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Abstract — Sinusoidal encoders, including Hall effect sensors,
are position sensors that provide analog sine and cosine signals
of angular position. All schemes used for converting these
signals into measure of the angle require either trigonometric
or inverse trigonometric function implementation. The
proposed converter is based on the use of the alternating
pseudo-linear segments of the sensor signals together with a
simple and effective linearization technique. The theoretical
absolute error of non-linearity of the converter is 0.05 degree
over the full 360 degree range. The converter may be
implemented numerically or electronically. The paper
describes the proposed method, full details of its analog
implementation, and experimental results obtained with a Hall
effect sensor. Results demonstrate agreement between theory
and experimental results.
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. INTRODUCTION

Rotational speed and position measurement and control
is often required in various applications in industry,
military, avionics, communication and other fields.
Sinusoidal encoders whether operating on optical,
inductive, Hall effect or magnetoelectric principles produce
quadrature electrical signals in which the unknown angle is
encoded [1]-[10]. In practice, it is common to observe phase
and amplitude imbalances in the sensor signals; therefore
the sensor outputs may be written as:

US (9) = AXSin (9) (l)
U, (8) = A(l+0a)xcos (6 +B)

where A is the maximum amplitude of the sinusoidal
component of Us(0), 6 is the shaft angle of the rotor of the
sensor, and o and B are amplitude and phase imbalances
respectively. Note that some sensors may produce signals
with dc offset components; however, these may easily be
removed before further processing. Amplitude and phase
balancing may be achieved in a number of ways [11]-[14]. In
this work, we propose balancing by generating a perfect
cosine signal, from Ug(®) and Uc(0), with the same
amplitude as the sine signal,
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U, (6) =U,(6) = Axsin (0)

Uc(6)
1+ a)cosp

@

U.(0) = +tanBxU (0) = Axcos (0)

The resolver requires a suitable converter in order to
determine 0 from its signals (2); many open loop and closed
loop conversion schemes have been described in literature.
Some open loop converters based on the linearization of the
pseudo-linear segments of sinusoidal signals have been
described [10][15]-[22]. Ratiometric techniques based on
arctangent method are also used in open loop converters
[23]-[26]; these require the use of look up tables or
linearization techniques. Other open loop converters based
on the use of reference ac signals and time measurement
techniques have also been described [8][9][27]-[29]. Closed
loop converters employ the phase-locked loop (PLL)
technique [30]-[37].

In the present work, we present an open-loop amplitude-
to-phase converter that uses a simple arcsine synthesis
technique which can be easily implemented with few
standard electronic components. The remainder of the paper
is organized as follows. In Section Il, the principle and
theory of operation of the proposed converter, including a
novel linearization technique, are described in details. A
dedicated signal shaping technique used for implementing
the converter is also described. In Section Ill, the practical
implementation of the converter and experimental results
are described. Section 1V concludes the paper.

Il.  PROPOSED CONVERTER

The basic principle of the proposed converter (Figure 1)
is based on making use of the alternating pseudo-linear
segments of the sensors signals (2) in order to produce a
signal Uy(8) which is almost proportional to the unknown
angle 6 in each of its four quadrants (Figure 2), as has been
reported in previous works [5]-[19]. The four quadrants are
identifiable using two binary outputs whose states depend
on the signs of the sum and difference of the transducer
signals (i.e., LOW state for negative and HIGH state for
positive values):
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Bit1(0) = sign(U,(6) +U.. (6)) 3

Bit0(0) = Bit1(6) @ sign(U, (6) - U (6))
The signal Bit0(0) is used to control the multiplexer that

selects the pseudo-linear segments of the sensor signal to
produce Uy(0),

U, (0) = (Bito(8) xU . (6) )+ ( Bito(®) xUs (6)) 4)
The sign of Ug(®) - Ucg(®) is used together with a
synchronous rectifier to generate a rectified signal Ugr(0), a
sawtooth-like waveform made up of four identical and
positive-slope sections as shown in Figure 1 and Figure 2.
The signal Ugr(0) requires further linearization in order to
obtain a piecewise linear output Ugr (0). The angle may be
determined from the linearize signal Vor.(0) using a simple
linear equation within each quadrant of input angle with
minimal non-linearity error. Within the full 360 degree
range, the computed angle noted 6c (in degree) is
determined from:

0, =45 x|(V2/A)x U,y (6) + 2 x Bit0(0) + 4 x Bit1(6)| (5)

Note that in the range 315 to 360 degree, the angle
determined using (5) is negative (i.e., measured clockwise).
Evidently, the residual error (0¢-0) depends on the quality of
linearization scheme. Previous works have presented
various linearization methods with different degrees of
complexity and precision [10][15]-[22]. These schemes that
uses multipliers/dividers add complexity and cost,
particularly, in analog implementation. In this work, the
proposed linearization method is based on signal shaping
techniques.

Signal shaping networks are usually associated with
trigonometric and inverse trigonometric function synthesis.
In this application, the pseudo-linear segments of Vyr(0)
belong to sinusoidal signals. Hence, linearization requires
arcsine function synthesis, or in other words sine-to-triangle
conversion. It is well known that signal shaping can be
implemented using well established piece-wise linear
approximation techniques involving diodes and/or transistors
[38]-[40]. Other techniques based on differential pairs of
transistors offer attractive and simpler solutions that closely
approximate sine function [41]-[47]. In the present
application, a signal converter based on the non-linear I-V
characteristics of the base-emitter junction of low power
bipolar junction transistors. The circuit diagram of the
proposed linearization scheme is shown in Figure 4. This is a
translinear sine-triangle converter inspired from the triangle-
sine scheme presented in [47].
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Figure 2. Converter signals: input signals Us(0) and Uc(0), non-linearized
signals Uo(0) and Ugr(0) and binary outputs Bit0(0) and Bit1(6).

The following analysis assumes that the transistors in the
scheme of Figure 4 are matched. Because of symmetry, the
current source of magnitude 21 ensures that the individual
bias currents | in the two trans-diodes are equal. The
sinusoidal segments of the rectified voltage Uor(0) applied
to the linearization circuit result in a current i= Ug(0)/R.
Note that this current should always be lower than I; the
maximum value should correspond to the maximum
amplitude A of the sinewaves from which the segments of
Ugr(0) are extracted and therefore ina= A/R=I. By invoking
the Shockley equation for the base-emitter junctions of the
transistors, we can write:

R,

Uge :_[1+ R jX[Z(Rlll RZ)i+VBEl _VBEZ]

(6)

1

o Ry (1, Re)y [ LU lOR)

R R, 1-Uy /(IR)
where V7 is the thermal voltage (*26mV at room
temperature). The Maclaurin series expansion of (6) yields:

2R R, |, <& U /(IR)*™
U, =—22y  _2l14+-2 oA 7
ORL R O0R [ Rl}/Tg 2n+1 ( )

5V {Rz.+[1+&M2[1+&H1(Uﬂf+E[Uﬂjl..}
(RI) R, R ) |3 RI ) 5\RI
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The objective is to convert the sinusoidal signal Ugr(6) into
a sinusoidal current which is in turn converted into a
triangular output voltage Uory(0); therefore:

Upr. =K, XarCSin(UOR /(RI )):_Kli%

o [Yer ), LYY, 3 (Vs ),
IURE ) BLRI 40 RI

By comparing (7) and (8), and considering the first three
terms of the expansions, we can deduce the conditions for a
successful conversion:

[1+|;2}/T +R,I =K, /2
' ©)
Uorirmax = K/ 4

K1/6=2[1+R2}/T 13 or 3K1/4O:2[1+R2)\/T /5
R R,

Note that the maximum amplitude of Ugr (8) occurs at the
peak of Ugg(0) which is equal to 27A; therefore
UorLma=Kixarcsin(2”A/(R1))= K./4. If we keep K within
the boundaries defined by the last condition of (9):

Ue (RI™™ (8)

41+R, /RN, <K, <80(R,/R W, /15 (10)

Straightforward analysis shows that when considering (10),
the two conditions in (9) may be re-written as:

v, 25V.
T <R/R, <=1

T (11)
mﬂ_lg&gm_l

20mV; R, Vg

Assuming operation at room temperature (Vy=26mV), a
current 1= 0.25 mA, sensor signals amplitude A=10V, and
choosing a peak output voltage Uorimax=10V, simple
analysis yields:

{1049 <R, /IR, <1730 12

90<R,/R, <126

Since A=RIl, the required wvalue for R=
10V/0.25mA=40kQ. Simulation of Uy (0) according to (6)
suggest that with R=40.04kQ, R;=130Q and R,=14130Q ,
the residual error in the determination of 6 using (5) is
within +0.048° in the full 360° range as shown in Figure 3.
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Figure 3. Simulation of the performance of the proposed linearization

scheme. Ugri(0) is computed according to approximation in (6) with
A=10V, 1=0.25mA, R=40.04kQ, R;=130Q, R,=14130Q, and V:=26mV.

Note that (i) the inversion of Ugr(0) with respect to
Uopr(0) is due to the inverting configuration of the
operational amplifier, and (ii) the amplitude A of the sensor
signals is assumed to be 20Vpp and therefore Ugr(0) is
20/2" Vpp. It is important to note that the operating
temperature usually affects signal shaping schemes; this can
be seen in (6) through the thermal voltage term. However,
some degree of temperature compensation is achieved in the
present scheme by selecting a suitable current source
element with appropriate positive temperature coefficient.

It is important to note that since the proposed scheme is
open loop, the bandwidth is only limited by the dynamics of
the components used, mainly the operational amplifiers and
analog switches. In all cases, the bandwidth should be much
higher than what is required in practical positioning
applications: e.g., for a maximum rotational speed of
24000rpm (i.e., considered to be wvery high for real
applications), the corresponding frequency would be
24000/60=400Hz only which does not pose any problem
even for standard components.

1. EXPERIMENT

The practical converter is a straightforward
implementation of the scheme of Figure 1 using few
standard electronic components. Figure 4 depicts the
detailed circuit diagram. Matched dual NPN transistors
(MATO01) and adjustable current sources (LM334) have
been used in the implementation of the linearizer. The offset
cancellation, amplification, amplitude equalization and
phase correction of the encoder output signals are not
shown. The amplitudes of the converter’s input signals
Uc(0) and Ug(0) are 20Vpp, and the linearized output is
20Vpp.

The encoder used in the present work is a Hall effect
sensor (model HSCB22). This sensor produces two
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quadrature sine and cosine signals with a nominal peak-to-
peak amplitude of 4V and an offset of 2.5V. Appropriate
analog signal conditioning is applied to the sensor signals in
order to (i) remove the offset, (ii) correct the phase between
its signals using (2) and (iii) adjust their amplitudes to
20Vpp. The sensor was driven with a dc motor through a
100:1 reduction gear.

Uc (8)

Us (8)

=0.25mA (LM334)
10k Q1, Q2 MATO1

:5 D:kj? Bity(6) R=40.04 kQ; R =1300; Rp=14.13kQ2

OAl1, OA2: LF412
Figure 4. Basic implementation of the proposed open loop converter.

Figure 5 depicts the amplified sensor signals (1) together
with the balanced signals (2); the offset in the sensor
signals has been removed in the amplification stage
generating (1) and the sensor was driven at 37rpm. Figure 6
shows plots of Us(0) versus Uc(0) and Us(0) versus Uc(0),
and illustrates the effectiveness of phase and amplitude
equalization.

Figure 5. Unbalanced (upper) and balanced (lower) sensor signals at
37rpm.

Figure 6. Sine versus cosine sensor signals before (left) and after (right)
balancing.
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Figure 7 shows the converter input signals Ug(0) and
Uc(0), the signal Uy(0) obtained from the multiplexer, the
rectified signal Ugr(0) and the linearized analog output
UorL(0) and binary outputs Bit0(0) and Bit1(0); the sensor
was driven at a fixed rotational speed of 37 rpm. Figure 8.
shows the converter signals by driving the sensor at the
maximum rotational 240rpm; this is the maximum rotational
speed that the setup allowed. It is clear, however, that
because of its open loop nature, the converter should work
at much higher speeds.

The characterization of the converter is shown in Figure
9 where the sensor was mounted on a miniature rotary table
(model A5990TS with an integral 90:1 gear ratio and 100
arc-second accuracy) that enabled precise control of the
angle 0.

UORL(e)

Figure 7. Converter signals at 37rpm.
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Figure 9. Characterization of the converter by controlling 0 using a
precision miniature rotary table.

The overall error in the determination of the angle 8¢
from the converter signals was lower than 0.09° in the range
0 to 180° of input angle; this compares well with the
theoretical error estimated above in Figure 3. Despite the
simplicity and low cost of the proposed scheme, its error
compares well with those of other more complex closed
loop and open loop schemes reported in literature, e.g.,
0.01°in [15], 0.10° in [17], 0.04° in [20], 0.18° in [37].

V. CONCLUSIONS

In this paper, low-cost and simple-to-implement open-
loop method for amplitude-to-phase conversion was
proposed for use with sinusoidal Hall effect sensors. The
conversion was based on a simple and effective linearization
technique, full theory of which was given. The theoretical
error of non-linearity of the converter is below 0.05°. The
scheme was implemented using standard electronic
components and was experimentally tested. The results have
been excellent and showed that the proposed scheme can be
used to measure angles in the full 360° range with an overall
error lower than 0.09°.

Copyright (c) IARIA, 2015. ISBN: 978-1-61208-426-8

REFERENCES

[1] N.H. Duc, B.D. Tu, N.T. Ngoc, V.D. Lap, and D.T.H. Giang,
“Metglas/PZT-Magnetoelectric 2-D Geomagnetic Device for
Computing Precise Angular Position,” IEEE Transactions on
Magnetics, vol.49, no. 8, 2013, pp. 4839 — 4842.

[2] D. T. Huong Giang, P. A. Duc, N. T. Ngo, N. T. Hien, and N.
H. Duc. “Spatial angular positioning device with three-
dimensional magnetoelectric sensors ,” Rev. Sci. Instrum.
Vol. 83 (095006), 2012, doi: 10.1063/1.4752763.

[3] Y. Netzer, “Linear electric encoder with facing transmitter
and receiver,” US Patent US2004/02525032A1, Dec. 16,
2004

[4] P. Kejik, S. Reymond, and R. S. Popovic, “Purely CMOS
angular position sensor based on a new hall microchip,” in
Proc. IEEE Ind. Electron., Orlando, FL, Nov. 10-13, 2008,
pp. 1777-1781.

[5] P. Kejik, S. Reymond, and R. S. Popovic, “Circular hall
transducer for angular position sensing,” in Proc. Transducers
Eurosensors XXI Conf., Lyon, France, Jun. 10-14, 2007, pp.
2593-2596.

[6] K. Bienczyk, “Angle measurement using a miniature hall
effect position sensor,” in Proc. IEEE Electrodyn. Mechatron.,
Opole, Poland, May 19-21, 2009, pp. 21-22.

[71 D. Wang, J. Brown, T. Hazelton, and J. Daughton, “360°
angle sensor using spin valve materials with SAF structure,”
IEEE Trans. Magn., vol. 41, no. 10, Oct. 2005, pp.3702-3705.

[8] C. S. Anoop and B. George, “Electronic Scheme for
Computing Inverse-Cosine and its Application to a GMR
Based Angle Sensor,” IEEE Trans. Instrum. Meas., vol. 61,
no. 7, July 2012, pp. 1991-1999.

[9] C.S. Anoop, B. George, and J. Kumar V, “Tunneling
Magneto-Resistor based Angle Transducer,” in Proc. Fifth
International Conf. on Sensing Technology (ICST),
Palmerston North, NewZeeland, Nov. 28 - Dec. 1, 2011, pp.
431-435.

[10] G. Ye, etal, “Design of a precise and robust linearized
converter for optical encoders using a ratiometric technique,”
Meas. Sci. Technol., vol. 25, 2014, pp. 125003-125011.

[11] D. C. Hanselman, “Techniques for Improving Resolver-to-
Digital Conversion Accuracy,” IEEE Trans. Ind. Electron.,
Vol. 38, no. 6, Dec. 1991, pp. 501-504.

[12] A. Binte and S. Beineke, High-performance speed
measurement by suppression of systematic resolver and
encoder errors, IEEE Trans. Ind. Electron.51, 2004, pp. 49-53.

[13] J. Zhang and Z. Wu, “Automatic calibration of resolver
signals via state observers,” Meas. Sci. Technol. Vol. 25, no.
9, 2014, doi: 10.1088/0957-0233/25/9/095008

[14] S. Balemi, “Automatic Calibration Of Sinusoidal Encoder

Signals”, Proceedings of IFAC World Congress, Prague, Jul.
2005, doi: 10.3182/20050703-6-CZ-1902.01190

[15] M. Benammar, L. Ben-Brahim, and M. A. Alhamadi, “A high
precision resolver-to-DC converter,” IEEE Trans. Instrum.
Meas., vol. 54, no. 6, Dec. 2005, pp. 2289-2296.

[16] M. Benammar, L. Ben-Brahim, and Mohd A. Alhamadi, “ A
Novel Resolver-to-360 Degree Linearized Converter” IEEE
Sensors J., vol.4, no. 1, 2004, pp. 96-101.

[17] M. Benammar, “A novel amplitude-to-phase converter for
sine/cosine position transducers,” Int. J. of Electronics, vol.
94, 2007, pp. 353-365.

[18] M. Benammar, M. Bagher, and M. Al Kaisi, “Digitally-tuned
resolver converter,” Procedia Chemistry, vol. 1, 2009, pp. 449
— 452,

[19] D. Zivanovié, J. Lukié, and D. Deni¢, “A Novel Linearization
Method of Sin/Cos Sensor Signals Used for Angular Position

17



SENSORDEVICES 2015 : The Sixth International Conference on Sensor Device Technologies and Applications

Determination,” J. Electr. Eng. Technol., vol. 9, no. 4, 2014,
pp. 1437-1445.

[20] M. Benammar, L. Ben-Brahim, M. A. Alhamadi, and M. Al-
Naemi, “A novel method for estimating the angle from analog
co-sinusoidal quadrature signals”, Sensors and Actuators-A,
vol. 142, March 2008, pp. 225-231.

[21] V. Riewruja and A. Kaewpoonsuk, “OTA-based sine-to-
triangular wave converter,” Circuits Systems Signal
Processing, vol 25, 2006, pp.753-765.

[22] A. Kaewpoonsuk, W. Petchmaneelumka, A. Rerkratn, S.
Tammaruckwattana, and V. Riewruja, “A novel resolver-to-
DC converter based on OTA-based inverse-sine function
circuit,” in Proc. SICE Annual Conf.,, Japan, 20-22 Aug,
2008, pp. 609 — 614.

[23] M. Benammar, M. Bagher, and M. Al Kaisi, “Novel
Linearizer for Tangent/Cotangent Converter,” in Proc. The
16th IEEE International Conf. on Electronics, Circuits, and
Systems (ICECS 2009), Hammamet, Tunisia, 13-16 Dec.,
2009, pp. 575-578.

[24] S. C. M. Reddy and K. N. Raju, “Inverse Tangent Based
Resolver to Digital Converter - A Software Approach,” Int. J.
Adv. Eng. and Tech., vol. 4, no. 2, Sept. 2012, pp. 228-235.

[25] A. Attaianese and G. Tomasso, “Position measurement in
industrial drives by means of low-cost resolver-to digital
converter,” IEEE Trans. Instrum.Meas., vol. 56, no. 6, Dec.
2007, pp. 2155-2159.

[26] S. Sarma, V. K. Agrawal, and S. Udupa, “Software-based
resolver-to-digital conversion using a DSP,” IEEE Trans. Ind.
Electron., vol. 55, no. 1, Jan. 2008, pp. 371-379.

[27] L. Ben-Brahim, M. Benammar, and M. A. Alhamadi, “A
resolver angle estimator based on its excitation signal,” IEEE
Trans. Ind. Electron., vol. 56, no. 2, Feb. 2009, pp. 574-580.

[28] L. Ben-Brahim, M. Benammar, M. Alhamadi, N. Alhamadi,
and M. Alhitmi, “A new low cost linear resolver converter,”
IEEE Sensors J., vol. 8, no. 10, Oct. 2008, pp. 1620-1627.

[29] M. Benammar, L. Ben-Brahim, and K. Besbes, “An apparatus
for the determination of the angle from its sine/cosine values,”
UK Patent Application 2471458 (A), Jan. 5, 2011.

[30] J. Bergas-Jané, C. Ferrater-Simén, G. Gross, R. Ramirez-
Pisco, S. Galceran-Arellano, and J. Rull-Duran, “High-
Accuracy All-Digital Resolver-to-Digital Conversion,” IEEE
Trans. Ind. Electron., vol. 59, no. 1, 2012, pp. 326 — 333.

[31] G. A. Woolvet, “Digital transducers,” J. Phys. E, Sci.
Instrum., vol. 15, no. 12, Dec. 1982, pp. 1271-1280.

[32] C.H. Yim, I. J. Ha and M. S. Ko, “A resolver-to-digital
conversion method for fast tracking,” IEEE Trans. Ind.
Electron., vol. 39, no. 5, Oct. 1992, pp. 369-378.

[33] D.A.  Khaburi, “Software-Based  Resolver-to-Digital
Converter for DSP-Based Drives Using an Improved Angle-
Tracking Observer,” IEEE Trans. Instrum. Meas., vol. 61, no.
4, April 2012, pp. 922-929.

[34] N. Noori and D.A. Khaburi, “A new software-based method
for rotor angle calculation,” in Proc. The 5th Power
Electronics, Drive Systems and Technologies Conference
(PEDSTC 2014), Teheran, Iran, 5-6 Feb., 2014, pp. 305-310.

[35] L. Idkhajine, E. Monmasson, M. W. Naouar, A. Prata, and K.
Bouallaga, “Fully Integrated FPGA-Based Controller for
Synchronous Motor Drive,” IEEE Trans. Ind. Electron., vol.
56 , no. 10, Oct. 2009, pp. 4006 — 4017.

[36] L. Ben-Brahim and M. Benammar, "A New PLL Method for
Resolvers,” in Proc. The International Power Electronics
Conference (IPEC2010), Sapporo, Japan, 21-24 June, 2010,
pp. 299-305.

[37] N. Al-Emadi, L. Ben-Brahim, and M. Benammar, “A New

Tracking Technique for Mechanical Angle Measurement,”
Measurement, vol. 54, 2014, pp. 58-64.

Copyright (c) IARIA, 2015. ISBN: 978-1-61208-426-8

[38] C.J. Paull and W.A. Evans, “Waveform shaping techniques
for the design of signal sources,” Radio and Electronic
Engineer, Vol. 44, No. 10, 1974, pp. 523-532.

[39] V. Schiffer and W.A. Evans, “Approximations in sinewave
generation and synthesis,” Radio and Electronic Engineer,
Vol. 48, No. 3, 1978, pp. 113-121.

[40] D. Kubanek, “Diode piecewise-linear function approximation
circuit with current input and output,” 34th International
Conference on Telecommunications and Signal Processing
(TSP 2011), 2011, pp. 284-287.

[41] B. Gilbert, “Circuits for the Precise Synthesis of the Sine
Function,” Electronics Letters, Vol. 13, August 1977, pp. 506-
508.

[42] O. Ishizuka, Z. Tang, and H. Matsumoto, “MOS Sine
Function Generator Using Exponential-Law Technique,”
Electronics Letters, Vol. 27, October 1991, pp. 1937-1939.

[43] WA,  Evans and V. Schiffer, “A low distortion tri-
wave to sine converter,” Radio and Electronic Engineer, Vol.
47, No. 5, 1977, pp. 217 — 224.

[44] C. A. dos Reis Filho, M.P. Pessatti, and J.P.C. Cajueiro,
“Analog triangular-to-sine  converter using lateral-pnp
transistors in analogue pCMOS process,” 9th International
Conference on Electronics, Circuits and Systems, 2002, Vol.
1, 2002, pp. 253 — 256.

[45] H. Hassan, “FET differential amplifier as a tri-wave to
sine converter,” Proceedings of the 36th  Southeastern
Symposium on System Theory, 2004, pp. 427-430.

[46] S. Galecki, “Multiphase sine-shaper circuit,” TEEE Journal
of Solid-State Circuits, Vol. 32, No. 1, pp. 126-129, 1997

[47] R.G. Meyer, W.M.C. Sansen, S. Lui, and S. Peeters, “The
differential pair as a triangle-sine converter,” IEEE Journal of
Solid-state Circuits, VVol. 11, No. 3, 1976, pp. 418-420.

18



