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Abstract: For increasing accuracy of a measuring device, before carrying out measurement,
implementation of graduation, which consists of the establishment of correlation dependence
between indications of the measuring device and humidity of specific material, is required. For
the creation of calibration dependence of the developed measuring device as the measured 10 test
samples of ammonium nitrate (nitrogen) with humidity from 0% to 2.5%, with different intervals
are selected. For determination of the humidity content of ammonium nitrate, it is measured the
dependence of the frequency on the humidity content of the sample. For each test, several values
of frequencies of the measuring generator entered in the table with a calibration frequency
f, =717,482 KHz are received. In this work, the short review of the known methods on the creation

of calibration dependence is carried out, the impossibility of application of exact methods for an
objective solution because of removal need of an excessively large number of experimental data
at the calibration of the measuring transducer is set and for some other reasons. The analysis of
the application of some classes of functions is made for the approximation of an output
characteristic. However, the described methods above should be exposed to modification and
simplification. In this regard, it is offered to use the least-squares method for improvement of
calibration characteristic of a measuring device in the work, the function of calibration
dependence in the form of a polynom of the seventh degree is made and matrixes of a system of
equations of derivatives of first order are constructed. Further, the help of applying the software
environment of Mathcad calculates the made systems of equations. For this, the coefficients of the
system of equations are presented in the form of a matrix, and the free terms - in the form of a
vector. Further, utilization of the Gaussian method, correction factors were found, on the basis of
which a mathematical model of the calibration dependence was built that allows for the optimal
accuracy of the calibration of the measuring device.

Keywords: Calibration, calibration of a measuring device, humidity of bulk materials(nitrogen),
least-squares method, Gauss's method, function of calibrating dependence, augmented matrix of
systems of equations, mathematical model, accuracy.

Introduction

For increasing measurement accuracy of any measuring device, before carrying out
measurement, it is required carrying out graduation which consists in the establishment of
correlation dependence (in an analytical, graphic or tabular form) between indications of the
measuring device and, for example, the humidity of specific material. This stage is the most
responsible in the described technique as the accuracy of quantitative determination of humidity
depends on care of the execution of operations on graduation. For the creation of calibration
dependence, it is required to have a set of samples of specific material with different humidity. At
the same time, the humidity range in which graduation of measuring equipment is made breaks
into intervals which length depends on the selected range and on the quantity of the available
samples.

When conducting measurement of the humidity of ammonium nitrate the most difficult
stage is the preparation of reference tests (samples) based on which is selected reference calibration
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frequencies. For the preparation of reference tests and determination of calibration frequencies,
we used an arbitration method (a drying method) and exact digital scales with the five-unit display.

In this research, it is selected 10 samples of ammonium nitrate (nitrogen) with humidity
from 0% to 2.5%, with different intervals for the creation of calibration dependence of the
developed measuring device as the measured sample. These samples(according to GOST 2-2013)
were made at the Information Processing Systems and Managements department of the Tashkent
state technical university named Islam Karimov. Measurement of calibration frequency and real
values of output frequencies of the measuring generator carried out by "A frequency meter
electronic calculating CHZ-54 type», the measuring device of «IVSX1», which is received the
«CERTIFICATE COMPLIANCE», and "STATEMENT", the AGENCY of GOSSTANDART of
UZBEKISTAN for carrying out measurement of the humidity of bulks [11, 15].

Research Methods and the Received Results

Several batches of samples were prepared and the dependence of the frequency on the
moisture content of the sample was measured for investigation of the accuracy of the indications
of the developed cylindrical capacitive measuring device with a coaxial core, as well as for
determining the moisture content of ammonium nitrate. For each sample, the following values of
the frequencies of the measuring generator were obtained (Table 1), at the calibration frequency
f, =717,482 KHZ .

Table 1.
Experimental data, which depends on the measuring transducer frequency of the
moisture content of ammonium nitrate

i Indication of measuring instrument (f;), Humidity sample(Wi), %
kHz

1 0
657009,33

2 0,1
641256,12

3 0,2
633614,0

4 0,3
626568,68

5 0,4
619345,62

6 0,5

612325

7 1
575240,5

8 1,5
569468,45

9 2
564622,19

10 2,5
560796,33

Using the data in table 1, a point table of the dependence of the measuring generator
frequency on the moisture content of the measured sample is built (Fig. 1).
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Fig. 1. Point graph of the basic data.

A number of values of humidity of ammonium nitrate to which corresponds a number of
instrument readings (the established values) is received As a result of the conducted measurements
and calculations. On the corresponding values of humidity of a sample and instrument indications,
it is possible to construct calibration dependence "instrument indication — humidity of ammonium
nitrate"

Various methods are known for building a calibration dependence (regression curve).

Now, we analyze the possibility of using linearization methods.

Exact methods of linearization are inapplicable for an objective solution owing to the need
for removal of the excessively large number of experimental data at the calibration of the
measuring transducer that is impracticable and economically not reasonable in some cases. In
addition, it is required to store a large amount of experimental data in the microcontroller memory
of the measuring transducer, which is several times higher than the available capabilities of the
built-in memory devices.

For the application of the segment approximating functions, it is necessary to break an
output characteristic of the measuring transducer into linear sections and to describe the equation
of each section. It is obvious that this approach demands labor-consuming calculations and storage
of a large volume of calibration information in memory of the measuring transducer. The situation
is complicated by the fact that in this case, we are talking about a two-dimensional output
characteristic and the segments must be parts of the surface. The computing power of
microcontrollers that are used popularly in measuring transducers does not allow solving the
problem.

Because of the facts above, the hardware features of modern measuring transducers allow
us using only global approximating functions to linearize the output characteristic

In the work [4], an analysis of the application of some classes of functions for
approximating the output characteristic was done. The analysis used the following types of
functions

1. Algebraic polynomials which have the following view:

PU)=a,+aU +..+aU",
where n — polynomial order; a, — polynomial coefficients.

2. Fractional rational functions:

P(U)= a, +au +...+amU“; |
l1+a, U+..+aU

m+1
where n and m — some natural numbers.
3. Functions, which are the solution of ordinary differential equation
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The mean square deviation of a mathematical model, the absolute maximum value of
deviations brought to the range value of the maximum value of a deviation was calculated for each
class of functions. In addition, the applicability of the functions was assessed from the point of
view of the convenience of further use of the function by the number of mathematical operations
included in the function.

In the course of the analysis, it was revealed, "the choice of either algebraic polynomials
of the 3rd order or fractional rational functions of the 1st order, since they are comparable in terms
of the complexity of implementation and the accuracy of descriptions, is optimal for all the selected
quality criteria of approximating functions™].

In the works [4, 5, 8, 9], the algorithm of calibration of reference measuring transducers of
humidity based on the iterative approach of the polynomial function approximating output
characteristics of the transformer according to a criterion of uniformity is considered. In addition,
the main properties and stages of an algorithm, and its application are considered during calibration
of measuring transducers of humidity

However, the algorithms and methods mentioned above should still be modified and
simplified.

According to the statements of authors [10, 12, 13], the method of the smallest squares is
still considered in the most effective and easy way for calibration of graphs of dependencies on
various parameters. Therefore, we will use a method of the smallest squares for the creation of
calibration dependence (a regress curve).

Thus, according to the least-squares method, we will describe the function of calibration

+..a,,p+aU.

dependence W =k(f)in the form of a polynomial:
W= X+ X F+X,f2 e X2 X O+ X FP+ X FO 4+ X 7, (1)

Make a difference formula Sm between the valid measured value and calibration values
10 10
S = S TW(R) W F =3 [(X0 + X, By X, £+ X £2 4 X F 4 X 154 X, 10+ X0 ) -W . (2)
i=1 i=1

Calculating derivatives and equating the right parts to zero, we will construct a matrix of
an equations system of derivatives:

as 10 ) ;
2= 23 (X + X, Fy 4+ X, 62 4 X, 1) =W |=0,

i=1

10
aSm = 22[()(0 + lei + Xzfiz +..+ X7fi7)_Wi]fi =01
a)<l i=1

10 3
oS, =22[(X0+lei + X, f 2+ X7fi7)—Wi]fi2 =0, ®)
oX, i1

10 :
(;S(m =2 (X + Xy B+ X, 62+t X 1) =W i =0,

According to [3, 4, 10, 12, 13], we obtain the following system of equations after
conducting some transformations:



10 10 10 10
10X +X12 f.+XZZf.2+...+X Zf’:ZWi ,
OZf+XZf2+XZf +.. +XZf8 ZfIWI,

(4)
X Zf + X Zf + X Zf“ A+ X ng Zfzw
10 10 10 10 10
I AED DI AED Y fi9 o X =D W,
i=1 i=1 i=1 i=1 i=1
We will write the results of the calculations in the tab. 2.
Table 2.
Experimental results of calculating the equations system (4)
i Wi fi fi2 fi3 f;l4
1 0 657009,33 432-101 2,84-10Y 2,79-108!
2 0,1 641256,12 4,11-101% 2,64-10Y 1,99-10%
3 0,2 633614 4,01-10' 2,54-10Y 1,68-10%
4 0,3 626568,68 3,93-10¢ 2,46:10Y7 1,44-108
5 0,4 623345,62 3,89-10% 2,42-10Y 1,33-10%
6 0,5 617325,14 3,81-101 2,35-10" 1,17-10%
7 1 601423,5 3,62:10¢ 2,17-10Y 8,10-108°
8 1,5 569468,45 3,24-101¢ 1,85-107 3,77-108°
9 2 564622,19 3,19-101* 1,80-10%7 3,35-108°
10 2,5 560796,33 3,14-101* 1,76:10Y 3,04-108°
Y 8,5 6095429,36 3,73-10%? 2,28:10'8 1,22-10%2
Table 3.
Experimental results of calculating the equations system (4)

i fiWi fi2Wi Wi fi'Wi W(fi)

1 0 0 0 0 -0,615

2 64125,612 4,11-10° 2,64:10%° 4,46:10%° 0,040

3 126722,8 8,03-10%° 5,09-10%° 8,20-10%° 0,314

4 187970,604 1,18-10% 7,38:10 1,14-10% 0,547

5 249338,248 1,55-10% 9,69-10%° 1,46-10%° 0,647

6 308662,57 1,91-10*? 1,18-10Y 1,71-10%° 0,823

7 601423,5 3,62-101 2,18-10Y 2,85-10% 1,227

8 854202,675 4,86-10* 2,77-10Y 2,91-10% 1,804

9 1129244 38 6,38-10* 3,60-10Y 3,66-10%° 1,868

10 | 1401990,825 7,86-10* 4.41-10Y 4,36-10% 1,915

Y | 4923681,214 | 2,86-10*2 1,66:108 1,94-10 8,568

We will find coefficients by the help of the constructed system of equations (4) and the
calculated data (tab. 2 and tab. 3): Xo, X1, X2, X3, X4, Xs, Xs, X7.
In this case, the system of equations (3) concerning Xo, X1, X2, X3, Xa, Xs, Xs, X7 takes the
following form:




10X, +6,10-10° X, +3,73-10" X, +...+3,31-10" X, =8,5,
6,10-10° X, +3,73-10"* X, +2,28-10"* X, +...+ 2,05-10*" X, =4,92-10°,
3,73-10% X, +2,28-10"° X, +1,40-10* X,...+1,28-10* X, =2,86-10", (5)

3,31-10* Xy + 2,05-10% X, +1,28-10% X, +...+1,22 -10% X, =194 -10*
Then we write these equations systems in the form of a matrix
A-X =B (6)
Multiply both parts of the equation (6), on the left side by an inverse matrix of A, As at
A7 A-X=A"-B. A. A=Eare equal to a unit matrix, equality is formed as follows:
X=A"'B. @)
Applying the software environment of Mathcad, we will calculate the stated systems of
equations that are given above. For this purpose, we will represent coefficients of a system of

equations in the form of a matrix, and absolute terms in the form of a vector (fig. 2) in the software
environment of Mathcad.
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Fig. 2. Input a system of equations into the Mathcad software environment

Column X that was found according to s7= will be a solution of unknown matrixes (fig. 3).

Tl Mathcad - [111]
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Fig. 3. The solution of an equations system in the software environment of Mathcad



According to [3, 4, 10, 12, 13], solving the equations system (3) by the help of the Gauss
method, we find the coefficients, such as X, =1009, X,=-5763-10°, X,=3563-10"%,

X,=1113-10"", X, =6,310-10%, X, =-7,810-10"°, X, =-4191-10"%, X, =-5,921.10"*.

The equation of calibration dependence will have the following appearance if we substitute
the found coefficients in (1):

W =1,009-5,763-10° f +3563-10™* f* +1,113-10™"" f* +6,310-10 > f * — ®)
—~7,810-10%°f°-4191-10*f° -5921.10* f .

Expression (8) is a mathematical model of calibration dependence of ammonium nitrate
humidity on frequency.

From the calculated values of coefficients Xo, X1, X2, X3, Xa, X5, Xe, X7, it is visible that
coefficients of values beginning from X3 and above have insignificant values and therefore they
can be neglected. Paying attention to the facts given above, the mathematical model of calibration
dependence of a measuring device can be written in the following view:

W =1,009-5,763-10° f +3,563-10 " f °. 9)

The diagram of dependence of ammonium nitrate humidity on the frequency of the

measuring transducer that is constructed respecting the worked-out calibration equation (8) is
provided in fig. 4.

3

25 R
2

1.5 \\
1 ——f2

0.5 \\— n

s WA

0 —h,

05540000 560000 580000 600000 620000 640000660000 680000

W, %

-1

f, KHz

Fig. 4. Graph of the calibration equation with the correction coefficient (f1) and
without it (f2).

From diagrams, it is visible that the dependence of humidity on frequency, (fig. 4, f1)
constructed taking into account calibration coefficients is much better than the diagram provided
on fig. 4, f2.

Conclusion

In that way, the application of the least-squares method for conducting graduation of the
diagram of the dependence of ammonium nitrate humidity on the frequency of the measuring
transducer gave the chance to increase the calibration accuracy of a measuring device.
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