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Introduction 

Real-time, non-sampling monitoring of the quality of liquid products – fuels, 

lubricating oils, and other technological liquids – remains one of the actively 

developing areas of instrumentation and metrology. Capacitive sensing is widely 

used for this purpose, since the dielectric permittivity of a liquid changes with its 

composition, contamination level, and moisture content, causing a corresponding 

change in sensor capacitance [1, 2]. Practical implementation of capacitive 

measuring channels, however, is complicated by parasitic capacitances, 

temperature-dependent drift of the sensor and the electronic measuring path, and 

random measurement noise [3, 4]. 

A number of studies address adaptive temperature compensation for capacitive 

sensors used to monitor liquid media, including lubricating-oil debris monitoring 

[5], portable dielectric-based oil-quality evaluation [6], and low-cost oil-quality 

sensors based on complex permittivity [1]. At the same time, most known solutions 

treat the sensor in isolation, without a unified structural model that jointly accounts 
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for the additive parasitic-capacitance model, the charge-time measurement 

principle, temperature drift, and a recursive adaptive-compensation algorithm 

within a single measuring channel. This gap defines the aim of the present work: to 

develop a complete mathematical model of an adaptive capacitive sensor and 

measuring system for monitoring the quality of liquid products, together with an 

adaptive compensation algorithm suitable for microcontroller implementation. 

Mathematical Model 

The useful capacitance of the parallel-plate sensing element is described by 

𝐶𝑥 =
𝜀0𝜀𝑟𝑆

𝑑
, and the corresponding sensitivity coefficient is 𝐾𝜀 =

𝜕𝐶𝑥

𝜕𝜀𝑟
=

𝜀0𝑆

𝑑
, relating 

a change in the liquid's relative permittivity to a change in sensor capacitance. The 

total capacitance registered by the measuring channel is modeled additively as 𝐶 =

𝐶𝑥 + 𝐶𝑝 + 𝐶𝑤 + 𝐶𝑒 + ∆𝐶𝑇 + ∆𝐶𝑛, where𝐶𝑝, 𝐶𝑤, and 𝐶𝑒 represent parasitic 

contributions from the sensor construction, connecting cables, and the electronic 

measuring path, respectively, while ∆𝐶𝑇 and ∆𝐶𝑛 represent temperature-induced 

drift and electromagnetic-noise contributions. 

Measurement is based on the RC charge-time principle: the sensor capacitance 

is charged through a resistor R, and the microcontroller's timer registers the number 

of clock pulses N elapsed until the comparator threshold Uth is reached, from which 

the measured capacitance is derived as 𝐶 = −
𝑡𝑚

𝑅ln(1−
𝑈𝑡ℎ
𝑈𝑠

)
. 

Temperature-dependent drift of the sensor capacitance is modeled by a first-

order linear approximation, ∆𝐶𝑇 = 𝐶0𝛼𝐶(𝑇 − 𝑇0), where 𝐶0 is the sensor 

capacitance at the reference temperature 𝑇0 and 𝛼𝐶 is the generalized temperature 

coefficient of the sensor and measuring path. The useful sensor capacitance is then 

recovered on each measurement cycle k as 𝐶̂𝑥(𝑘) = 𝐶̅(𝑘) − 𝐶̂𝑝(𝑘) − ∆𝐶̂𝑇(𝑘), and 

the resulting quality indicator Q is obtained from the calibration relationship 𝑄̂ =

𝑎0 + 𝑎1𝐶̂𝑥 + 𝑎2(𝑇 − 𝑇0). 

The core of the proposed solution is an adaptive compensation algorithm based 

on a variable-step-size Least Mean Squares (LMS) approach [7]: the temperature-

compensation coefficient is updated recursively on each control cycle k as 𝐾𝑘+1 =

𝐾𝑘 + 𝛾𝑒(𝑘)𝑥𝑘, where 𝑒(𝑘) = 𝐶𝑟𝑒𝑓(𝑘) − 𝐶̂𝑥(𝑘) is the deviation between the 

reference and measured sensor capacitance, and γ is the adaptation-step coefficient. 

Simulation of the step-response settling behavior for γ ∈ {0.05; 0.15; 0.30} showed 

γ = 0.15 to provide the best trade-off between convergence speed and stability, 

avoiding the oscillatory overshoot observed at γ = 0.30 while converging markedly 

faster than at γ = 0.05. 
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Simulation Results 

Computer simulation of the measuring channel's static characteristic was 

performed both without and with the proposed adaptive compensation. The relative 

nonlinearity error of the static characteristic decreased from 2.1% (uncompensated) 

to 0.35% (compensated) — an approximately sixfold improvement. The 

temperature-drift coefficient decreased from 𝐾𝑇,0 = 0.08%/°𝐶 to 𝐾𝑇,𝑎 = 0.01%/

°𝐶, corresponding to an eightfold reduction, expressed by the compensation-

efficiency ratio 𝐾𝑐𝑜𝑚𝑝 =
𝐾𝑇,0

𝐾𝑇,𝑎
=

0.08

0.01
= 8. With the adaptation coefficient set to 𝛾 =

0.15, the settling time of the compensation loop did not exceed 120 ms, which is 

compatible with real-time microcontroller operation. 

The applicability of the proposed adaptive sensor and measuring algorithm was 

demonstrated through its integration into a D-50RXU automotive economizer 

device, where continuous monitoring of fuel dielectric characteristics enables timely 

detection of compositional changes and supports efficient engine operating-mode 

control. The obtained results confirm that combining an additive parasitic-

capacitance model, a charge-time measurement principle, and a recursive adaptive 

compensation algorithm within a single structural-functional model provides a 

measurable improvement in measurement accuracy and stability over a non-

adaptive measuring channel [8, 9]. 

Conclusion 

A complete mathematical model of an adaptive capacitive sensor and 

microcontroller-based measuring system for monitoring the quality of liquid 

products has been developed, integrating an additive parasitic-capacitance model, a 

charge-time measurement principle, a linear temperature-drift model, and a 

recursive LMS-based adaptive compensation algorithm. Simulation results 

confirmed a sixfold reduction in nonlinearity error and an eightfold reduction in the 

temperature-drift coefficient after compensation, with a settling time not exceeding 

120 ms at 𝛾 = 0.15. The proposed model and algorithm are suitable for 

microcontroller implementation and practical application in automatic quality-

control systems for liquid products, including integration with fuel-quality 

improvement devices such as the D-50RXU economizer. 
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