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Summary. Search agricultural machinery design, including wide spread boom sprayers is impossible to
implement qualitatively without carrying out experimental investigations. Therefore, this paper is focused on the
important aspects of preparation method for experimental research. Particularly, the analytical model for
determining the approximation curve nature and the method of the calibration factor setting are given. The results
of processing the experimental research oscillograph with reception of graphical dependences of normal tension
in intersection of the investigated element of the metal construction are given.
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Statement of the problem. The search design of agricultural machines, particularly
long-range boom sprayers, is performed in several stages: problems analysis, development of
ideas concerning improvement and its theoretical substantiation, experimental verification [1,
2]. And these are experimental investigations that deny or confirm the results of the research
mathematical model of the particular object of the agricultural machine. Due to them the
researcher obtains reliable background information about the object in order to develop
adequate analytical models. Obtaining the most reliable magnitudes of the investigated values
significantly depends on the quality of the set up and carried out experiment as well as on the
processed results.

Analysis of the available investigations and publications. Experimental
investigations of the development object is always followed by program design, writing
methods, preparing the experimental equipment and the research object, immediate experiment
directly and its results processing [3-6]. Each of these stages is important in order to obtain
qualitative final result. There is a lot of information in the literature sources concerning the
above mentioned problem, but, as a rule, it is presented only in general context and its
adaptation to the particular experiment is very challenging.

One of the most important stages in the experiment preparation is the calibration of the
strain gauge equipment. Methods of this procedure performance are described by researchers
in many scientific papers, but there is little information about the mathematical apparatus of its
implementation. In most cases, the final result is the calibration factor, and there is no evidence
of its functional dependence.

Objective of the paper is to develop the method for strain gauge equipment calibration
and provide the mathematical model for strain gauge resistance sensors calibration using
rectangular beam loaded according to the «pure bending» scheme.

Statement of basic material. While carrying out the experimental investigations
concerning the real stress state determining for metal structures of agricultural machines,
particularly the boom frames of the long-range sprayers, strain gauges are often used.
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Important aspects of the experimental research methodology

The same can be applied to various strain gauges, the basis of which is the sensitive
element of the strain gauge. The deformation of this element depends on its resistance, and this
affects the current circuit where it flows. Connecting to digital universal recording system
(URS), we obtain the electrical signal, which due to the calibration procedure, is converted into
physical value of the investigated parameter.

This method is presented on the example, of strain gauges Plcalibration, which are
selected from the lot of sensors stick to the sprayer metal structure.

P1 class sensors with B accuracy have the following technical parameters [7]:

- rated resistance: 200 Q;

- boundary deviation of electrical resistance in the lot 100 pcs.: +£0,2%;

- maximum measured deformation: £3000 um/m;

- sensitivity: 1,9-2,3;

- operation temperature range: -70°C to +200°C.

The strain gauge element is the rectangular steel (steel 25) beam with the cross section
8 mm x 19 mm loaded with two symmetric forces forming constant bending moment area (pure
bending).

Universal press UP-8 is the loading device, Figure 1.

Figure 1. Strain gauge calibration at universal press UP-8

The given resistors are mounted on the top and bottom parts of the strain gauge beam
(middle part) according to the standard procedure and by proper glue recommended by the
strain gauges manufacturer. Then wire unsoldering is performed for connection to the SRU.
The obtained strain gauge element is placed into the loading device included in the universal
press UP-8. Distances between the supports 160 mm, forces application prisms 70 mm
(symmetrically from the beam middle of the) are provided. According to its design, UP-8 has
force transmission coefficient K =50.

The calibration process itself is performed in the following sequence:

- connection of strain gauges to the corresponding SRU channel (channel 1 — resistor
stick on the beam side, the fibers of the beam are stretched under load, channel 2 — the resistor
on the compressed fibers);
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- procedure for SRU starting to the operation mode [8];

- gradual beam loading-unloading by means of universal press UP-8 (adding loads
from 1 kg to 6 kg). Multiplicity of carried out experiments is 3.
According to the results of this calibration stage the following results are obtained, Table 1.

Table 1

The results of the strain gauge beam calibration in relative (electrical) units

UP-8 load mass, kg 0 1 2 3 4 5 6
*R1 | 2041 2103 2175 2252 2310 2370 2439

! **R2 | 2028 1949 1862 1821 1741 1670 1605
5 R1 2037 2108 2177 2255 2324 2369 2466

R2 2024 1932 1853 1815 1735 1682 1609
3 Ri1 2045 2112 2183 2264 2329 2375 2469

R2 2030 1948 1868 1825 1735 1685 1602
Avarage R1 2041 2107 2178 2257 2321 2371 2485

values R2 2027 1943 1861 1820 1737 1679 1605

Note: *R; is the line corresponding to channel 1 signals;
**R, is the line corresponding to channel 2 signals.

The final goal of calibration procedure for strain gauge sensors is to obtain the
calibration coefficient providing SRU electrical signals conversion into physical magnitudes
while investigating the real objects.

In order to choose further steps of the obtained statistic data processing, it is necessary
to check the regularities of their placement on the coordinate plane. In other words, find their
trends. Often, researchers accept, as a rule, the simplest trend without their choice
substantiation. Let's also start with the simplest — the linear trend, which, logically, should
reflect and continue the obtained values from the given series.

The trend construction essence is to determine the class of functions (among known
ones) that can be most closely related to the point graphs of the experimental investigation time
series. In order to determine the deviation of the specified function from valid experimental
data, mainly the least-squares method is used.

To find the trend, the following mathematical apparatus is used.

General view of the empirical formula (trend) [4, 5]

y=f(ta,..a,), m<k, (1)

where m is the number of trend parameters, k is the number of known time series values.
Trend deviation from the measured values during the experiment is

g =f(i,a5,a,...,a,)-vy, i=12..k. (2)

The smallest squared sum of such deviations indicates the maximum convergence of the
specified function and the corresponding points in the experimental data time series.

S (ay,8,) = D67 = D[ 12003,y T @

ISSN 2522-4433. Bicuux THTY, Ne 1 (97), 2020 https://doi.org/10.33108/visnyk_tntu2020.07 ............cccceveeevceeerccceen 19


https://doi.org/10.33108/visnyk_tntu2020.0

Important aspects of the experimental research methodology

It is know that in order to determine the function minimum S(a,,...,a, ), in this case it

is sufficient to find its partial derivatives by parameters a,,...,a, and set them to zero. Hence,
we obtain the general notation of the equations system

d of

= (i,a,,....a —=0,
2:1: 0 —Yi aa .
) of (4)
Z (i,a,,....a, ) -V, . —=0.

Now, taking into account the fact that the linear trend is described by the straight line
equation

y=a,+at, )

from system (4) we obtain the system of linear algebraic equations for linear trend

aok+aik(k +1)=Zklyi,
i=1 6
a, k(k2+1)+a1 k(k +123(2k +1)=iiyi- (6)

i=1

It solution is found due to the known method by determining unknown coefficients a,
and a,. For this purpose, we write the known system parameters: k=7; m=2; vy, is the

average numerical values of time series R, of experimental investigations (Table 1).
After the substitution of the values, system (6) is as follows

{7&10 +28a, =1,5733-10%;

4 ()
28a, +140a, = 6,4854 -10".
The result of solution (7) is: a, =1,913-10° i a, = 68,6429 ..
Then the sought-for linear trend dependency is as follows
y =1,913-10° + 68,6429t . (8)

Mean-square deviation is used to estimate the proposed trend quality

k

Z 9)

km+1

Here ¢ =7,4849.
Graphical interpretation of the carried out procedure is shown in Figure 2.

80 ........ ISSN 2522-4433. Scientific Journal of the TNTU, No 1 (97), 2020 https://doi.org/10.33108/visnyk_tntu2020.01


https://doi.org/10.33108/visnyk_tntu2020.0

Andrii Babii

2.5¢10°
2.43810°
2 375¢10° 2

2.31310°
y(t)

2.25¢10°

<
=

2.188<10°

2.12510°

The signal from the URS, un

2.06310°

2%10°
0

t
Degree of loading, N: 1-0; 2-490,5; 3981; 4-1471,5; 5-1962; 6-2452,5; 2943

Figure 2. Linear approximation of experimental time series data R,
Similarly, we perform the described operations for statistical time series R, of electrical

signals of resistor 2.
System (6) according to the values of series R, is as follows

7a, +28a, =1,2672 -10%;
A (10)
28a, +140a, = 4,877 -10°.
Hence we have: a, =2084,2857 and a, =—-68,5.
Then the sought-for linear trend dependency is
y =—68,5+2084,2857t . (12)

Mean-square deviation is & =10,0865 .
Graphical interpretation is shown in Figure 3.
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Figure 3. Linear approximation of experimental time series data R,

It is evident from graphs in Figure 3, 4, that the experimental points scatter band
probably has straight-line tendency, but it is reasonable to carry out comparative analysis, for
example with quadratic trend, in order to substantiate the decision made.

The quadratic trend functional dependency is

y=a,+at+at’, (12)

then system (4) for parameter input a,, a,, a,, is as follows

k k k
ak+ayi+a,yil=>y,
i=1 i=1 i=1
k

k k k
a,y i+a Y i*+a,y i*=>iy, (13)
i=1 i=1 i=1

i=1

k k k k
8, i*+a Y i*+a,» i*=>i%,.
i=1 i=1 i=1 i=1

After substituting the mean values of series R, , taking into account that m =3

7a, + 28a, +140a, =1,5733-10°,
28a, +140a, + 784a, = 6,4854 -10%, (14)
140a, + 7844, + 46764, = 3,3-10°.

The determined coefficients are: a, =1968,7143; a, =715, a, =—-0,3571.
Functional dependence of quadratic trend is

y =1968,7143 + 71,5t — 0,3571t>. (15)
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Mean-square deviation is & =8,0686 .
Similarly, system (16) is obtained after substituting the average values of series R,

7a, + 28a, +140a, =1,2672 -10%,
28a, +140a, + 784a, = 4,877 -10%, (16)
140a, + 784a, + 4676a, = 2,3818 -10°.

The determined coefficients are: a, = 2096,5714 ; a, =—76,6905 ; a, =1,0238.
Then the functional dependence of quadratic trend is

y = 2096,5714 — 76,6905t +1,0238t>. a7

Mean-square deviation is £=10,2214.

Let us compare the mean-square deviations for determined linear and quadratic trends
for time series R, and R,:

— forseries R,: mean-square deviations for linear trend is 7,4849; quadratic — 8.0686.

Here closer connection is provided by linear approximation;

— for series R, : for linear trend is 10,0865; quadratic — 10,2214,

It is evident from comparison that the mean-square deviation for both numerical series
for linear approximation is smaller than quadratic one, and therefore it is reasonable to use
linear dependence for the approximation of obtained numerical series R, and R, .

If so, then for linear dependence the function increment is constant value. On this basis
we develop method for determining the strain gauges calibration coefficient.

Using the known dependence from the strength of materials [9], the resistance moment
of the experimental beam is

2
w, =20 (18)
where b is beam width, b =0,008 m;
h is beam height, h = 0,019 m.
Then resistance moment is
3 0,008 - 0,019%

W, =4,8133-107 m?,

Theoretical normal stresses occurring in beam cross-sections are determined in the
following way

o= (19)

where M is the moment occuring in the considered beam cross-section

M = —LABZ_ e p, (20)
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where L,; is distance between the supports A and B, L,; =016 m; L, is distance between
applied forces, L, =0,070 m; P is force generated by UP-8 loading mechanism when
changing loads and taking into account the force transfer coefficient K =50.

Accordingly, we obtain the moments by (20), by which the beam is loaded, N-m: O;
22,065; 44,13; 66,195; 88,26; 110,325; 132,39.

Substituting the obtained moments into formula (19), we found the control values of
normal stresses (o) in the beam cross-section intersection, where constant moment, MPa: 0;
45,841; 91,683; 137,524; 183,365; 229,207; 275,048 act.

In accordance with the strain gauges resistance and their sensitivity coefficient, as well
as SRU operation mode, the signal gain by the equipment is, k ;; =16.

The discrete values of the calibration factor by signals of series R, and R, are
determined by dependence

O-ikpid
kl(2)tari = R ) (21)

1(2)i

the calculated values are summarized in Table 2.

Table 2

Discrete values of the calibration coefficient

MP

kmri,u—na, 0 0.3481 0.6734 0.9749 1.2640 1.5465 1.7904
MPa

Kyiar i 0 0.3775 0.7882 1.2088 1.6890 2.1842 2.7413

The gain of the relative units values for SRU electrical signal on sections
i =1 2,...,k—1 under gradual loading of the investigated beam is determined by the following

dependence
A1(2)i = Rl(Z)i+1 - R1(2)i . (22)

Average gain is

k

z (Rl(Z)i+l - Rl(2)i) (23)
Aoy = = k—1 .

The determined values by dependences (22) and (23) are summarized in Table. 3.

Table 3

Average gain

Ay 66 71.33 78.67 64 50.33 86.67 A =695
A, -84.33 -82 -40.67 -83.33 -58 -713.67 A, =-70,33
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The average gain in sections by the values of series R, andR,, that is, on stretched and
compressed fibers, is A = 69,92, the ratio error between the average gain is 1.2%.

Let us determine the averages of the calibration factor by average gain and based on the
stresses values determined from (21) for both series

_ Orir2), T Orur2), K

Kigyn = A pid (24)

where o, g, are stresses determined from (21) based on numerical values of series R,

and R,.
Substituting the numerical values into (24), we obtain identical values of the calibration
factor for all sections and for both series k,, . = k; =10,4905 MPa .
un.

Conclusion. The obtained value of calibration factor is used to transform the electrical
signal values (in relative units) to the actual stress values. The result of such procedure is shown
in Figure 4 and 5.
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The component of the oscillogram of stress state investigation for one of the boom frame

cross-sections of the long-rande sprayer during the technological process implementation is
shown in Figure 5. And the processed signal, where the result of dynamic loads action given in
physical units — stresses in MPa is shown in Figure 6. Thus, according to the obtained actual
values, such as acting stresses, the prediction of the operational life for the given metal
structures is done. The results of such investigations are given in papers [10-12].
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VJIK 631.3.05

BAXKJ/INBI ACHEKTU METOJUKU ITPOBEJAEHHSA
EKCIIEPUMEHTAJIBHUX JOCJIII?KEHb

Amnapiii baoiit

Tepnoninbcokuu HayionanrbHuu mexHivHuu ynigepcumem imeni leana Ilynios,
Tepnoninw, Yrpaina

Pesiome. [lowykoge KOHCMPYIOBAHHA — CilbCbKO2OCNOOAPCOKUX — MAUIUH, 30KDeMa, WMAH206UX
00NPpUCKYBAUI8 WUPOKOI PO320PMKU, HEMONCIUSO AKICHO peanizyeamu 6e3 nposedeHHs eKCNepUMeHmanrbHux
oocnioacens. Iliozomoska 00 BUKOHAHHA HAMYPHUX YU HANIBHATYPHUX eKCHEPUMEHMIE 8UMA2AEC PO3POD.IeHHS
npoepamu ma memoouku ix npoeedenns. Ceped nidcomosuux npoyeoyp 6iON0GIOAIbHOI € MAaPYE8aAHHs.
MeH30MempuyHo20 001aoHanHA. Bi0 moeo, HAcKinbKu SKICHO 0yO0e 6CMAHOBNEHO MApy8anbHi KoegiyieHmu
3anexcamume 6enUUUNHA 30IHCHOCTINT OMPUMANHUX PE3YTbMAMIE 00 3HAUEHb PAKMUUHO BUHUKAIOUUX BETUYUH.

Y pobomi nocmasneno 3a memy po3pooumu memoouxy mapysans meH30MempuuHo20 00IA0OHAHHS Md
Hagecmy MamemamuyHy MOOelb MAapyeéanHs MeH30MempPUyHUX OamuyuKié Onopy 3 GUKOPUCMAHHAM OaiKu
NPAMOKYMHO20 Nepemunty, AKa Ha8aHMAadICeHd 34 CXeMOI0 «HUCmozo 32uty». [lna peanizayii nocmaenenoi memu
BUKOHAHO O00CTIONCEHHSI MeHOeHYIT PO3MIlyeH sl eKCNePUMEHMANbHUX OAHUX HA KOOPOUHAMMHIU RNIOWUHI.
Buxopucmosyiouu emnipuuni sanexcnocmi (mpenou), 6CmaHosieHo, wo micHull 36’130k cnocmepieacmocs npu
JIHIUHTI anpoxkcumayii y nopieusanui 3 keaopamuunor. Taky OyiHKy ompumano npu GUKOPUCMAHHI Memooy
HaMeHWUX K8aopamis 3a cepeOHboK8aopamuyHum gioxunentam. Ompumarne 008e0eHHs. 003680UNL0 UOYOYBAMU
nooanvii Oii MemoouKu mapyeanHs wooo 6CMAHOGIEHHS MOYHO20 3HAYEHHA MaPYBaAlbHO20 Koediyienma.

Jlna oamuuxie 111 xnacy mounocmi B 3 6azoro 20 mm, axi 0yau 6idibpani 3 6i0nosioHoi napmii ma
HAKNIEEHUMU HA NOGEPXHAX PO3MAZY | CMUCKY MEH30MempudHoi OaiKu, GU3HAYEHO ycepeoHeHe 3HAYeHH:
MapysanibHo20 KoeQiyicuma 3a cepeoHiM 3HAYeHHAM NPUPOCmY O/ 000X YUCIO08UX PAOI8 eKCNePUMEHMATbHUX

MPa
oanux. Ilpu yvomy mapysareruii koegiyiecum cmanosums Ky =K, =10,4905 ——. Ompumane snauenns
un.

0aHo20 Koeghiyicnma BUKOPUCHOBYEMbCA OISl NEPeBe0eHHs 3HAYEHb eNeKMPUYHO20 CUSHANY (Y BIOHOCHUX
OOUHUYSX) OCYUNOZPAMU EKCHEPUMEHMANLHO20 O00CAI0JCEHHA V (aKkmuuni 3HaueHHs Oil0YuUX HANPYICeHsb du
IHWUX Qi3uyHUX 8eTUYUH.

Kniouogi cnosa wmanzoguii 0ONpuckysay, excnepumenmanbii 00CHi0JNCeHHs, AnpOKCUMYIOUa Kpued,
MEeH30Pe3UCTOD, MOMEHM ONOPY, HANPYIHCEHHS.

https://doi.org/10.33108/visnyk_tntu2020.01.077 Ompumaro 04.04.2020

ISSN 2522-4433. Bicuux THTY, Ne 1 (97), 2020 https://doi.org/10.33108/visnyk_tntu2020.0/ ............ccccevcevvceeencn.. 87


https://doi.org/10.33108/visnyk_tntu2020.0
https://doi.org/10.33108/visnyk_tntu2020.01.07

