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Abstract – Capacitive Level Sensors (CLSs) are one of 
the most used level-sensing technologies in the industry 
as they are cheap, reliable and show high sensitivity. A 
typical capacitive level sensor with concentric and 
closed cylindrical armatures has slow dynamical 
response when used for high viscosity liquids such as 
lubricating oil for aeronautic applications. This work 
investigates a conditioning circuit that uses a 
capacitance to frequency converter and that could 
provide fast and accurate measurements when paired 
with cylindrical sensor using an LC tank-based 
oscillator as the exciting source. The preliminary 
experimental results show a linear response with small 
error and standard deviation. 
 

 I. INTRODUCTION 

Capacitive sensors are widely used in the industry for 

measuring several parameters in different applications, 

such as displacements, forces, ECG (Electrocardiogram) 

Signals, liquid level, and sound pressure [1]-[6]. Aircrafts 

require reliable level monitoring for lubricant liquids. One 

method for level sensing is using time domain 

reflectometry or microwaves [7]-[12], but this is a very 

complex approach that requires high-end costly hardware. 

Other typical level sensing methods are floating, ultrasonic 

or radar and hydrostatic [13]-[14]. These methods have 

proven to be reliable for industry sensing or automotive 

applications but cannot be applied to aerospace because of 

EMI (Electromagnetic interferences) phenomena or 

vibrations.  

Another challenge for aeronautical application is the 

develop of autonomous sensor nodes for aircraft 

monitoring systems exploiting energy harvesters such 

those based on thermoelectric generators [15] or 

photovoltaic modules. Indeed, aircraft pass through huge 

outside temperature variations providing heated cabin 

environments too. To make use of these temperature 

gradients most efficiently, additional effort to characterize 

such systems is required [16] –[18]. 

This paper investigates motor oil level monitoring using a 

novel capacitive sensor geometry [19], focusing on 

obtaining a reduced settling time with a customized 

conditioning circuit. A typical capacitive level sensor is 

made of two concentric cylinders of conductive materials 

with the monitored fluid filling the intermediate gap. 

However, due to high lubricant oil viscosity this could 

result in a slow settling time of capacitance vs. time. For 

this reason, a different type of sensor is proposed, such as 

a cylindrical sensor with helical cuts on both internal and 

external cylinders. 

Each of the cylinders is an armature of the capacitor and 

it is simple to calculate its capacitance when the gap 

between armatures is filled by the sensed medium using: 
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where �	 � ���� � ����� F/m is the vacuum dielectric 

constant, �� is the relative dielectric constant of the sensed 

liquid, 
� is its level measured from the bottom of the 

cylindrical sensor, �� is the inner diameter of the external 

cylinder and ��  is the outer diameter of the internal 

cylinder. 

Starting from (1) it is then possible to calculate the total 

capacitance of the cylindrical sensor with respect to air as 

 
Fig. 1. Simulation of the resonant frequency of an LC 

tank with L = 10 uH and C = 150-390 pF vs the sensor 
capacitance in parallel with C 
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with 
 being the total length of the sensor and # being the 

level of the sensed liquid. 

Differentiating (2) with respect to #, we can obtain the 

sensitivity of the sensor as:  
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It can be shown that the sensitivity of the cylindrical 

sensor is high. 

As previously said, the dynamic response of the 

“classic” cylindrical armatures level sensor is slow. This is 

since there are no apertures in the cylindrical armatures, so 

the oil must diffuse into the gap between the armatures 

which is of the order of 1 mm or less. Helical cuts provide 

a way for the liquid to diffuse between the armatures more 

rapidly, making the settling time faster. The negative 

aspect of making helical cuts is that the mechanical 

structure is weaker, making the sensor more exposed to 

vibrations that can result in increased errors in the 

measure; it is then important to read the sensor with a 

conditioning circuit that provides high sample rates and 

high precision. 

 

One of the most common, easy and cheap ways to 

condition a capacitive sensor is to calculate the time 

constant of a RC circuit [20], where the capacitance is the 

sensor itself or a parallel or series combination of the 

sensor with a fixed, reference capacitance. In fact, 

applying a constant voltage V to an RC circuit, the current 

will be given by 
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where 3 � /� is the time constant. Using (4) the 

capacitance can be calculated measuring the 4- needed to 

charge the capacitor to a known voltage value; the most 

common way to do this is using an ADC (Analog to Digital 

Converter) integrated in a microcontroller. 

Although the above method is easy to implement, it is 

highly dependent on the ADC resolution, typically limited 

to 12 bits or less. 

For this reason, in this paper a different approach is 

investigated. 

 II. CONDITIONING CIRCUIT 

 A. Capacitive sensor 
The conditioning circuit had to be designed to fit the initial 

helical capacitive sensor design, having a capacitance 

ranging from 422 pF to 907 pF when sensing avionic 

motor oil (�5�� 6 ����).  

 B. LC oscillator 
A method to calculate the capacitance of a capacitive 

sensor is to measure the oscillating frequency of a resonant 

LC circuit which is a function of the capacitance. A LC 

tank oscillator [21] will have a well-known resonant 

frequency where the capacitor reactance matches the 

inductor reactance: 
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This results in the resonant frequency 

 8 �
�

��;9�151
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In (6), �151
is the total capacitance of the LC tank i.e., the 

sum of a fixed reference capacitor in parallel with the 

sensor and the parasitic capacitances (�( and �< ! 

respectively), so it can be rewritten as 

 8��=� �
�
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A variation in the sensor capacitance will result in a shift 

of the resonant frequency. It is easy to verify that the 

sensor’s capacitance can be obtained as 
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 C. Conditioning circuit design 
The LC tank oscillator circuit was implemented using 

standard commercial capacitors and inductors, and the 

shift in the frequency was simulated in MATLAB. 

The simulation was performed using a value of 10 μH for 

the inductor and assuming 10 pF of parasitic capacitance. 

Capacitance values ranging from 150 pF to 390 pf were 

tested for C (Fig. 1). The chosen capacitance value was 

then C = 270 pF which would give a total frequency shift 

of 436.54 kHz on the full-scale range of the sensor. 

The oscillation frequency is measured using a FDC2214, 

Fig. 2. Prototype rendering. 
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that is an integrated capacitance to frequency converter IC 

by Texas Instruments. The FDC2214 was chosen because 

it has a nominal full-scale range up to 250 nF, has 4 input 

channels, a nominal resolution of 28 bits, an RMS noise of 

0.3 fF and an output rate up to 4.08 ksamples/s. It is also 

easy to interface to a microcontroller thanks to its I2C 

(Inter Integrated Circuit) interface. 

 D. Prototype 
Fig. 2 shows the render of the conditioning circuit 

prototype; the PCB (Printed Circuit Board) was designed 

using the KiCad® EDA (Electronic Design Automation) 

software. The prototype board includes the power supply 

regulation circuitry to power the FDC2214 with 3.3 V 

starting from a 2.7-6 V input voltage, and level shift 

converters to permit its use with different microcontrollers 

(with 3.3 V or 5 V logic levels). 

 E. Firmware 
The control firmware was written for an Arduino Uno 

microcontroller development system. A C++ library 

contains the definition of the class FDC with all the 

properties and methods needed for the setup and the data 

sampling. Speaking about the sampling methods, the user 

can choose to get a single sample raw data for the post 

processing using another software, or to get frequency or 

capacitance conversions directly from the library. 

Several measurements routines have been implemented in 

a FSM (Finite State Machine) taking advantage of 

hardware peripherals of the Atmega328P microcontroller 

on the Arduino Uno (e.g. low level timer control for 

driving the stepper without blocking measurement 

routines). 

 III. TEST RESULTS 

Tests were performed using avionic kerosene (�>�! 6
��?�) and a sensor made of carbon fiber pipes (�� �
����
@@, �� � ����
@@) shown in Fig. 4. For every step 

of level measurements, 1000 data samples were taken for 

the post-processing. 

A first calibration process was performed with no sensor 

connected to the circuit. Such value was assumed as the 

parasitic capacitance on the PCB (�< ! � ���A�B
CD� that 

is close to the estimated value of 10 pF. This value is used 

in (8) to get the sensor’s capacitance. 

The increase of the liquid level was simulated using a 

stepper motor driving a T6 lead screw with 1 mm pitch, 

such that for every 250 steps of the motor a container full 

of kerosene would move upwards exactly ����
@@ for a 

total of B�
@@ during the whole experiment. The sensor 

was held in position by a tripod in order to avoid any 

sensor’s motion. A total of 61 sampling steps were made. 

Every sample acquisition requires 20 ms, so a single step 

of 1000 samples lasted ��
E. 

Fig. 3 shows in red the sampled data. The first sample 

reports the sensor barely touching the liquid (F���G
CD). 

The second sample, when the fuel tank moves ����
HH 

upwards, has the sensor touching the liquid (F���B
IJ). It 

is necessary to notice that the two concentric pipes are held 

in fixed relative position by 3 spacers made of electrical 

adhesive tape, thus having less air gap for the oil. For this 

reason, the samples up to �G���
@@ show a lower 

sensitivity. It is still noticeable that the lower part of the 

sensor is still linear. 

Samples obtained for kerosene levels > �G���
@@ show a 

linear distribution. Data fitting was done using a first-grade 

polynomial expressed as 

 �K�1 � C� � L $ C� (9) 

with C� � ���B�B pF/mm and C� � F�A pF. 

The residuals are calculated as 

 M� � �N �<��& " �K�1. (10) 

The residuals have been plotted in Fig. 5. The root mean 

square error is /O%P � �����?
IJ and the mean standard 

deviation of the steps is Q � ��F��
RJ to provide 

uncertainty estimation and evaluate repeatability of the 

measurement method [22]. 

To evaluate the effect of the number of samples of each 

step, data were decimated: using the first 10 samples of the 

same dataset resulted in a new /O%P � ����F�
IJ (that 

is 4/O%P � ������
IJ� and Q � ����A
RJ (that is 4Q �
�����B
RJ�. Hence, a difference of less than 1% was 

observed. 
The results show a high precision and repeatability of the 

measurement system and the model in (9) proves that there 

is a sensitivity of �B��B
RJ�@@. 

The difference in standard deviations shows that 10 

samples are enough for an accurate measure, that requires 

���
@S. 
Further improvements can be done on the system if a trade-

off with the precision is acceptable. 

 

Fig. 3. Linear fitting of the sampled data; fit only considers 
levels above 16.25 mm 
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CONCLUSIONS 

In this paper the authors have presented a linear and high 

sensitivity capacitive level sensor able to measure oil level 

for aerospace industry. The preliminary test results 

obtained by the presented experimental setup has produced 

results in good agreement with theoretical analysis. 

Further investigation will be done to validate the proposed 

prototype and to verify repeatability and reproducibility of 

the system.  

 IV. APPENDIX: RELATIVE ERROR TO 

PERMITTIVITY CHANGES 

A change in permittivity causes a variation in the value of 

the liquid level corresponding to a given measured 

capacitance which can be calculated with first order 

approximation as follows. Starting from the formula of the 

capacitance � as a function of the level # relative to the 

bottom end of the sensor: 

 ��#� � �	TU��V! " �W
#
9
$ �X (11) 

where �	 is the capacitance of the empty sensor and 9 is 

its length, the functional dependence of # from the relative 

permittivity ��V! is obtained by inversion of (11): 

 #U��V!W �
� �	Y " �
��V! " �

9 (12) 

Then, if the relative permittivity of the liquid is changed 

from ��V! to ��V!Z � 
 ��V! $ [��V! the level at which a given 

capacitance value � is measured can be obtained 

expanding (12) with a Taylor series: 

 
#U��V!Z W � #U��V!W "

� �	Y " �
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Then putting (12) into (13), the relative variation of the 

level with respect to the relative variation of the relative 

permittivity at any value of the measured capacitance is: 

 
4#
#
^ "

��V!
��V! " �

4��V!
��V!

^ "����
4��V!
��V!

 (14) 

where in the right-hand side coefficient 2.05 has been 

calculated for the nominal value ��V! of kerosene equal to 

1.95. That is, in relative terms, an increase in ��V! is almost 

doubled to give the decrease in liquid level at any fixed 

value of the measured capacitance. 

On the contrary, a sensor calibrated for a liquid with 

relative permittivity ��V!, if used with a liquid of a different 

permittivity, gives rise to a level relative error of +1.9 the 

relative variation of ��V!. 
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