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ABSTRACT

The application of the proposed mathematical tools, that can be used for signal processing self-generating transducers of
physical quantities, are considered. Its operating mechanism is based on frequency modulation, when the frequency
deviation depends on the intensity of exposure measurement parameter. It is shown that the action for leveling additive
errors in the channel the signal generator is highly stable enough to use approximating second order polynomial.
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1. INTRODUCTION

The quality of oil and fuel and lubricants is largely determined by the accuracy of their moisture content. Water present
in hydraulic and lubricating liquids, causes significant damage to technological units requiring lubrication of parts.
Without proper devices and controls, it is difficult to see their current destruction. The water available in oil contributes
to corrosion, during transportation it can distort the displays of flowmeters, as well as leads to premature wear of
equipment and the emergence of emergency situations. Therefore, it is very important to develop systems for measuring
and controlling this parameter of liquid hydrocarbons®?*.

Currently, there are used measuring systems the quantity and quality parameters of crude oil (MSPCO), intended for
automated accounting at delivery of commodity oil from the supplier to the consumer, for qualitative definition
indicators of oil refinings, as well as at carrying out of accounting and settlement operations at transportation oil and
petroleum products®. MSPCO performs automatic calculation of the mass of petroleum products and sampling to
determine such parameters as temperature, pressure, viscosity, humidity; and transfer of measurement results to a
computerized control panel®®’.

2. THEORETICAL AND EXPERIMENTAL RESEARCH

It can be seen a block diagram of MSPCO (Fig. 1). It includes: measurement and control unit, block of filters (BF) and
block of the stationary pipe-piston installation (BP1)®°.

In turn, the measuring and control unit includes a measuring unit for quality indicators that provides measurement of
density, viscosity, flow rate, humidity, pressure and temperature of oil (Fig. 2).

As a humidity analyzer in the unit of measurement of quality indicators, a system for measuring and controlling the
humidity of oil and petroleum products, the structural scheme of which is given in Fig. 3. The system works in follow
way: the humidity change of the liquid to be studied leads to the change in the humidity-sensitive capacitance of the
condenser cylindrical structure (CCS)™ and, accordingly, to the change of oscillations frequency at the output of FM
oscillator (FMO)™, then the signal is digitized and means of displaying information (LCD-display, PC screen) displays
the value of the oil product humidity.
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Figure 1. Block diagram of MSPCO.
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Figure 2. Block of measurement of quality indicators: 1 — oil from sampling device; 2 — manual sampler; 3 — stop valves;
4 — sampler automatic; 5 — cylinder thermostat for the hydrometer; 6 — temperature sensor; 7 — pressure gauge; 8 — density
sensor; 9 — place of connection of the pycnometer; 10 — Viscosimeter; 11 — a moisture meter; 12 — flow meter; 13 — oil
output.
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Figure 3. Structural scheme of the system for measuring and controlling the humidity of oil and petroleum products.

Discribed system allows not only to measure and store the humidity values for a certain time, but also to control the
permissible humidity value given by the executable program. When the permissible humidity value is exceeded, the
signaling device is triggered and a message is displayed that the petroleum product does not correspond to the tolerance
value (on the screen the user sees the inscription "norm™ or "abnormality").
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The schematic diagram of the developed system is shown in Fig. 4 consists of a 8-bit microprocessor with a USB
interface PIC18F4550, a PC, a FMO, an LCD display WH1602C-YGH-CTK, and also contains a thermostabilization
system. The system of thermostabilization consists of the first thermochemical detector, which is installed with FMO and
controls the value of the temperature within the limits of 53°C + 0,5°C. If the temperature becomes less than 52.5°C,
then the heating element is switched on and the FMO is heated to 53,5°C. The second and third thermocouples are
installed on a humidity sensitive CCS to take into account the influence of temperature, in particular to select a certain
conversion function, from the list of those prescribed in the program at different temperatures'?. The used DS18B20
thermocouples are connected in parallel.

The information on the FMO, the sensory elements (CCSs) are installed in the pipeline in such a way that one is in the
measuring line, and the other in the reference, through the input nodes enters the microcontroller where the frequency
measurement takes place and their difference is calculated. The result of the difference in the frequency of data signals
based on the conversion function, recorded in the microcontroller, shows the percentage of water in the oil. Indication of
the results of the measurement of humidity is possible in two versions: the first with an LCD display, the second on the
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Figure 4. Principal scheme of the system for measuring and controlling the humidity of oil and petroleum products

In the system for oil and petroleum products humidity measuring and controlling, FMO is used on the basis of the
structure of two field-effect transistors” with CCS based on cylindrical electrodes.

The advantage of the described system is the application of the frequency modulation of the information signal, which
allows significantly increase the noise immunity of the data transmission channel™*°,
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The FMO transformation function is described by the expression:

E \/E\/LCQCi (W T ) (( RdsZZCdSZ - L) 'Cszci (W T ) + RdszzAl + \/E)
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where A =C,,?(C,, +C (W,T));

A, = Ry,'Cyi,C,°C7 (W, T ) + 2Ry, 'C,,°C,,C (W, T)(C,, +C; (W, T)) -

—2LRy,,"Cyi,C,"C” (W, T )+ Ry, "Cy,* (C.," +2C,, +C2 (W, T)) +

+2LR,’Cy,’C,,C; (W, T)(C,, +C; (W, T))+ L’C,,°C* (W, T),

R,,— MOSFET’s drain-sourse resistance; L — inductor; C,,C,, — MOSFET’s drain-gate and drain-sourse
capacitances; C, (W,T) — capacitance of humidity-sensitive CCS.

Fig. 5 and Fig. 6 show the theoretical and experimental dependences of the transformation functions, namely, the

frequency of FMO generation due to humidity of petroleum products®*.
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Figure 5. Conversion functions for motor oil 5W40. Figure 6. Conversion functions motor oil M8V.

As can be seen from Fig. 5 and Fig. 6 FMO transformations are nonlinear, but they can be easily approximated. The
sensitivity of FMO in the range of changes in the humidity of petroleum products from 0% to 20% is from 25.7 kHz/%
to 43 kHz /%. The difference between the theoretical and experimental results for FMO is not exceed 3%.

In the case of measuring the humidity content of petroleum products, this accuracy is not always sufficient. In order to
improve metrological characteristics by reducing the additive error, the averaging method is used®’. In the case where the
information signal is represented as a discrete sample, the need for the application of numerical methods arises. In this
article, the authors present a method of applying numerical methods for signal averaging.

Let the measurement result be a quasi-stationary value provided that the measuring parameter of the object is constant
a, (t) is a quasistationary value a, , and the sum of all cascades the frequency display error is "white noise", which is
described by the function ¢(t). Then at each moment of time a signal that is a signal of frequency and noise, which is a
function of frequency instability can be described y(t) =a; +&(t) . Apply the accumulation effect through the use of
integral signal processing, which will be observed for some time of research T, . Thus at the output of the integrator a

signal is formed'®%:

YO = [ yoot= [[a, +et=a,T, + [ sat. @
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In this case, the signal / noise ratio will determine the error from the effect of the additive interference after the
frequency/amplitude conversion to the interval of the frequency detector-indicator device:

n:Pa‘ _ (af~TD) , @)

i Dﬁ §(t)dt}

where P, i P, —signal strength and interference respectively.

n

Provided that the measuring system corresponds to Kotelnikov's theorem, we can give the following properties of this
system:

e the calculation method is valid for systems in which the information signal is quasi-constant, or periodic
(including pulse);
o the information signal, as well as the signal interference can be represented as a sum of samples with the
corresponding sampling rate;
o the variance of the sum of random variables (offset distances) will also be a random variable.
Based on the above statements, the following expressions can be written:

T

f e(t)dt = Zk:g(ti)ro , 4)

0

where k =T, /7, ; 7, — period of noise autocorrelation function.

The dispersion of the noise at the output of the integrator is determined by the expression:

0

DUJ g(t)dt} = D{Zk:g(ti)ro} Tl D{Zk:g(ti)} =g,-n-D(g) =T, -7, -D(&). (5)

Reducing interference is determined by the signal / noise ratio at the input and output of the integrator:

Paf oux (af 'TD )2 TD : a'f2 TD Paf.&r (6)
P T,7,-DE) t,-De) 1, P,

n.eux n.ex

As can be seen from the last expression, the signal / noise gain increases with increasing integration time (observation)
and the frequency of the auto-correlation function of the interference.

In this case, for the Kotelnikov theorem to run the system, there is a problem of ensuring the speed of the integrator with
the simultaneous provision of the necessary accuracy of the measurement. In'%, the possibility of applying the curvilinear
approximation of the table-defined function by the arc segment was shown (Fig. 7), which is essentially a curvilinear
refinement of the known trapezoidal method. The essence of the method is to assume that the graph of the approximated
function on each reference in the curvilinear and refinement of the trapezoid method is due to the finding of an area
limited by the straightforward approximation of the trapezium and the segment of the arc by the radius proposed in**%.
In this case, unlike the Simpson formula, it is eliminated the need to replace the segment of the desired straight line with
two parabolas with intersection points in the middle of this segment, since this point can be found with some
probability* %,
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Figure 7. Graphic interpretation of the integration method.

The mathematical apparatus of the proposed integration techniques is given below®?*:

2 12 )+ (vt )=yt ))-2ht )
rn _ [( n n—l) (y (n;h y (n—l)) nlJ + yz(tn,l) ) (7)
t -t )’ - 2\
Sina _ 1_ 1_ (n n—1) +(af,n af.n—l) ' (8)
n 2r2
a, =[arcsin(sing, )|; )
r’( o, .
Ssegm.n = ? ”1800 _Slnan . (10)

Area, contoured by function graphs t=t,, t=t,, y(t) is replaced by an integral sum:

j. y(t)dt = i Strap.i + i Ssegm.i ; (ll)
ty i=1 i=1
5 S =M XYy 1yt ..
= (12)
issegm,i - i% (r 1;‘60 —sina). (13)

The accuracy of numerical integration depends on the degree of integrable polynomial. So, with substitution of original
function y(t) with a line segment (the method of tangents, the trapezoid method), the integration error is determined by
the residual term®%:;

t -t ,)° I
R(t) = % y"(s), where ¢ €[X, ;;x,] midpoint of the cut-off.
In this case, the total error of measurement equals the sum of errors for each reference®*:
n-tL) o,
R, =3y ). 19
i=1
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The application of numerical integration with higher order polynomials reduces the error of integration. In this case, the
remainder of the integral equality described by expression®?":

5
t—t ) Y"G)
R(t) =| 2—o2L . 15
®) [ > ] % (15)
Similarly, for this case, the total error of numerical integration can be determined by remainder member®:
n 5 y(v)
LR R AN ()
R(t), = R == 16
(®): Zl( > J % (16)

An algorithm has been developed for calculating a definite integral for averaging the results of measuring the humidity
of oil and petroleum products. On the basis of this algorithm, the software of the microcontroller system for processing
the information signal was developed.

3. CONCLUSIONS

The microprocessor system for monitoring the humidity concentration in petroleum products, which can be used in the
system for control systems of crude oil at refineries, is developed. Dependences of the transformation function for
different petroleum products are obtained. The sensitivity of the measuring instrument in the range of changes in the
humidity of petroleum products from 0% to 20% is from 25.7 kHz /% to 43 kHz /%. Absolute error of measuring the
humidity of petroleum products is not more than 5 ppm. This result has been achieved by using the mathematical
apparatus of the averaging of the results of the measurement of the humidity of petroleum products on the basis of
numerical integration methods. In this work a mathematical apparatus was developed that was used for implementation
MSPCO.
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