A Low Cost Position Sensor for Linear Variable Reluctance Motor
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Abstract- This paper presents a novel position
sensing system for a linear switched reluctance
motor. By measuring the inductance variation on the
fixed tooth track using two coiled devices aligned 90
degrees out of phase, the position and direction
information of the moving platform can be obtained.
To increase the resolution 16 times its original tooth
pitch resolution, signal alignment and non-sinusoidal
waveform interpolation techniques are employed.
The proposed sensing system is designed, fabricated
and implemented on a linear variable reluctance
motion platform. Preliminary results show that the
proposed sensing system can produce reliable
position information with high accuracy and
repeatability, and at high pulse output rate. This
position information is useful for both accurate phase
commutation and servo position feedback.
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1. Introduction

The purpose of this project is to develop a high-
precision position sensing system for a new type of
high-performance, direct-drive, linear variable

reluctance motion actuator.

To eliminate the delicate and expensive linear
optical encoder, position sensing for variable
reluctance motors can be achieved through indirect
position estimation or observer based position
estimation.  Indirect position estimation involves
obtaining position from a second variable. Acarley
et.al., first proposed to obtain position from current
signal [1]. Since then, other variables have been
used for indirect position estimation. These include
flux [2], inductance [3], mutual inductance [4], and
di/dt of PWM waveform [5]. Observer based
position estimation has attracted less attention, due to
its heavy computation demand. Works have been
done in this area by Lumsdaine and Lang [6].
However, the above type of position sensing methods
suffer from one or more of the following
deficiencies:

1. Inoperative at low or zero speed.

2. Inaccurate during large speed dynamics.

3. Unreliable and give false readings when
there are frequent direction reversals.

4. Cannot operate at high speed.

Therefore the above methods are unsuitable for
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Fig. 1 Structure of the position sensor for the the Linear VR drive



= Position Sensing Coils

™~

“Ball-bearing roller

Linear direct-drive actuator
- Motion part

= Coils of actuator

™~ The toothed track (with the teeth exaggerated)

“Track guide

Fig. 2 Location of the position sensor in the linear VR drive system

high acceleration/deceleration trajectory control of
limited stroke variable reluctance linear motor.

To overcome the above problems, this paper
proposes to measure the inductance change on the
tooth track of the linear variable reluctance motor to
obtain the position information. The proposed
method takes advantage of the fact that the variable
reluctance linear motor is an "open structure” and
inductance-sensing coils can easily be incorporated
into the motor. Also, the tooth track is an ideal
"ruler" for position measurement. To provide
reliable position output under frequent direction
reversals, two search coils are needed, and they
should aligned 90 degrees out of phase.

2. Structure of the Position Sensing
System

Figure 1 shows the block diagram of the position
sensing system. In the actual system, the sensing
coils are placed side by side instead of back to front.

This paper is an extension of the previous work
done by the author in the area of motion control for
variable reluctance actuators. The coils are placed on
the moving platform of the linear variable reluctance
motor as shown in Fig. 2. Since the main coils of the
variable reluctance motor is quite a long distance
away from the sensing coils, there is no cross-
interference between the motion coils and the sensing
coils.

3. Signal Processing and Information
Extraction

To measure the inductance variation of the tooth
track, a low current and high frequency signal is
injected into the sensing coils. This prevents errors
due to hysteresis and saturation effects. A phase lock
loop interface circuit shown in figure 3 is used to
detect the change in frequency. An output voltage,
which is proportional to the frequency, is produced
for each channel.
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Fig. 3 Construction of the interface circuit
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Fig. 4 Output Waveforms from the Phase Lock Loop Circuits

Figure 4 shows the relation between the output
voltages of the two search coils and the tooth track
position. The analogue waveforms are actually non-
sinusoidal; therefore tradition circuits for sine-cosine
interpolation cannot be applied. Also, the voltages
are shifted by a constant d.c. offset.

The two outputs from the sensing coils are
captured by Analogue-to-Digital Converters. To
convert the two waveforms as symmetry outputs
along the X axis (i.e. Y=0), the computer determines
the maximum and minimum points of the waveform
during the trail run calibration, and add an offset to
the two outputs.

4. Resolution increase through sine-
cosine interpolation

The resolution of the tooth track is inadequate for
the linear motor's commutation process and the
trajectory motions. To overcome this, a simple and
effective method of resolution enhancement needs to
be proposed and implemented.

In this paper, a simple and innovative method to
obtain the vector angle of the sine cosine waveform
is proposed. The proposed method uses very few
components to accomplish  the  sine-cosine
interpolation task. The method does not need to use

an expensive resistor network, additional computing
overheads, or data acquisition units [7].

The method takes advantage of the fact that both
channel A and channel B waveforms decrease by the
same ratio when the vector rotating speed is
increased, and the shape of the semi-circular profile
remains the same. Therefore, instead of comparing
the waveforms to reference voltages, the two
waveforms can be compared with each other to find
out the angle of the rotating vector, and deduce the
immediate position values. The problems of non-
circular locus and signal variation at different speeds
can be effectively eliminated.

To provide maximum resolution enhancement
while minimizing the circuit complexity, a 16-fold
resolution enhancement is chosen. The interpolation
unit divides the sine-cosine cycle into 16 sections,
with an angular distance of 22.5° for each section.

Figure 5 shows the concept of non-sinusoidal
interpolation/sectioning. Due to the fact that both
outputs are non-sinusoidal, the locus of the X-Y plot
is not an ideal circle. After acquiring the two voltage
levels from the phase lock loop outputs, a simple
interpolation circuit is used to determine the angle of
the rotating vector.
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The rotating vector diagram shown in figure 4 is
sectioned into 16 equal parts. Boundary lines (LO-
L7) are used to divide the 16 sectors (S0-S15). The
boundary conditions of LO-L7 can be represented as:

The position of the search coils are represented by
a rotating vector in figure 5. In this way the change
of signal amplitude will merely change the
magnitude of the rotating vector; the angle of the
rotating vector remains the same. By testing
boundary conditions of the rotating vector, one can
find out which sector the rotating vector resides.

By setting the conditions for each of the sector
(e.g. S1 = Y>0 and X<0.414Y) all 16 sectors can be
identified. Since the interpolation unit is designed to
be interfaced with conventional quadrature decoding
unit, the interpolation unit should output 90° phase-
shifted A-B digital pulse-trains, as shown in figure 6.
The figure shows that for channel A, output is high at
S1, S2, S5, S6, S9, S10, S13, and S14. For channel
B, output is high at S2, S3, S6, S7, S10, S11, S14,
and S15. These output criteria can be matched with
the boundary conditions of figure 4, to form a table
shown in figure 7.

Once this is obtained, the 16 sectors can be
translated into A-B pulse-trains (with x4 resolution
increase), which in turn can be translated into
up/down count pulses (with x16 resolution increase)

using standard logic hardware or ASIC
LO: Y=0 1) implementation. Figure 8 shows the hardware block
L1: X=0.414Y ) diagram of the interpolation unit. For the'p_rototype,
L2: Y=X 3) standard logic gates and.opgratlonal amplifiers were
L3: Y=0414X 4) used to construct the circuit. The present system
L4: X=0 ) uses 16 times interpolation enhancement. However,
L5: Y=-0.414X ©) ungjer th_e proposed_method, sine-cosine interpolation
L6 Y=-X ) units with much higher resolution increases can be
L7: X=-0414Y ®) designed in a similar manner.
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Fig. 6 The quadrature output waveform of the 16-fold interpolation unit



Output Input Output
Sector
(x>0) & (y>x) S1,S2
Channel high
A (y<0) & (-y<x) S5,S6
high
(y<0) & (y<x) S9,S10
high
(y>0) & (-y>x) S13,S14
high
(0.414y<x) & (y>0.414x) S2,S3
Channel high
B (-y>0.414x) & (-0.414y<x) | S6,S7
high
(0.414y>Xx) & (y<0.414x) $10,S11
high
(-y<0.414x) & (-0.414y>x) | S14,S15
high
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Fig. 8 Hardware block diagram of the 16 times
interpolation unit.

4. Implementation and Results

The position sensing system has been designed,
constructed and implemented on a linear variable
reluctance motion platform.  Preliminary results
show that the proposed sensing system can produce
reliable position information with high accuracy and
repeatability, and at high pulse output rate. The
following results were achieved during preliminary
testing:

Resolution output 250 micron
Tooth track pitch 4 mm
Repeatability error > 50 micron

Fig. 9 Output from the interpolation decoder

This kind of accuracy is already very useful phase
commutation and motion control of the linear
variable reluctance motor.

Figure 9 shows the output pulse waveform from
the position sensing system. This type of standard
pulse train can be readily interfaced to the optical
encoder input of a standard motion controller.

Conclusion

In this paper, a new method of sensing position
from the tooth track of a linear variable reluctance
motor is proposed. The method exploits the
advantage of the open tooth track of the linear
variable reluctance motor, and proposes to use
sensing coils to measure the position through
inductance variation. A phase lock loop circuit is
employed to extract the position information, and a
novel yet simple interpolation method is used to
increase the resolution of the tooth track 16 times.
The proposed method has been implemented on a
linear variable reluctance motor with a tooth pitch of
4mm. Preliminary results show that the position
sensing system can output accurate and reliable
position readings; and this information is useful for
both commutation and motion control of the linear
motor.
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