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Design Rules for Robust Capacitive Sensors

Georg BrasseuiSenior Member, IEEE

Abstract—Capacitive technologies play an increasingly impor-
tantrole in the fields of industrial and automotive sensors. The non-
contact working principle, on the one hand, is the main advantage
of this technology; on the other hand, the sensor is thus sensitive
to electromagnetic disturbances. This paper describes methods to
successfully develop capacitive sensors, which can reliably be op-
erated in harsh industrial and automotive environments. A car-
rier frequency system combined with a ratiometric evaluation al-
gorithm and a frequency hopping strategy can guarantee safe op-
eration of capacitive sensors.

Index Terms—Angular rate sensor, automotive and industrial
application, carrier frequency system, electromagnetic compati-
bility (EMC) measures, ratiometric measurement, reliable capaci-
tive sensors.

I. INTRODUCTION

OR MANY years, scientists have worked on the design of

highly reliable capacitive sensors [1]. In recent years, ca-
pacitive sensing has become more and more popular even fol
industrial and automotive environments [2]. One reason is the
availability of small, reliable, robust, and low-cost electronic
components leading to a powerful smart sensor technology. Be-
sides the sensing element, the sensor has to encompass the cot
plete analog and digital signal processing, power supply and
output drivers to communicate with a master unit. It is manda-
tory for capacitive sensing to have electronics directly at the
front-end as the sensing signals are very small and can easily b
disturbed. Usually, the capacitive values to be measured are ir
the pF range and sometimes far below. Reliable and precise ca-
pacitive measurements in the harsh environment thus requir§1. capacitive oil quality, leve, and temperature sensor [3].
ratiometric evaluation algorithm combined with a narrow-band

carrier frequency system. grams (ESP) or in passenger restraint systems to tighten the

Figs. 1 and 2 give examples of capacitive sensors already us@gbty belt and/or to deploy an air bag in the case of an acci-
in mass production. Fig. 1 shows a capacitive oil quality, levgent.
and temperature sensor supplied by Temic [3]. Oil quality is re- The acceleration sensor combines a micromachined, capaci-
lated to the dielectric constant of the oil, measured with a tive sensing element with an integrated signal conditioning cir-
capacitor. A second capacitor measures the oil level. Tempeggit and power conditioning ASIC [see Fig. 2(a) and (c)]. Sensi-
ture and aging effects are compensated by taking the variatigigy, offset and filter characteristics are factory customized via
of the dielectric constant, into account. The oil temperature isg programming interface. To cope with interfering influences,
measured by a Pt-1000 element. The measured values are traieg-stray capacitance and offsets, the acceleratignderived
mitted as pulse-width-modulated signals or other interface stasy means of a ratiometric measurement principle:
dards like SPI, CAN, BSD, LIN, etc., to a control unit. Another
state of the art capacitive sensor, a low-g acceleration sensor [4], a = M (1)
is depicted in Fig. 2. Such accelerometers are widely used—de- C1+4 02
pending on the measurement range—in electronic stability pro-

Il. PROBLEMS ASSOCIATEDWITH CAPACITIVE SENSING
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Fig. 2. Micromachined, capacitive, low-g acceleration sensor [4]. (a) Package, (b) principle of operation, and (c) block scheme of an evallifiion ASI

moisture and dew will come in contact with the sensor. An hemethods reliable capacitive sensors for an industrial environ-
metically sealed housing solves this “contamination problenmient will result.
as with the sensors described above, but not with sensors where
the environment needs direct access to the sensing elementﬁI
like with angular sensors [6]—[8] and torque sensors [9]. Conse-
guently, the transducer can not be hermetically sealed and some&he first step to obtain a robust capacitive sensor is the use of
other provisions have to be made to cope with the “contamina-ratiometric measurement principle. This method copes with
tion problem.” If the sensor housing can not serve as an ent@®all measurement signals and improves signal to noise ratio
electromagnetic shield, electromagnetic compatibility (EMG)s each new sensor output value calculates from differences and
tests at a field strength of up to 200 V/m in a frequency rangatios of a few measurement values [see (1)]. This method is
from 100 kHz up to 2 GHz are most severe during the qualifivell established in science and industry [2], [4]-[8] and thus
cation procedure of an industrial or automotive sensor. needs no further explanation.

The aim of this paper is to present three generally valid mea-To obtain insensitivity to the “contamination problem,” as ex-
surement methods to cope with the “small signal,” with thplained above, a carrier frequency system should be used for the
“contamination,” and with the “EMC” problems. By using thes@nalog part of the sensor electronics. The receiving electronics

T HREE GENERALLY VALID MEASUREMENTMETHODS
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>

> electronics will have a high signal to noise ratio resulting in an
excellent measurement accuracy and resolution.
The detection of interfering signals can be done by calcu-
i lating the standard deviation of consecutively measured capaci-
tance values or by calculating the correlation of the transmitted
to the received signals. Without an interference, the standard de-
l U R viation o of consecutively measured capacitance values stays
1 within certain limits. If an EMC problem occurs the standard
deviationo exceeds the limit and the microcontroller switches
1 the carrier frequency, to f, and vice versa.
A sensor using the posted three principles of operation
. a ratiometric measurement principle;
. a carrier frequency system;
. an algorithm for interference detection combined with
a variable carrier frequency system

was built and evaluated. To make the presentation as simple as
7 possible but still show the benefits of the approach, a prototype
is used with only two possible carrier frequencies. It uses a stan-
dard microcontroller and a discrete carrier frequency electronics
1E5 7 (see Fig. 4) working on the carrier frequencjgs= 14.9 MHz
= and f» = 15.1 MHz, respectively. An advanced design derived
o Z from this prototype was recently introduced to the market as an
— angular rate sensor in an electrically supported power steering
1E7 system (see Fig. 5).
0.1 1 10 100 1000 The following section presents measurements of the proto-
frequency [Mhz] type sensor to show and prove the quoted benefits of a two
(b) channel carrier frequency system in terms of EMC performance.

Cx I I to sensor electronics good EMC performance. A small bandwidihof the receiver

Q
I
i

=)
(39

0.1

1E-3

1E4 —=

frequency response UU,

Fig. 3. (a) Equivalent circuit of the front-end of a carrier frequency system.
(b) Frequency response of the transfer characteristigd’, of the front-end IV. MEASUREMENTRESULTS
resonant circuit [10].

The measurement setup used for the susceptibility tests of the

) o prototype sensor comprises a test rig with a rotatable shaft to
includes a tuned resonant circuit located at the front end (S8&the rotor and a support for the sensor housing. An interfer-

Fig. 3). It provides a low impedance of the receiver resulting ighce voltage is coupled to the electrically conductive shaft and
the demanded insensitivity to leakage currents [10]. thus to the metallic rotor. The frequengy and the level of

To cope with the above mentioned “EMC” problem a newhe disturbing voltage is varied and the impact on the measure-
approach is presented here: The sensor electronics (see Figndiit values taken at the sensor output are plotted and discussed
has the ability to use more than one carrier frequency. The mbstow. In one case frequency hopping is prohibited, and in the
simple design utilizes two frequencig¢s and f» matching the other case allowed. The algorithm used to detect EMC problems
passband of the “high Q bandpass” filter and the bandwidth cdmpares the standard deviationof 50 consecutively taken
the front-end resonant circuit. The carrier frequency differenogeasurement values with the average valué the same data.
Af = |f1 — f2| has to be smaller than the bandwidshof the If a specific ratior = o/ is reached or overtaken the carrier
receiver electronics to guarantee proper operation of the senfr@quency is altered.
Normally, the electronics uses the carrier frequeficfor mea- During the first test the frequency,fp of the disturbing
surement. As long as the evaluation algorithm does not detgottage is varied between 14.7 MHz and 15.3 MHz. The level
disturbances in the received signals, the carrier frequgicy of the interference voltage is set to a value used for EMC
remains unchanged. If an interfering signal produces an EMfalifications in the automotive field (P over 50 Ohm at
problem, the electronics switches to the carrier frequeficy the shaft).
Usually, switching to carrier frequencfs will solve the EMC In case one [see Fig. 6(a)] a “frequency hopping” sensor is
problem, as due to power concerns, an interfering signal will eised and the standard deviatiois plotted versus the disturbing
ther have a rather narrow bandwidth or a low power level. Cofrequencyfp. During the complete test the standard deviation
sequently, the mixing product of carrier and disturbance will be remains below 0.8%.
filtered by the electronics and the measurement algorithm. How-In case two [see Fig. 6(b)], “frequency hopping” is prohibited
ever, a compromise must be found between a rather large Grthe same prototype sensor resulting in an unacceptable devi-
rier frequency differencé\ f and a rather small bandwidth ation of the measurement value at a disturbing frequegpoyf
of the receiver electronics. A large carrier frequency differenegound 15 MHz (pay attention to the different axis scale com-
A f will cope with interfering signals with a large bandwidth fopared to case a).
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Fig. 4. Block diagram of a well-approved signal processing unit of a capacitive angular sensor using a discrete carrier frequency circuitryteiitfalan ex
microcontroller.
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Fig. 7. Standard deviatios with respect to the disturbing voltage level for
a prototype sensor using “frequency hopping” (b to e) and a sensor without
“frequency hopping” (a).

frequencyf; = 15.1 MHz which reduces the standard deviation

o to around 0.1% (e).

Fig. 5. Location of the angular rate sensor versus the shaft of an electricallyFor the presented prototype sensor, the offset of the disturbing
supported, hydraulic power steering supplied by TRW. frequencyfp with respect to the carrier is in compliance with

a measurement cycle. Therefore, the sensor is most sensitive

1,0 20 to this interference signal. At real-life conditions the disturbing
08 > | frequencyfp will always be different to the measurement fre-
e E guency as the software usually measures consecutively at a few
£ 06 2% carrier frequencies before a decision is made which frequency

§ 0.4 — 8 ‘§ currently has the smallest standard deviaticend thus should
3 ‘—a) p §_ be used for the measurement of the angular position or rate.
;g 0.2 o \ ——— 4 3 Consequently, interfering signals will hardly reduce the mea-
2 00 ‘ : : , 0 & surement accuracy and resolution of the sensor.
147 148 149 15 15,1 152 153
Frequency [MHz] V. CONCLUSION

Fig. 6. Standard deviation with respect to the disturbing frequengy for a The capacitive measurement principle was applied to a robust
prototype sensor using *frequency hopping” (light gray line, axis ) and a seng@nsor system performing very well in industrial and automotive
without “frequency hopping” (black line, axis b). . . . .
environments. The small sensor signal is evaluated with good
signal-to-noise ratio by a narrow-band carrier frequency system,
At the second tegthe disturbing frequencyp is tuned to the reducing any EMC problems to this small bandwidth. The influ-
worst case value in terms of impact to the standard deviatiences of slowly varying environmental conditions due to electri-
o of the sensor’s output value. This meahs kHz beside the cally conductive contamination, dew or moisture are eliminated
carrier frequency. The value of the interference voltage couplbd the ratiometric measurement principle. The introduction of
to the rotor is increased and the standard deviatimplotted a frequency hopping strategy eliminates the remaining problem

in Fig. 7. of EMC disturbances in the narrow operating-frequency band
Case a) shows an increase of the output error due to the disthe system.
turbing voltage as “frequency hopping” is prohibited. To further improve the system robustness to interfering sig-

In case b), the sensor primarily uses a carrier frequencyradls, a more complicated approach is possible. The center fre-
f1 = 15.1 MHz. The software detects an EMC problem at guency f, of all filters within the signal-processing unit can
disturbing voltage level of around 40 mV and switches to thHee altered jointly. The bandwidtB of all filters is kept rather
frequencyf, = 14.9 MHz resulting in a reduction of the stan-small, yielding an excellent signal-to-noise ratio. Furthermore,
dard deviatiors to around 0.2% (d). the carrier frequency, can be varied in a wide range. If an

In case c), the sensor primarily uses a carrier frequency BMC problem is detected, the algorithm changes the carrier
fo = 14.9 MHz. The software detects an EMC problem at &equencyf, plus the center frequency of all relevant filters,
disturbing voltage level of around 30 mV and switches to thantil the system operates flawlessly. This approach combines a



BRASSEUR: DESIGN RULES FOR ROBUST CAPACITIVE SENSORS 1265

narrow-band system with the ability to “move away” from dis- [9] St. Cermak, F. Wandling, W. Zdiarsky, P. Fulmek, and G. Brasseur, “Ca-

turblng Slgnals over a Iarge frequency range The outstandlng paCitiVe sensor for relative angle measurement,/EEE Conf. Proc.
Instrumentation and Measurement Technology. 2, Baltimore, MD,

performance of such a design will be presented later. May 1-4, 2000, pp. 830—833.
[10] G. Brasseur, “Modeling of the front end of a new capacitive finger-type
ACKNOWLEDGMENT angular position sensor[EEE Trans. Instrum. Measvol. 50, pp.

111-116, Feb. 2001.
The author would like to thank Mr. Cermak and Mr. Zangl,

co-workers at the Christian Doppler Laboratory and the Insti-
tute, respectively, for the support during the preparation of this
paper.

REFERENCES

[1] E. C. Heerens, “Basic principles in designing highly reliable multi-l'
terminal capacitor sensors and performance of some laboratory t
models,”Sens. Actuators/ol. 3, pp. 137-148, 1982/83.

[2] G. Brasseur, St. Cermak, and P. Fulmek, “Robust sensors for angu nology, Vienna, Austria, in 1979 and 1985, respec-
position and angular speed measurementCanf. Proc. 10th Int. Conf. w155 tively.

Sensorvol. 1, Nurnberg, Germany, May 8-10, 2001, pp. 7-11. ! I - He was an Assistant Professor at the Vienna

[3] QLT, Oil Quality, Level and Temperature Sensor, Product Specificatio ; - University of Technology, heading the research
(2001, May 31). [Online]. Available: www.temic.com group Automotive Electronics from 1979 to 1998.

[4] BHZ 02, Low-g Accelerometer Hybride, Product Specifications (200 At that time, he received the "venia docendi" on

Georg Brasseur(M’94-SM'97) was born in Vienna,

Austria, in 1953. He received the Dipl.-Eng. degree
in electrical engineering and the doctoral degree in
technical science from the Vienna University of Tech-

May 31). [Online]. Available: www.temic.com ' E— industrial electronics. Since 1999, he has been a Full
[5] H. Bauer, Ed.Sensoren im Kraftfahrzeugobert Bosch GmbH, 2001. Professor heading the Institute of Electrical Measurement and Measurement
Technical publication. Signal Processing, Graz University of Technology, Graz, Austria. He is author

[6] G.W. de Jong, G. C. M. Meijer, K. van der Lingen, J. W. Spronck, Aor coauthor of over 100 technical papers and patents. His research interests
M. Aalsma, and Th. D. Berteles, “A smart capacitive absolute angulaiecus on automotive sensors, capacitive sensing devices, analog circuit design,
position sensor,Sens. Actuatorsol. A41-42, pp. 212-216, 1994. automotive electronics, and actuators.

[7] X.Li, “Low-Cost Smart Capacitive Sensors for Position and Speed Mea- Prof. Brasseur is a member of the Austrian (OVE) and German (VDI) Asso-
surement,” Ph.D. dissertation, Electronics Research Lab., Delft Univ. ofation of Professional Electrical Engineers. He received three research awards,
Technology, Dept. of Electrical Engineering, Delft Univ. Press, Delftincluding the "Dr. Ernst Fehrer Preis" in 1982, the "Plansee-Preis" in 1985 for
The Netherlands, 1997. research done in the field of electronic diesel engine control, and the "Wilhelm

[8] G. Brasseur, P. Fulmek, and W. Smetana, “Virtual rotor grounding d&xner-Medallion" of the Austrian Association for Small and Middle-sized En-
capacitive angular-position sensortZEE Trans. Instrum. Measvol.  terprises in 2001, which is awarded to personalities whose special scientific
49, pp. 1108-1111, Aug. 2000. work supported economy, directly or indirectly, in an outstanding way.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


