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A Planar Capacitive Precision Gauge
for Liquid-Level and Leakage Detection

Ferry N. Toth, Gerard C. M. MeijetMember, IEEE and Matthijs van der Lee

Abstract—A new capacitive precision liquid-level gauge has TIE E,

been developed. The sensor consists of a low-cost planar electrode +4 r —

structure, a capacitance-controlled oscillator and a microcon- E.———1 Ficldlines
troller. The device is able to measure absolute levels of conducting "

and nonconducting liquids with a 1 mm uncertainty over a 4 m E -

range. The system has a high resolution of 0.1 mm at short
measuring times of only 0.2 s. Slow level movements of 0.02 mm/h
can be detected within 18 min.
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|. INTRODUCTION Vere

ANY DIFFERENT types of liquid-level sensors are -
used throughout industry. The sensor presented h&tg 1. Conductive liquid connected to ground.
attempts to improve a type of sensor used in storage tanks at
fuel service stations [1]. These tanks usually contain noncqaé interpolated to find the interface positipraccurately
ductive liquids like leaded or unleaded gasoline or diesel fuel.
However sometimes conductive liquids like water need to be ; < L _ Cina )
p=t- +1

Liquid

. . . L. Crer Crer
measured, for instance for calibration purposes. Ligquid-level Tiot  Cipl
gauges can also be used to detect a leakage in the tank. For Cror Cher
this application a high resolution is required. —1. < Ci —Ciq1 +i) (1)
In this paper a capacitive sensor with a high resolution is Ci—1 —Ciq1
presented, that uses a new low-cost electrode structure. T\n erel is the length of the electrode segments.

sensor is able to measure simultaneously the levels of bot 0 measure conducting liquids such as water, a special

conducting and nonconducting liquids with an equal accurac[yrovision has to be made: To prevent short-circuiting of the

input of the measurement system the electrodes need to be
covered with an insulating sleeve. This material also protects
the electrodes against the possibly aggressive environment. In
The electrode structure spans the whole measuring range proposed setup (Fig. 1) some electric-field bending around
and has a maximum length of nearly 4 m. It consist of a longe interface will occur.
electrode(Ep) and one that is divided into insulated segments Assuming a parallel plate electrode structure, covered with
(E1--- Ey). The relative position of the electrodes is fixeyn infinitely thin insulator, the conducting liquid can be
by the mechanical construction, while the absolute positigegarded as a shield (Fig. 1) that is connected to ground. The
requires a one-time calibration. All capacitances are connectgghacitance between a single electrode segniznand the
to either the low-impedance voltage source, the low-impedanggposite electrode’, can be calculated as a function of the
measurement-system input or to ground (Fig. 1). interface level. The nonlinearity in the characteristic is caused
The level of nonconducting liquids can be calculated hyy field-bending effects.
finding the interface segmerit which has a value between The parallel plate electrode structure has the advantage of a
C;_1, the capacitance in the liquid arfd,, the capacitance simple physical structure that can easily be modeled. However,
in air. Then the capacitance of the interface segnféntan the costs of constructing such a structure with a length up to
4 m are considerable.
To reduce costs, the transmitting electrode segments and the
Manuscript received June 20, 1996; revised October 1, 1996. This wqiceijving electrode can be integrated on the same substrate. Shi
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Fig. 4. Measured capacitance ratio’s versus interface level for nonconductive

Fig. 2. Novel planar electrode structure. liquids.
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Fig. 3. Measured capacitance ratios versus interface level for conductive
liquids. Hc,,

L ,4F
on the same substrate. Such a structure has been suggested O
previously by Heeren®t al [3]. The prototype presented9-5- The capacitance controlied oscillator.
there was a circular version with the electrodes on the outside
of a glass tube, which is also not very suitable for low-cosield bending also occurs in this case due to the isolating
manufacturing. However, by projecting this circular structursleeve, causing the rounded corners of the curve. The non-
on a plane, the novel planar electrode structure has bdierarity can be reduced in a similar way as for conductive
obtained (Fig. 2). liquids. In this case however, the offset is negligible due to
To reduce the effect of nonidealities near the electrode stine symmetry of the curve.
face, a thin guard has been placed between them. The resulting
capacitance per segment length in air is only 2 fF/mm. There-
fore the whole structure is duplicated which results in 3 capac-
itances that are connected in parallel. The resulting structurel "® most important tasks for the capacitance measurement
has electrode segments that have a capacitance per segmePYYM are to select the correct capacitance, to eliminate
about 6 fF/mm in air and 12 fF/mm in unleaded fuel. the effect of the large parasitic capacitances caused by the
Similar field bending effects occur as with the biplandPnd Wires and to convert the capacitance to a form that is

structure. The effect on the capacitance has been meas&%'a]hpat;‘ble with a T}i.crocontroller input. N ,
for conductive (Fig. 3) and nonconductive liquids (Fig. 4). M IS has been achieved by _connec_tlng the _capamtances _to a
ﬁgpacnance-controlled relaxation oscillator (Fig. 5) [4]. In this

oscillator there is a linear relationship between the capacitance
g@g the period

I1l. CAPACITANCE MEASUREMENT

electrode is completely covered with liquidlevel > 1) that
the capacitance is very near to zero. When the capacita
is completely uncovere@Level < 0) the relative capacitance Thi = 4R(Coger + Cin). )
approaches 1 (the capacitance of air) the further the interface ’ ’

is away. Between 0 and 1 the curve is S-shaped, with a ling@ing a multiplexer that is controlled by a microcontroller as
region in the middle. It can be shown that by connectingas been suggested by Toth and Meijer [5], [6], the capaci-
consecutive segments in parallel, a segment with a effectié@icesC,g.ct, Coftset + Cr.1 @aNACogeer +Cr 2 caN be selected
length equal to a multiple of the segment length is created. Thiglependently. This results in the peridlige:, T 1 and7y o,
way the linear region increases with a multiple of the segmerispectively. The microcontroller measures the period of the
length and the nonlinearity can be reduced to an insignificagicillator and calculates the capacitances. By applying an
level. The asymmetry of the curve in Fig. 3 merely causes antocalibration technique called the three-signal approach,
offset that can be calibrated in the factory.

For nonconductive liquids a similar curve can be obtained. Con _ Loy + Tofiser ©)
In Fig. 4 the results are shown for unleaded car fuel. Some Coz To2+ Tosiser
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zi » (caused by leak) can be detected in only 18 minutes. For a
03 }‘ 10 m? tank this corresponds to a leak rate of 0.4 I/h.
N T
]\ M o D WMWW V. CONCLUSION
Jul r %W WA : ' W A novel, capacitive fuel level gauge for fuel storage tanks
W ‘ - n has been presented. In the gauge a low-cost, planar electrode
& structure has been applied. The capacitance is converted to
o 210 200 a0 a0 40 a0 st0 a period by a relaxation oscillator which is measured by a
Level [mm] microcontroller. By mounting the circuitry on the back side
Fig. 6. The total error for Euro Super over a measurement range of 300 m%c.the electrodes, the capacitances can be measured accurately
and at low-costs.
The gauge is suitable for the simultaneous measurement of
all additive and multiplicative errors are reduced to insigniftvater and fuel levels, with an accuracy of 0.4 mm within a
icant levels. 0.2 s measuring time. The high resolution (0.1 mm) allows the
This system measures capacitances of 100 fF with gauge to be used for leakage detection.
accuracy of 50 aF with respect to the reference capacitor within
100 ms. The influence of grounded parasitic capacitances up REFERENCES
to 800 pF is reduced to an insignificant level. . _ _ o
The microcontroller has been proarammed to either measul;lé Level gauging system for service stations,” User Manual, B. V. Enraf-
e . prog . Nonius, Delft, The Netherlands, 1983.
selected capacitances or to search for and track the interfapg T. M. Shi, M. S. Beck, S. M. Huang, R. A. Williams, and C. G. Xie,

. it i “Capacitance-based instrumentation for multi-interface level measure-
segment and calcqlate the position A PC is used to query merﬁ’t "Meas. Sci. Technolvol, 2. pp. 923-933, Oct, 1991,
the calculated position. [3] W. C. Heerens, G. Keizer, and F. W. Wedman, “Theory and practice of

multi-terminal capacitor bar and tube sensors for chemical and physical
process applications,” iRroc. Sensor'83Basel, Switzerland, May 1983,

IV. EXPERIMENTAL RESULTS vol. 5, pp. 27-40, 17-19.
[4] J. van Drecht, “Relaxatie oscillator,” Patent 91.01076, The Netherlands,

A complete sensor has been fabricated consisting of two 1991. o B -
multilayer printed circuits boards (PCB) with 48 electroded” Eéys'oTr?fEé‘EdTg'nsc.'|rﬁirtﬂﬁ'.’i?e:w'gﬁvﬁsgb?Tc;iriffgfﬁ,'tggfﬁggh
of 8 mm each and 1 PCB with the capacitance measuremeps} F. N. Toth, H. M. M. Kerkvliet, and G. C. M. Meijer, “A very accurate
circuit. The PCB'’s are glued to a glass filled plastic carrier to measurement system for multi-electrode pF-range capacitE&E
accurately fix the position of the electrodes. The switches that Trans. Instrum. Measvol. 45, pp. 531-535, Apr. 1996.
are required to select the appropriate capacitor are mounted on
the back side of the PCB’s. One of the layers is connected to
ground, shielding the electrodes from the switches.

A fully automated measurement setup has been construc
to test several different types of car fuels, such as unlea
super and diesel but also tap water. The setup consists ¢ -
vertical tank with a height of 1.2 m containing 0.0% tiquid. ‘
At the bottom of the tank is a valve that is connected to tt
reservoir. A computer controlled pump pumps the liquid bac
from the reservoir to the tank. When the valve is opene was with the Delft University of Technology, where

. S he was involved in scientific research on intelligent
slightly, the liquid level decreases from about 500 mm tpacitive sensors. He is currently with ENRAF BV, Delft Instruments Group,
160 mm in about 2 h. The PC is used to store the measuimgt, and is involved in the development of a new generation of intelligent
level every 2 s. capacitive level gauges.

By fitting a second order polynomial, the error can be
determined as a function of the level (Fig. 6). Due to the fitting
process, the calculated error excludes the absolute POSitE?A?ard C. M. Meijer , (M'94) for a photograph and biography,
offset, the scale error and the second order term (which Gars3g.
be assumed to be negligible). The absolute position offset is
determined by a one-time factory calibration. The scale error
is determined by the positioning of the PCB’s and by the
thermal expansion coefficient of the carrier. Therefore the
errors are only determined by the manufacturing process ¢
the materials used.

With Euro Super, the remaining error is less theb4 mm,
while the resolution(3c) is about 0.1 mm with a 0.2's
measuring time. With tap water and diesel similar results ha
been obtained. It has been found that when this system is u
for leak detection in a 10 ttank, a 0.02 mm/h level change
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