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Abstract: A first prototype of a contactless conductivity sensor for AdBlue® quality monitoring is
presented. Based on a detailed sensor mode analysis it is shown that capacitive sensors can be
designed to sense electrical liquid conductivity. The sensor design process is based on a sensor model,
which allows simulating capacitive senor responses for arbitrary electrode and liquid tank geometries.
Finally, temperature induced errors are estimated. Copyright © 2010 IFSA.

Keywords: AdBlue® quality monitoring, Contactless conductivity sensor, Sensor modeling

1. Introduction

In addition to the liquid level, liquid quality monitoring becomes more and more important for
automotive sensor applications. Concerning the Selective Catalytic Reduction (SCR) principal, which
reduces emissions of oxides of nitrogen from the exhaust of diesel-engined motor vehicles, a quality
monitoring of AdBlue® is needed. AdBlue® [(NH,),CO + H,O] is the registered trademark for an
agueous urea solution (32.5 %). It is reported in [1] that quality monitoring of AdBlue® can be
achieved by sensing optical properties of the liquid. In contrast to the optical sensing principal also
ultrasonic methods are applicable, see [2]. A major disadvantage of these sensor principals is given by
the fact that they need direct contact with the fluid or at least a flow-through sensor setup.

In contrast to the mentioned methods above, capacitive sensors can operate outside the liquid tank.
They do not need direct contact to the liquid, or any construction parts inside the liquid tank. As a
consequence, the lifetime of capacitive sensors is not limited by liquid induced contamination or
corrosion. Furthermore, capacitive sensing technology offers the possibility to combine liquid level
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and liquid quality monitoring within the same sensor technology. The remainder of this paper is
structured as follows:

Section 2 explains the measurement principle, which is used to sense the urea concentration. It is
shown that the urea concentration can be related to the electrical conductivity and the dielectric
permittivity of the liquid. Furthermore, a sensor model is introduced, which allows to identify three
different kind of capacitive sensor modes. Finally, the first quality monitoring prototype, which is
designed to operate in conductive coupling mode, is described. Measurement and simulation results
are presented in section 3. Based on the fact that a temperature dependency of the sensor signal is
expected, also an estimation of the needed temperature resolution is given. Finally, the conclusion
sums up the documented results and gives an outlook on further development activities.

2. Measurement Principle

Electrical properties of a solid or liquid are given by the electrical conductivity o [S m™] and the
relative dielectric permittivity eg. Like depicted in Fig. 1, these two properties can be sensed by
analyzing the amplitude and the phase of an idealized parallel plate capacitor.

Fig. 1. Parallel plate capacitor.

A test fixture (Agilent 16452A Liquid Test Fixture), which is constructed to behave like an idealized
parallel plate capacitor, together with the impedance analyzer (Agilent 4294A) is used to measure
electrical properties of AdBlue® for different concentrations and temperatures. The measurement
results clearly show that the electrical conductivity shows a much higher sensitivity on urea
concentration variations than the permittivity. As can be seen in Fig. 2, the aqueous urea solution
shows a relative change in the electrical permittivity g, which is given by er (100 %)/er (0%) = 1.33,
whereas the relative change in the electrical conductivity is given by o (100 %) / ¢ (0%) = 126.

Following the arguments mentioned above, one must conclude that electrical conductivity sensing is a
much more preferable method in comparison to permittivity sensing, because the sensitivity is much
higher. At this point it must be stated that according to the knowledge of the authors, a fundamental
understanding of the curvatures presented in Fig. 2 cannot be found in literature. In [3] it is assumed
that the influence of urea on water structure and/or a urea self-aggregation takes place and therefore
the electrical conductivity increases with increasing urea concentration. Nevertheless, the conductivity
dependency on the concentration and the temperature can be measured easily and therefore be used as
a sensor principle.

A major disadvantage of a conductivity sensor is given by its temperature dependency c (%, T).
Details about the temperature dependency and a compensation method are given in section 3.1.
28



Sensors & Transducers Journal, Vol. 120, Issue 9, September 2010, pp. 27-37

‘—0— Electrical permittivity (500 kHz) = B = Electrical conductivity (500kHz) ‘

130 0,040
120 eemenfr e e e e i__,_ mmm T i .... T 0,035
. —+ 0,030
o e O
4
P 1 0,025 —
0o e T =
— N ~
o - . — 0,020 U,
o0 I S A 5 O e v I, ¢ S U F
//; 1 0015 ©
— .
80 iE‘l’ -------------- p
) + 0,010
’
70 Feeeecanage - R N ) NN U (UL PR
o + 0,005
P
60 T T T T T T T 0,000
0 10 20 30 40 50 60 70 80 90 100

AdBlue concentration [%]

Fig. 2. Relative dielectric permittivity egr and electrical conductivity ¢ as a function of urea concentration (%)
for room temperature and 500 kHz.

2.1. Sensor Model & Sensor Modes

Now, that it is shown how the electrical conductivity is related to the AdBlue concentration, it will be
demonstrated how this sensor principal can be utilized for AdBlue quality monitoring.

Basically, capacitive sensors are sensitive not only to the conductivity of the liquid to be sensed.
Moreover, they are sensitive to the liquid permittivity, to the geometric structure of the electrodes, to
the liquid level, to the electric properties and geometric design of the sensor materials, which are used
to separate the electrodes from the liquid (liquid tank materials). In order to understand and to quantify
the contributions of these different parameters to the measured sensor signal, a sensor model
(see Fig. 3) is needed.

This model serves as a tool for mapping the previously mentioned parameters to lumped circuit
elements. The equivalent circuit, which is depicted in Fig. 3, defines the transfer characteristic between
transmitter and receiver electrodes. The calculation of the corresponding electrical network parameters
is based on the Finite Element Method (FEM).

The application of FEM models for the simulation of the circuit parameters is necessary because of the
fact that analytic approximations of the electric field are available for only very specific electrode
structures, see [4]. To meet the requirements of the sensor application, the electrode design cannot be
restricted to these specific cases. Like shown in Fig. 3 we focus on open electrode structures. This
means that the sensor is forced to work under electric stray field conditions. A basic guide to simulate
these open electrode structures is given in [5].

At this point it has to be mentioned that the FEM simulations are electrostatic simulations, which
means that electromagnetic radiation is not considered in the calculation. Temperature or frequency is
assumed to change electrical material parameters and therefore the simulation input parameters, not the
type of simulation.

Before designing an electrode structure for a capacitive quality monitoring application, a detailed
analysis and understanding of the described sensor transfer characteristic must be gained. In order to
design an optimized electrode structure, the transfer network in Fig. 4 must be interpreted as a
superposition of at least three different sensing modes.
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Fig. 3. FEM model and capacitive sensor model describing the transfer function between transmitter (T)
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Fig. 4. Visualization of three different sensor modes.
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Basically, these modes are not limited to the application of liquid quality monitoring, they are also
reported in [6-8] for the application of capacitive occupant detectors. The three modes of operation are
the dielectric coupling mode, the conductive coupling mode and the shunt mode. A basic description
of these modes is given in the next paragraphs.

2.1.1. Dielectric Coupling Mode

Dielectric coupling mode is based on a direct capacitive coupling (given by the capacitor C4 in Fig. 4)
between transmitter and receiver electrode. A sensor operating in this mode must fulfill the following
design criteria:

1. C4>>Cyand Cg;
2. AC,4 must be sensitive to the property to be sensed.

In order to fulfill these criteria the electrodes should be placed only in small distances to one another
and the object/property to be sensed should change its permittivity (eg) value.

A change in the liquid permittivity can also be interpreted as a liquid level. Consequentially for
AdBlue®, a dielectric coupling mode would be a preferable mode for a liquid level sensor, because of
the high permittivity values of this aqueous solution. Quality monitoring for AdBlue® in the frequency
range between 500 kHz and 10 MHz cannot be realized in dielectric coupling mode because the
permittivity change over AdBlue® concentration is by far too small for the investigated stray field
geometries.

2.1.2. Conductive Coupling Mode

A capacitive sensor operating in conductive coupling mode means that the signal current flows from
the transmitter electrode to the object (over C,), and from the object (over Rji;) back to the receive
electrode (over C3). This signal path (see Fig. 5) is possible for conductive objects and for electrode
arrangements which guarantee that C4 << C;, Cs. AdBlue® is a liquid with a conductivity of
0.035 [S/m], which is a quite large conductivity compared to distilled water 0.00028 [S/m.]. If
AdBlue® is diluted by distilled water the conductivity of the solution is decreased and this fact can be
sensed in the conductive coupling mode.

I /7/X// ||Ro
C1|| // C3|

Fig. 5. Signal path for conductive coupling mode.

In Fig. 5 the sensing principle of the conductive coupling mode is given. C; and C3 are considered to
be constant, because they mainly depend on the sensor material permittivity and the distance between
the electrodes and the conductive liquid. The liquid resistor Rjiq is assumed to change over liquid
concentration Riiq (%). As a consequence the phase relation between the transmitted and received
signal should change over concentration, and therefore capacitive sensors operating in conductive
coupling mode must be able to sense phase relations between transmitted and received signals.
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2.1.3. Shunt Mode
A capacitive sensor operating in shunt mode measures signal losses. The signal is shunt away from the

receiver (over C,) by the object. Shunt mode measurements need conductive objects. They are mainly
used for capacitive proximity detectors.

2.2. First Prototype

The prototype dimensions and a photo are depicted in Fig. 6. It is designed to be operated in
conductive coupling mode.

—12,5mm

60mm Rx Tx {—35mm 60mm

—12,5mm

Fig. 6. First prototype for a capacitive conductivity sensor for liquids.

In the application the sensor must be totally covered by the liquid. This means that there must be a
lower limit for the liquid level, because the possibility of a signal variation due to liquid level
variations must be excluded. In the side view of the quality sensor in Fig. 6, it can be clearly seen that
it exists a front and a backside of the sensor. The front side is the sensitive side, because the sensor
material is very thin (200 um). This quite small thickness is necessary in order to maximize the
capacitances C; and Cs, see also Fig. 4.

3. Results

In the next paragraphs, measurement results are described and compared to the simulation results.

3.1. Measurement Results

For analyzing the sensor characteristics an impedance analyzer (Agilent 42 94A) is used. This analyzer
is based on the auto-balancing bridge method [9]. The high-potential and the high-current terminals are
attached to the transmitter electrode (Tx) and the low-potential and low-current terminals to the
receiver electrode (Rx). The guard terminals (shield potential of the four measurement terminals) and
the ground terminal (chassis) are not connected to the sensor.
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Fig. 7. Schematic of the auto-balancing bridge method [8].

The measurement circuit is decoupled from the chassis potential and therefore also independent from
the liquid to ground/chassis coupling parasitic capacitor C,, which is depicted in Fig. 4. At this point it
has to be mentioned that this is a specific measurement boundary condition, which is useful for the
applied auto-balancing bridge method. This assumption cannot be automatically assigned to other
measurement principles.

The measured impedances are given by the amplitude |Z| [Ohm] and the phase [°]. In order to
investigate the frequency dependence of the quality sensor, measurements for 2 MHz and 10 MHz
were taken.

The measurement results, which are given in Fig. 8, show conductivity dependence. Between distilled
water (0% AdBlue concentration) and a solution of 50 % AdBlue the conductivity changes with 6.4
10" [S m-1 %-1]. For concentrations from 50 % to 100 % AdBlue the conductivity changes with 7.2
10™ [S m-1 %-1], see Fig. 8 e.). This sensitivity change is also observed in the measured amplitudes
and phases for 2 MHz as well as for 10 MHz.

It must be concluded that the measured sensor signals (amplitude and phase) show a qualitative
relation to the conductivity of the liquid. In order to verify this qualitative relation the sensor model
described above is utilized. In the next section, sensor modeling and simulation results are presented,
which enables also a quantitative analysis of the discussed measurement results.

3.2. Modeling Results

The modeling and simulation method used for the verification of the measurement results is described
in section 2.1. The resulting circuit parameters and their concentration dependency are listed
in Table 1.
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Fig. 8. Summary of prototype measurements.
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Table 1. FEM simulated electric circuit parameters describing the transfer function of the prototype sensor.

AdBlue %

C1[F]

C2 [F]

C3[F]

C4 [F]

R1 [Ohm]

R2 [Ohm]

R3 [Ohm]

100

5,32E-11

1,00E-15

5,32E-11

9,01E-12

2,85E+02

1,47E+02

2,85E+02

75

5,32E-11

1,00E-15

5,32E-11

9,01E-12

3,79E+02

1,96E+02

3,79E+02

50

5,32E-11

1,00E-15

5,32E-11

9,01E-12

5,64E+02

2,91E+02

5,64E+02

0

5,32E-11

1,00E-15

5,32E-11

9,01E-12

2,85E+04

1,47E+04

2,85E+04

After extracting the circuit parameters out of the FEM simulation environment they serve as an input
for an electric circuit simulation. The two port network transmission impedance change over liquid
concentration change is calculated for 10 MHz and 2 MHz.

A comparison of the simulated and measured amplitude/phase for 2 MHz and 10 MHz is given in
Fig. 9.
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Fig. 9. Comparison between simulated and measured impedances.

Obviously, there are some mismatches between the measured and simulated data. The reachable
modeling accuracy is limited by the input parameter accuracy. Tolerances in the design parameters
lead to tolerances in the sensor output.

In principal, two different design parameters turn out to be critical for the model verification, namely
ds and &s. The first parameter is the distance between the electrodes and the liquid (ds). This parameter
directly influences the capacitances C; and Cs. For the construction of the first prototype we expect
design tolerances of more than 50 %. In contrast to the distance between the electrodes and the liquid
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(ds), the dielectric permittivity of the sensor material (es) also influences C; and Cs. For the first
prototype, it was not possible to find suited materials with well defined permittivity (gs). Typical
parameter values and their specification range, which were used for the prototype are listed in Table 2.

Table 2. Most important material parameters and their specification range.

Min.

Typ.

Max.

ds= 150 um

ds= 200 um

ds= 250 um

g=3

&=5

e=7

These input variations are the main reason for the observed mismatch. The effect of different liquid to
electrode distances and different sensor material permittivity on simulated amplitudes and phases is

shown in Fig. 10.
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Fig. 10. Material parameter variations and their influence on quality sensor signals.
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In the next step, the parameter range of the materials used for the prototypes must be reduced.
Nevertheless, the comparison between simulated and measured sensor characteristics allows a direct

verification of the sensor model.

4.1. Temperature Considerations

The electrical conductivity of AdBlue® depends not only on the urea concentration, but also on the
temperature. According to the measurements presented in Fig. 11 the electrical conductivity is direct
proportional to the temperature. This behavior is confirmed for the temperature range from 2° up to
40°. For 500 kHz signals the temperature coefficient of AdBlue conductivity is approximately

10.3 10" Sm™ T (see Fig. 11).

The temperature coefficient must be compared to the concentration coefficients for low concentrations
(k=6.4 10* S m* %) and high concentrations (k,=7.2 10° S m™ %™), which are illustrated
in Fig. 8 (e). In a first order approximation it is assumed that these concentration coefficients do not
depend on temperature. According to the previously mentioned arguments, a temperature variation of
1° is equivalent to a concentration variation of approximately 10 % for the high concentration region.

It must be concluded that a quality monitoring sensor based on conductivity sensing must be combined
with a temperature sensor, which measures the temperature of the liquid. The sensor performance
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directly depends on the accuracy of the temperature sensor and must be considered in the sensor
system design.

AdBlue electrical conductivity (500 kHz)
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Fig. 11. Virtual prototyping procedure.

4. Conclusions

A contactless conductivity sensor is presented. The sensor performance is demonstrated for a first
prototype. Measurements and simulations are carried out to show the feasibility of the introduced
sensor principle. A major drawback is the large temperature dependency of AdBlue conductivity. Only
a capacitive sensor combined with a temperature sensor can be used for AdBlue quality monitoring.
Nevertheless, further electrode geometry and sensor material optimization cycles must be performed.
The optimization target must be a larger conductivity sensitivity of the sensor. In the final application
the sensor signals must be handled by some interface electronic and a microcontroller in order to
compensate the temperature induced errors and run calibration algorithms.

References

[1]. Sentelligence (http://www.sentelligence.com/2008tech.html), June 2010.

[2]. WEMA (http://wema.com/?page=417&show=428), June 2010.

[3]. Martin C. Stumpe and Helmut Grubmiller, Aqueous Urea Solutions: Structure, Energetics, and Urea
Aggregation, J. Phys. Chem., B, 2007, 111, pp. 6220-6228.

[4]. Baxter Larry K., Capacitive Sensors, IEEE Press, New York, 1997.

[5]. Schétzing Wolfgang and Miller Glnther FEM fir Praktiker - Band 4: Elektrotechnik, Expert Verlag,
Renningen, 2003.

[6]. N. A. Gershenfeld, Non-contact sensing of people and things, Occupant Detection and Sensing for Smarter
Airbag systems, USA, Society of Automotive Engineers, 2004, pp. 85-91.

[7]. Kazunori, et al., Occupant Sensing Utilizing Perturbation of Electric Fields, Occupant Detection and
Sensing for Smarter Airbag systems, USA, Society of Automotive Engineers, 2004, pp. 167-180.

[8]. Satz Armin and Hammerschmidt Dirk, New modeling & Evaluation Approach for Capacitive Occupant
Detection in Vehicles, Proceedings of the IEEE International Behavioral Modeling and Simulation
Conference, Doubletree Hotel in San Jose, 25.09.2008.

[9]. Agilent Technologies, Impedance Measurement Handbook, 2006.

2010 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved.
(http://www.sensorsportal.com)

37



The Second International Conference
on Sensor Device Technologies and Applications

SENSORDEVICES 2011

August 21-27, 2011 - French Riviera, France

/'“ Tracks:

1 - Sensor devices
www.sensorsportal.com - Photonics
- Infrared

. - Ultrasonic and Piezosensors
Important deadlines: - Sensor device technologies
Submission deadline  March 23,2011 - Sensors signal conditioning and interfacing circuits
Notification April 30,2011 - Medical devices and sensors applications
Registration May 15,2011 - Sensors domain-oriented devices, technologies, and applications
Camera ready May 22,2011 - Sensor-based localization and tracking technologies

http://www.iaria.org/conferences2011/SENSORDEVICES11.html

The Fifth International Conference on Sensor
Technologies and Applications

SENSORCOMM 2011

August 21-27, 2011 - French Riviera, France

Tracks:
/~ - APASN: Architectures, protocols and algorithms of sensor networks
f - MECSN: Energy, management and control of sensor networks
www.sensorsportal.com - RASQOFT: Resource allocation, services, QoS and fault tolerance in sensor networks

- PESMOSN: Performance, simulation and modelling of sensor networks
- SEMOSN: Security and monitoring of sensor networks
- SECSED: Sensor circuits and sensor devices

Important deadlines: - RIWISN: Radio issues in wireless sensor networks
Submission deadline March 23,2011 - SAPSN: Software, applications and programming of sensor networks
Notification Apl’“ 30, 2011 - DAIPSN: Data allocation and information in sensor networks

. . - DISN: Deployments and implementations of sensor networks
Registration May 15,2011 - UNWAT: Under water sensors and systems
Camera ready May 22,2011 - ENOPT: Energy optimization in wireless sensor networks

http://www.iaria.org/conferences2011/SENSORCOMM11.html

The Fourth International Conference on Advances
in Circuits, Electronics and Micro-electronics

CENICS 2011

August 21-27, 2011 - French Riviera, France

/-—9 Tracks:
- Semiconductors and applications

{ - Design, models and languages
- Signal processing circuits
- Arithmetic computational circuits

www.sensorsportal.com

Important deadlines: - Microelectronics
Submission deadline March 23,2011 - Electronics technologies
Notification April 30, 2011 - Special circuits
Registration May 15,2011 - Consumer electronics

Camera ready May 22,2011 - Application-oriented electronics

http://www.iaria.org/conferences2011/CENICS11.html



Sensors & Transducers Journal /“

Guide for Contributors

Aims and Scope

Sensors & Transducers Journal (ISSN 1726-5479) provides an advanced forum for the science and technology
of physical, chemical sensors and biosensors. It publishes state-of-the-art reviews, regular research and
application specific papers, short notes, letters to Editor and sensors related books reviews as well as
academic, practical and commercial information of interest to its readership. Because it is an open access, peer
review international journal, papers rapidly published in Sensors & Transducers Journal will receive a very high
publicity. The journal is published monthly as twelve issues per annual by International Frequency Association
(IFSA). In additional, some special sponsored and conference issues published annually. Sensors &
Transducers Journal is indexed and abstracted very quickly by Chemical Abstracts, IndexCopernicus Journals
Master List, Open J-Gate, Google Scholar, etc.

Topics Covered

Contributions are invited on all aspects of research, development and application of the science and technology
of sensors, transducers and sensor instrumentations. Topics include, but are not restricted to:

Physical, chemical and biosensors;

Digital, frequency, period, duty-cycle, time interval, PWM, pulse number output sensors and transducers;
Theory, principles, effects, design, standardization and modeling;
Smart sensors and systems;

Sensor instrumentation;

Virtual instruments;

Sensors interfaces, buses and networks;

Signal processing;

Frequency (period, duty-cycle)-to-digital converters, ADC;
Technologies and materials;

Nanosensors;

Microsystems;

Applications.

Submission of papers

Articles should be written in English. Authors are invited to submit by e-mail editor@sensorsportal.com 8-14
pages article (including abstract, illustrations (color or grayscale), photos and references) in both: MS Word
(doc) and Acrobat (pdf) formats. Detailed preparation instructions, paper example and template of manuscript
are available from the journal's webpage: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm Authors
must follow the instructions strictly when submitting their manuscripts.

Advertising Information

Advertising orders and enquires may be sent to sales@sensorsportal.com Please download also our media kit:
http://www.sensorsportal.com/DOWNLOADS/Media_Kit_2009.pdf



WlLEY

1807-2007
KNOWLEDGE FOR GENERATIONS

‘Written by an internationally-
recognized team of experts,
this book reviews recent de-
velopments in the field of
smart sensors systems, pro-
viding complete coverage

of all important systems as-
pects. It takes a multidiscip-
linary approach to the under-
standing, design and use of
smart semsor systems, their
building blocks and methods
of signal processing.’

Order online:
http:/lwww.sensorsportal.com/HTML/BOOKSTORE/Smart_Sensor_Systems.htm

www.sensorsportal.com




