotor position, there is no sign
of starting hesitation. Table V shows the result examples
from the proposed algorithm at various actual rotor

positions. Fig 9-11 are tested at ¢, =13 and Fig 12-14 are
tested at @, =27 respectively.

V. EXPERIMENTAL RESULTS

To verify the proposed idea and to confinn the
simulation results, the experimental setups are performed.
The rotor position is observed by the DAC of a DSP. The

Fig. 16. At 8=43 ,phasc C has chosen to be a starting phase

268

according to Table II.
CE Etind
oG (tnasme
L fe: MOPRL20mS /e

Fig. 18. Phase currents during voltage pulse injection

at 9,,5130.
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Fig. 19. At 6, = 13 , phase B has chosen to be a starting phase
according to Table II.

U
06 @ |

7 “smerav

Fig. 20. The algorithm computes the starting angle closeto #, = 13,

Fig. 21. Phase currents during voltage pulse injection

at 8y =27 .

il
ee

Fig. 22. M 6, = 27 , phase A has chosen to be a starting phase
according to Table I1.

Fig. 23. The algorithm computes the starting angle closeto 8, = 27

VI. CONCLUSIONS

An idea of the rotor position estimation algorithm at
standstill has been presented in the paper. By injecting
voltage pulse into the all stator phase simultaneously, the
initial rotor position can be estimated by applying the
cubic spline interpolation technique. The proper phase
has been chosen to excite while starting. The proposed
algorithm is verified by both the computer simulation and
the implemented in the real-time computation.

APPENDIX
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Abstract

‘This paper proposes the rotos-position estimation fechnique

for a switched reluctance machine (SRM). This technique can be

implemented in the system using an i | encoder or

system. The results are the psoper stasting phase and exact starting
rotor position. The phase winding is enesgized by the narrow voltage
pulse then phase currents are detected and compared to find the position
using cubic spline interpolation technique. The selected phase is used
for a starting phase. This work is done by the MATLAB/Simulink
program.

Keywords: Position estimation, Cubic spline ,SRM
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