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A Novel Low-Cost Noncontact
Resistive Potentiometric Sensor for
the Measurement of Low Speeds

Xiujun Li and Gerard C. M. MeijerMember, IEEE

Abstract—A novel low-cost sensor system for the measurement Rg
of low angular or linear speed is presented. The sensing element
consists of a noncontact resistive potentiometer. The applied slid- . .
ing electrode does not make mechanical contact with the resistive I -
layer. The processing circuit consists of a very linear oscillator " —— Cotr

which converts the position quantity to a period-modulated sig- e Cint v
nal. This signal can be directly read out by a microcontroller. Res A—I> © | Voo
%

A novel algorithm is presented which can eliminate or strongly .
reduce the influence of the many nonidealities, and which results Ry R +
Integrator C

in a short measurement time. The resolution of the low-cost : —
angular speed sensor system is about & 10~ r/min in a Non-Contact Vo2
measurement time of only 80 ms. The angular range is limited Resistive Mo o
by the potentiometer geometry and the finite size of the sliding ~ Feentiometer owillator

electrode, and typically amounts to about 270. The sensor system
also indicates the moving direction. Fig. 1. The principle of the novel noncontact resistive potentiometric sensor.

omparator Inverter

Index Terms—Low-speed measurement, noncontact resistive
potentiometer, potentiometric sensor, relaxation oscillator. measurement time. By using a novel algorithm, the problems
of measuring nonconstant physical quantities are solved. It is
shown that the influences of the many nonidealities of the mea-

) - ) surement system are also eliminated or reduced. Meanwhile,
EED is one of the quantities to be measured in Mamyes direction of movement can be indicated.
pplications, such as those with robots, rubber mills, and

paper mills. Many digital methods for the measurement of

speed have been presented [1]-[4]. These methods are very

suitable for the measurement of speed within a range of Il. SENSOR PRINCIPLE

10-10000 r/min. However, for the measurement of low speed,gig 1 shows the basic principle of the noncontact potentio-
for instance lower than 1 r/min, these methods requiré Beyic speed sensor system. It mainly consists of a noncontact
relatively long measurement time because at Iea;t one risfadicive potentiometer [6], [7] and an oscillator which is
edge of the pulse signal from the speed-sensing elem@cripeq in [8] and [9], and which is called the modified

should be detected during a measurement time. A SIMRlE iy oscillator, referring to an oscillator designed earlier by
alternative and relatively faster method for the measuremgik, rtin [10]

of very low speed can be obtained by using a potentiometerry, gansing element for low speed is a modified resistive
for the sensing element [_5]‘ Using this method, an accura¥tentiometer with a sliding contact which is not directly
of 0.8 % has been obtained for a speed of 1 r/min in & contact with the resistive layer of the potentiometer [6].
measurement time of 200 ms. However, since the sliding oqsists mainly of two parts: a moving electrode and a
contact is directly in contact with the resistive element %sistive layer. A coupling capacitaf, is formed between
the potentiometer, the long-term stability is bad and thefgs gjiging electrode and the resistive layer. The sum of the
IS a hyste_re5|s when the speed (absolute value and movll_ggistanced%l and R, is the resistancdiss of the resistive
direction) is changeq. _These drayvbacks can -be OVercome Wia Although the sliding electrode has a finite size, with
the noncontact resistive potentiometer, which was recenflys,qt 1 its position, it can be considered as a point contact
descrlped for position Sensors [6], [7]. . _in the average position. The movement of the sliding electrode
In this paper, we describe the use of the noncontact resistVe its in the change of the currehjtthrough capacitance,.
potentiometer for the measurement of low speed in a short-l-he currentl, which carries the'information of the speéd to
be measured can be converted into period-modulated signals

I. INTRODUCTION
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b Vi « the large sampling noise, especially in the case of a very
Stope=(lordo/Cun__ short measuring time.
\ . o time These drawbacks can be overcome by measuring many full

i » < - periods of the output signal of the oscillator. We are supposing

(ohw o) |

Cin (C" R, "G i .k T T / intervals for N full periods of the oscillator, respectively,
where

Fig. 2. TheV;, waveform of the oscillator. 2N

T, = Z T; (8)
Fig. 2 shows the waveform of the voltagé, at the inte- ”ziN
grator output of the oscillator for the case in which the sliding Ty — Z T )
electrode of the sensing element is moving. 22 i
According to the principle of the oscillator [8]—[10], two ) ] )
adjacent charge and discharge time interv&sand 7} After some calculations using (1)—(6), (8), and (9), it can be

" that 77; and 73, represent two adjacent measurement time

1=2N+1

T VsC, N
v.(c. Ry(t) + O I <1 _ IS5 anv> . (10)
T, = Rss (1) Iy IoL.
f I — i, From (10), for the measured average speled over time
V;(Cc ngi—l—l) +Coff> 111 + 159, it is found that
E+1: I S_S/ (2) 0 :IOLe 1_2N& _ Le, 1_2N&
0t VLG V Tho 2RoC. V1)
where V; is the supply voltage and, is a current which is (11)
Caused.b)_/ the Change of the resistance with time. For th%y measuring the two adjacent time intervals fSr full
currenté it holds that periodsTy; and T»,, the speed can be calculated with (11).
) dVr  V,C. dR(t) Meanwhile, the sign of the result of (11) indicates the moving
is = Ce “dt R  dt (3)  direction.

In the case of a linear potentiometer, for the instantaneous M

: . M EASUREMENT METHOD
speedd, it holds that

Equation (11) shows that the measured speed is not only

_ Le  dRu(Y) (4) related to the measured periods but also to the values of

Rss dt devicesRy and C.. By using some additional measurements,

where the coefficient. is the effective length of the linearthis influence can be eliminated. Fig. 3 shows a complete
resistive layer so that (3) can be rewritten as electronic circuit of the low-cost noncontact resistive poten-
V.o tiometric sensor for the measurement of low speed. The signal

iy = — < 9. (5) processor is composed of a modified Martin oscillator [8], [9]

Le and a selector formed by twoaND gates. The selector is used

For a constant speed, the relation between resista@ges) in the four possible output states to provide the alternation of
at momentt; and Ry (t;41) at momentt;; is the terminals of the sensing element and to enable the offset
dR, measurements. The microcontroller controls the selector and

Ri(tiv1) = Ri(t1) + T;. (6) acquires the output data from the oscillator. Table | shows the

dt controlled states for the selector in a complete measurement
From (1)—(6), for the measured spegdver timeT; +1;11, process.
it is found that The states 1-0 fof;; andT5. in the table correspond to the
9= IyL, Ty -1, L. T —T; 2 connection of the noncontact resistive potentiometer as shown
V.o, Tir1  2RoC. ' Tip1 ™ in Fig. 1. As an alternative, the states 0-1 fin and 752

also could be used, but this does not make any difference. In

By measuring two adjacent half periods with (7), the spegfle apie 71, T30, Tt-., and Tog represent, respectively, time
over the time interval’; +7;., can be obtained. Because e ais for v full periods of the oscillator in the different

time interval for one successive measurentditt-7;11) €N giaes of the output signals of thenp gates, where
be relatively short, (7) is also used as an approximation for
_ 2NV,(C. + Con)

the case of slowly changing speed. It can be shown that this T

=ANRy(C. + Cor) (12)

measuring method has some drawbacks due to: Iy
« the error caused by the delay timg of the processing Tor = % = AN RyCop. (13)
circuit, 0

« the serious influence of offset voltage and bias current dhese two periodic signals have the same waveform which
the integrator and comparator, is shown in Fig. 2, but the values of these two periods do
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Fig. 3. A complete electronic circuit for the measurement of low speed. Fig. 4. Some main nonidealities sources in the signal processor.

TABLE | il (it T
THE CONTROLLED STATES FOR THE SELECTOR Slopeischarge=(Eo-is-Tpias)/ Cim Slopecharge=(To-15+Ipias )/ Cine
IN A COMPLETE MEASUREMENT PROCESS Vio z
tq ty t
Time interval to be measured T T> Tee Ty :‘,/tl“ ’ /tHi y A/tl_i+1
Corresponding control states A-B 1-0 1-0 -1 0-0 Ve/2 ’ \ >
v ( Rit) jf time
not change with the speed and the position of the movingG.\ " R, @ * ¥ L >l =/
electrode. The measurement for the time inter@als andT g Ty Ty
determines the value d@tyC.. For the average speét, over Fig. 5. The output voltage of the integrator.
the complete measurement tifdg, = 711 + 752 + T + 1o,
it can be found that _ _ _
Extension of (1) and (2) to include the effects of delay time
_— _2NL. 1— 2N/ Ty . (14) and bias current enables us to find the relative eerersvhich
Tee — Ton I is defined as
From (14), it can be calculated that the measured sgged Dav — Pavo

(15)

is independent of the capacitan€&. This is an important Erel =

property because it means that the measurement is immune to _
the electrode distance and the mechanical tolerances which¥8€re Javo denotes the value of the average speed in the

sult from deviations or nonuniformity of the electrode distancéi€al case. For this relative error, after some straightforward
calculations, it is found that

ﬁavO

IV. THE INFLUENCE OF SYSTEMATIC ERRORS 12

- [T
Erel = ﬁ <1 - T—22> (16)
A. The Influence of Some Nonidealities of the Signal Processor (45— Lijas) =

Fig. 4 shows some main nonidealities of the signal proces-From (16), it can be concluded that the time defayf the
sor, wherel},is, IS the input bias current of the input amplifiefintegrator and the comparator does not affect the measured
(integrator), and/s1 andVos are respectively the input offsetspeed and that the bias currehy,. only causes a second-

voltages of the amplifier and the comparator. The capacitansigler effect. A large value of the currefi§ helps to reduce
C, represents the parasitic capacitance of the input termifiaé influence of the bias curret;,s.

of the integrator and the cable wires. The current sougds

controlled by the output signal of the oscillator. The currefd The |nfluence of the Slew Rate of the Op-amp
i, IS caused by the change of the resistahe as described

by (3). Fig. 6 shows the slewing effect, whefg, is the impedance

If I, is an ideal current source, the offset voltdgg, only ©f the current source. _
causes a dc. level shift of some of the signals without changinrqlee to the slew rate of the op-amp, the duration of the
the period of the oscillator. I, is a current source with a S'EWiNgZs; for the output of the integrator is
finite impedance, the offset voltagégs; causes an additional Vi Coi Vi
influence which is similar to that of the bias curreht,.. Ty = 5.0 5 (17)
The offset voltageV,g» only causes a dc level shift of some R me PR
of the signals without changing the period of the oscillatowhere Sg is the slew rate of the op-amp. During slewing,
The influences of the bias curretit;,s which includes the the input voltage at the inverting input will be nonzero which
contribution of the offsef/,1;, and the time delay, of the reduces the curredt by a linear amount when the impedance
integrator and the comparator are now discussed. Fig. 5 shafshe current source is finite. This results in the changes of the
the output signals of the oscillator. periods of the oscillator. After some calculations, the relative
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Fig. 7. The parasitic capacitors of the sensor.
Fig. 6. The effect of the slewing.

D. The Influence of the Parasitic Capacitance
error due to the slewing effect of the op-amp is found

[
Erel —

C. The Influence of the Finite Bandwidth of the Op-amp

The parasitic capacitors of the sensor are shown in Fig. 7.
v, The effect of the parasitic capacitér, on the measured
speed has been shown in (18). On the other hahdaffects
25rRoCint (Cot + Cint + C, . ) - A
~EoCin (Cort + Gt + C) the periods of the oscillator due to the limited bandwidth of
3C, T -
[ on/L11 +20.4 +C|. (18) the op-amp, sa’, also affgcts the _measured seeed by (20).
2N Tyo The effects of the parasitic capacitof,; and C},;, which
include the cable capacitances, can be ignored. The parasitic
Equation (18) shows that for a small slewing effect, the sle@apacitance€’,, andC,, are also composed of two parts: the
rate Sz of the op-amp and the integration capacitardgg, parasitic capacitances between the sliding electrode and the
should be as large as possible. A large parasitic capacitat@gninals of the resistive layer, and the parasitic capacitances
C, also reduces the slewing effect. But this will affect th@etween the outputs of the selector and the inverting input of
period of the oscillator. A very large impedance of the curretite integrator in the measuring circuit.
source will also reduce the slewing effect of the op-amp. ~ The capacitance€’;; and C,, cause an influence on the
measured speed via thi§-. — Togr) in (14) only. When this
effect is taken into account, then for the measured spged
i ] ] ] it is found that
The input impedance of the integrator (Fig. 4) amounts to
Cpo +C 2NL, 1
1 ﬁavz<1+ 2 ”2> — 12 ).
Ry, = (19) Ce Tee — Tom 15
wlCim (21)
. . . Equation (21) shows that the measured speed is related to the
where wy is the unity-gain frequency of the op-amp. In . . .
. . ; 4 . . capacitance”. due to the effect of the parasitic capacitances.
this case, the input impedanc®&;, is a resistor with " . .
. . : Therefore, the parasitic capacitanaggs and C7, should be
frequency-independent magnitude. Because of this nonzero- . P
. . ) . ag low as possible.
input impedance, the periods of the oscillator are changed.
This causes a relative error, which in fact is due to the finite

bandwidth of the op-amp, which equals V. LIMITATIONS OF THE MEASUREMENT RANGE
. o 1 an 111 (20) A. Resolution and Minimum Measurable Speed
Erel = — - el I . .
: wiCimi Vs Tz The resolution and minimum measurable speed of the

system are mainly determined by the noise of the system. The
Equation (20) shows that for a small bandwidth effechoise mainly originates from the oscillator and the quantized

the unity-gain frequencyw; of the op-amp, the integration measurement of the period with a microcontroller (sampling
capacitance&’;,;, and the voltage supply, should be as large noise). In the cases when the sliding electrode of the sensing
as possible, and the currefit should be as small as possibleelement is fixed (speed = 0) for the standard deviation
But for a smalll, other nonidealities, such as the influence,, of the noise in the speed measurement, it holds that [11]
of the bias current, will be increased. Therefore, the optim@ee (22), shown at the bottom of the page) whgres the
value ofl, is a compromise between the various nonidealitiebandwidth of the op-ampy., is the equivalent input noise

()

s 22
p Trn - TCC - TOH (Oc + COH)2 V2N 3(Trn - TCC - TOH)2 ( )

5

oL, \/ C, 2/rCucViy | 22
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Fig. 8. The physical structure of the noncontact resistive potentiometer. = 0.0001

The measurement time (ms)

(V/Hz/?) of the op-amp and, is the sampling period of the

microcontroller Fig. 9. The measured noise of the angular-speed sensor at the different mea-

surement times: The results of the measurements performed under identical
conditions in a fixed position of the sliding electrode.

B. The Maximum Measurable Speed
Generally, the maximum measurable speed is mainly limited 50 —

by the frequencyf,. of the oscillator. The time required for - 4s
one successive measurement is always longer tha#/the., E 40
so the maximum measurable speed is %/ 35 + }\,}, I-I-1-1 S
30
ngax S Le/Trn- (23) ?‘-) 25 €
Example: For an angular-speed sensor with an angular ® 20 +
length 0f270° (37 /4), whenT},, = 80 ms,T,,, — Tee — Tog = 2 15|
50 ms, U, = 2.2 pF ando,, = 0.08 r/min (experimental g 10 }*{**Iff}m—lfiw%I
value), the measurable range of the sensor amounts to: 0.0& 5
r/min < 9,, < 562 r/min. F ol L E—
1 10 100 1000 10000
VI. EXPERIMENT RESULTS The measurement time (ms)

Th? prototype presented in [6], [7] for th(_':‘ angular-positiopy 109, Measurement results for two constant speeds: showing the measured
sensing system has been used for sensing angular spes@eds and errors as function of the measurement times.
It consists of a noncontact resistive potentiometer, a signal-
processing circuit and a microcontroller of the type INTEL

D87C51FB. The signal-processing circuit uses a modifié{:ﬁmn atthe dlffer_ent_measurement t!mes.The meas“remer.“ re-
; . . . ... sults are shown in Fig. 10. Meanwhile, the standard deviations
Martin oscillator [6], [8] which has been implemented with

. of these speed measurements are shown. It is concluded that
a simple d“?' op-amp (TLC.272AC) gnd.two CMO&nD the standard deviation for a short measurement time is mainly
gates according to the circuit shown in Fig. 3.

. . originated from the sampling noise of the microcontroller, the
The structure of the noncontact resistive potentiometer 15 L . . )
S : . . standard deviation for a relatively long measurement time is

shown in Fig. 8. In this sensing element, the potentiometric_. - : . .

. . - mainly originated from the mechanical noise of the sensing
resistanceRss is about 100 K. The sliding electrode was .

. . L egement and the inaccuracy of the speed source.

made using printed circuit-board technology and has an €
fective area of 61 mi The distance between the sliding
electrode and the resistive layer is about 0.2 mm which results
in an equivalent capacitan@g. of about 2.2 pF. To reduce A novel low-cost noncontact resistive potentiometric sensor
the influence of the parasitic capacitors and of electromagneiic the measurement of low speed has been presented. The
interference, the sliding electrode is surrounded by a guardisgstem can be realized using low-cost components. The perfor-
electrode, while shielded wires are used. mance of the system is insensitive to the main nonidealities of

The measuring system is powered by a single 5 V sufiie electronic components. The mechanical part of the sensing
ply voltage. The frequencyl/7,s) of the oscillator during element consists of a circular or linear potentiometer where
the offset measurement is about 7.0 kHz. During the othire sliding electrode is capacitively coupled to the resistive
measurement phases, the oscillator frequency is in the rafeger. By applying an improved algorithm, the low speed
of about 3.3-7.0 kHz. For the different measurement timesan be measured with a relatively high resolution in a short
the measured noise of the angular-speed sensor, includingasurement time. A prototype of the system has been built
the noise of the signal processor, the sampling noise of thed tested. The resolution of the system is mainly limited by
microcontroller, and the noise of the sensing element, is shott'e sampling noise and the mechanical noise of the sensing
in Fig. 9. element. As compared to existing speed sensors, the main

The implemented angular-speed sensor was employedativantages of this novel low-speed sensor are its simplicity,
measure two constant rotating speeds of about 9.5 and 3% cost, and the low speed that can be measured with a

VIl. CONCLUSIONS
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relatively high resolution in a short measurement time. T
angular range typically amounts to about 27&nhd is limited
by the potentiometer geometry and the finite size of the slidi

Xiujun Li was born in Tianjin, China, on February
19, 1963. He received the B.Sc. degree in physics
and the M.Sc. degree in electrical engineering from
Nankai University, Tianjin, China in 1983 and 1986,

electrode. respectively. In 1997, he received the Ph.D. degree
in electrical engineering from Delft University of
REFERENCES Technology, Delft, The Netherlands.
In 1996, he was an Assistant Researcher at the
[1] R. Bonert, “Design of a high performance digital tachometer with Department of Electrical Engineering, Delft Uni-

(2]

(3]

(4]

(5]

(6]
(7]

(8]
(9]
[10]

(11]

microcontroller,”IEEE Trans. Instrum. Measvol. 38, pp. 1104-1108, = —  versity of Technology, where he was involved in
Dec. 1989. research and the development of smart capacitive

Y. Ameari and I. Masuda, “Velocity sense detection based on the spatR@nsors and low-cost interfaces for smart sensors. Since May 1997, he has
filter method,”IEEE Trans. Instrum. Measvol. 39, pp. 649-652, Aug. Worked for SMARTEC B.V. on the smart temperature sensor and smart sensor
1990. interface in part time. In 1997, he co-founded the company, G. Wang, where
C. D. diCenzo, B. Szabados, and N. K. Sinha, “Digital measuremefi¢ is @ Consultant in the field of sensor systems. His research interests are
of angular velocity for instrumentation and controlEEE Trans. Ind. Smart sensors, smart sensor system and smart signal processing.

Electron. Contr. Instrum.vol. IECI-23, pp. 83-86, Feb. 1976.

M. Prokin, “DMA transfer method for wide-range speed and frequency

measurement,lEEE Trans. Instrum. Measvol. 42, pp. 842-846, Aug.
1993.

W. Ahmad and M. Ahmad, “A potentiometric transducer for th
measurement of very low speeddPEE Trans. Instrum. Measvol.
IM-34, pp. 470-471, Sept. 1985. 4
X. Li and G. C. M. Meijer, “A novel smart resistive-capacitive position| =
sensor,”|IEEE Trans. Instrum. Meagsvol. 44, pp. 768-770, June 1995. |
X. Li, “Low-cost smart capacitive sensors for position and spee
measurement,” Ph.D. dissertation, Dept. Elect. Eng., Delft Univ.
Technology, Delft, The Netherlands, May, 1997.

F. N. Toth and G. C. M. Meijer, “A low-cost, smart capacitive positio A 4
sensor,EEE Trans. Instrum. Measvol. 41, pp. 1041-1044, Dec. 1992. and teaching on analog IC’s. In 1984 and during

J. van Drecht, “Relaxatie oscillator,” Patent 9 101 076, The Netherlands, 1985-1987, he was involved in the development of
Jan. 1992. industrial level gauges and temperature transducers. In 1996, he was one of
K. Martin, “A voltage-controlled switch-capacitor relaxation oscillator,”the founders of the company Sensart, where he is a Consultant in the field
IEEE J. Solid-State Circuifsvol. SC-16, pp. 412-414, 1981. of sensor systems.

F. M. L. van der Goes, “Low-cost smart sensor interfacing,” Ph.D. Dr. Meijer is a member of the Netherlands Society for Radio and Elec-
dissertation, Delft Univ. Technology, Delft, The Netherlands, 1996. tronics.

Gerard C. M. Meijer (M’'94) was born in Wa-
teringen, The Netherlands, on June 28, 1945. He
received the ingenieurs (M.S.) and Ph.D. degrees
in electrical engineering from the Delft University

s of Technology, Delft, The Netherlands, in 1972 and

< 4 1982, respectively.

; ¥ Since 1972, he has been part of the Laboratory of
Electronics, Delft University of Technology, where
he is an Associate Professor, engaged in research




