66

RESEARCH AND ENGINEERING
INNOVATIVE PROJECTS

OF THE NATIONAL ACADEMY
OF SCIENCES OF UKRAINE

https://doi.org/10.15407/scinel6.02.066

KUCHUK-YATSENKO, S.I,, RUDENKO, P.M,, GAVRISH, V.S,,

DIDKOVSKY, O.V., ANTIPIN, Y.V., and ZIAKHOR, I.V.
Paton Electric Welding Institute, NAS of Ukraine,

11, Kazimir Malevich St., Kyiv, 03150, Ukraine,

+380 44 205 2370; +380 44 568 0486, office@paton.kiev.ua

OPERATIONAL CONTROL AS A MEANS

OF WELDED JOINT QUALITY EVALUATION
FOR FLASH-BUTT WELDING

OF MODERN HIGH-STRENGTH STEELS

Introduction. Flash-butt welding (FBW) of rails is controlled in real time based on the tolerances of the main
process parameters according to the data of specifications. The operational control algorithm enables real-time
detection of low quality weld and inadmissible trends in the process.

Problem Statement. In addition to the existing method, in order to control the compliance of welding of new
high-strength steel rails with the specifications, it is necessary to take into account the width of the heat-affected
zone (HAZ). The known numerical methods for calculating the HAZ in real time cannot be implemented because
of insufficient computatio—nal capabilities of modern control systems.

Purpose. To develop an algorithm for real-time monitoring of FBW with predicting the width of the HAZ, in
compliance with technical specifications.

Materials and Methods. A numerical method for calculating thermal fields during flash-butt welding, a reg-
ression analysis for HAZ prediction. The HAZ width is calculated based on the process parameters at the burning-
off stage and on the upsetting.

Results. A real-time algorithm has been developed for controlling FBW of modern high-strength steels with
prediction of the HAZ width. The algorithm is based on mathematical modeling of joints formation during flash-
butt welding.

Conclusions. The regression equation in the form of a second-order polynomial or MLP neural network with a
structure of 3 neurons in the input layer — 2 neurons in the hidden layer — 1 neuron in the output layer can be used
Jor calculating the HAZ width in real time with the required accuracy for practical use. Prediction of the HAZ
width during operational control expands the possibilities of its use for resistance butt-welding of high-strength
rails. The developed algorithm has increased the accuracy and reliability of operational control of FBW in real time.

Keywords: flash-butt welding, high-strength rails, heat-affected zone, regression model, fuzzy logic, and
Sugeno classifier.
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In various industries, the mass production of
welded structures successfully applies the flash
butt welding technology developed in the Paton
EWTI. It is based on a software modification of the
basic parameters, while using feedbacks to adjust
(to stabilize) their instantaneous values.

Fig. 1 shows a typical record of the main pa-
rameters: voltage U and current [ at the input of
the welding transformer, velocity V and shorte-
ning of the welding rails S, using resistance we-
lding machines designed at the Paton EIW, at the
enterprises of Ukrzaliznytsia.

As a result of multifactor parameter control,
the automatic control system ensures that the re-
quirements for obtaining weld quality indicators
according to the specifications (TU) are met [1].
TU data have been obtained from weld studies,
including numerous static mechanical bending
tests. The set and measured parameter values are
recorded in the form of an electronic protocol
that is given to operator for information in the
course of welding and is transmitted to the Ukrza-
liznytsia diagnostic center for statistical proces-
sing [1, 2]. In the case of unacceptable deviations
of the basic parameters from the values specified
by the program, the system issues an indication of
termination of operation and provides recom-
mendations for eliminating the deviations..

The main disadvantages of existing operational
control (regardless of distribution of measured va-

lues within the tolerance, "blurring" of the tole-
rance limits, significance of the effect of individual
parameters and their combination on the weld
quality) can, to some extent, be eliminated in the
control algorithm based on fuzzy logic [1—3].

In recent years, because of necessity to deve-
lop FBW technologies for modern high-strength
rails, eutectoid rails and increasing requirements
for the weld quality, the international standard
that governs the requirements for welded joints
of such rails [4—7] has introduced additional re-
quirements that limit the allowable changes in
the hardness of the heat-affected zone (HAZ) of
the welded joint and its width. They are hardly
controlled in production conditions. It is possible
only while testing the inspection batches of rails.

The purpose of this research is to develop an
algorithm of real-time control of compliance with
TU for FBW with the prediction of the HAZ
width and increase in the accuracy and reliability
of real-time control while making butt welding of
rails. Known methods of numerical calculation of
the thermal field while heating by the finite dif-
ference method, which could be used to calculate
the thermal field when welding rails, are not suit-
able for real-time application insofar as they re-
quire control systems having a very high currently
unreachable computing performance. Statistical
regression dependencies of different types, inc-
luding neural networks, are much easier to imple-
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Fig. 2. Dependence of deflection in static bending tests L
(mm) (y-coordinate) on HAZ width as calculated based on
welding parameters, regardless slump tolerance (x-coordi-
nate) for K76F steel rails (mm). The red horizontal line is
drawn at the level of minimum permissible bend (30 mm),
the vertical line corresponds to the level of maximum per-
missible width of HAZ (27 mm)
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ment. However, to build them, it is necessary to
have experimental data that satisfy the condition
of representativeness [5], in particular, uniform
coverage of the entire possible area of the process
existence, taking into account the welding re-
sults, that is, the number of points with positive
and negative results shall be balanced. In practi-
ce, these conditions are very difficult to meet be-
cause the cost of experiments is quite high, and
the production data for welding the samples is
usually concentrated in the narrow range with
the positive results being more numerous than
the negative ones.

To obtain an array of representative data, a
mathematical model of temperature field kinetics
with continuous melting was used, taking into
account the multifactor influence of rapid forma-
tion and destruction of single contacts on the
heating intensity during the technological cycle
of contact welding of railway rails. The model was
adjusted, tested, and refined according to the ex-
perimental data when heating by the method of
melting the rail samples (type P65, grades M76
and K76F) on a mobile welding machine. The hea-
ting temperature in the experiments was cont-
rolled by thermocouples installed at a different
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distance from the welding edge along the rail.
The calculated arrays balance the number of eva-
luations for the process that matches and the one
that does not match TU. The calculations were
made for different types of steels, including K76F
converter thermo-strengthened rail steel. Given
that the permissible range for the HAZ width
when welding rails, according to EU standard [4],
is 20—45 mm and the upsetting allowance usually
is up to 12 mm, calculations have been made for
the HAZ width of up to 60 mm. At this stage, the
HAZ width is distance from the metal heated to
500 ° C (isotherm) to the edge along the rail. In
the calculations, current and voltage at the input
of AC transformer-type welder varied within the
range of 200—700 A and 300—420 V, respectively.
The control parameters were the value of S, and
the rate of V, of the shortening of the parts during
melting, the electric energy during the melting
Q,, and the parameters for estimating the tem-
perature field (HAZ width without slump), the
distance between the point of heating up to 500 ° C
and the edge.

While modeling, voltage and welding current
were considered not to directly affect the heating
temperature, so they were taken into account in
energy Q.. Therefore, these parameters were not
used as input data.

The regression models have been calculated for
HAZ width using parameters S, V,, and Q, in the
form of first- and second-order polynomials, the
simplest multilayer perceptron (MLP) neural net-
works (structure 3-2-1: 3 neurons in the input
layer — 2 neurons in the hidden layer — 1 neuron
in the output layer), radial basic functions (RBF)
with structure 3-10-1, and adaptive fuzzy neural
networks with clustering (subtractive, SBT, and
fuzzy c-mean, FCM). In the last two algorithms,
the architecture and membership functions were
almost identical and differed in the way the clus-
ters were allocated (three clusters in each algo-
rithm) [3, 5]. In all cases, the sum of error squares
was used as error function.

Based on the obtained data, the most accurate
are fuzzy models with subtractive clustering (stan-
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dard deviation S = 0.50 mm, average relative error
g, = 1.01 %). The second accurate are MLP neu-
ral networks (5 = 0.55 mm, g, = 1.16 %) and reg-
ression dependences in the form of incomplete se-
cond-order polynomial ($ = 0.56 mm, ., = 1.23 %).
The calculations are made for the simplest possib-
le algorithms (relationship) of these models. Comp-
licating them, better results can be achieved. Howe-
ver, this complication can only be effective for a
particular dataset. Models with a simpler struc-
ture are less sensitive to the replication error that
is inherent in experiments. The condition of fil-
tering or low sensitivity to this error is very im-
portant for the practical use of the models. If the
complexity of algorithm is evaluated by the num-
ber of calculated parameters, the best of them are
the regression equation in the form of an incomp-
lete second-order polynomial and the MLP neu-
ral networks.

Having compared the HAZ values calculated
from the welding parameters (regardless of slump
allowance) for the rail samples made of K76F
steel with the deflection in their mechanical tests,
the tolerance for the HAZ width of these rails is
shown to have to down to 27 mm, contrary to
standard [4] (Fig. 2).

Fig. 4. Dependence of compliance with
TUon HAZ V, (a), U, (b), T, (c), V, (d)
and P, (e) for P65 rails made of K76f
steel, using the algorithm shown in Fig. 3.
The yellow marks probability >0.9, the
blue corresponds to probability <0.2
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Fig. 3. Flowchart of algorithm for real-time control over
compliance with TU for FBW

Taking into account the developed model for
the calculation of HAZ width, the following algo-
rithm (Figs. 3, 4) has been selected on the basis of
the well-known fuzzy logic operational control
algorithm [1, 2].

In addition to S, V., Q,, the input parameters
of the algorithm are also voltage U, shortening
rate V,, and duration of the short-circuit current
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Fig. 5. Evaluation of probability of compliance with TU for FBW (y-coordinate) based on archive data for 162 welds
(x-coordinate counts the test number): ¢ — experiment, ¥ — calculations

T, at the stage of increasing the shortening rate
before slump, as well as slump rate V, and pres-
sure P, .

The algorithm uses both basic identification
methods: the classification (attributing an object
based on a set of parameters to one of the pre-
defined classes, in our case according to specifica-
tions) or the regression (the result of calculations
is an infinite set of classes, and the set of real num-
bers are HAZ width values).

The proposed system was designed as a fuzzy
classifier in the form of the Sugeno system, in
which the initial indicator "Compliance with TU"
is assigned with "1", in the case of compliance,
based on the experiment data, and with "0", in
the case of incompliance [7]. It is obvious that the
developed algorithm can be adjusted according
to the periodic mechanical tests of the samples,
the welding of which is obligatory with a period
of, at least, half work shift time. The numerical
value of HAZ width in natural units is formed at
the output of computing module, which can be
compared with the test measurements and used
to refine the regression dependence.
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OMEPAIIMHNIN KOHTPOJIb SIK 3ACIB OIITHKU AKOCTI 3BAPHUX 3'€/ITHAHB TP KOHTAKTHOMY
CTUKOBOMY 3BAPIOBAHHI CYYACHUWX BUCOKOMIITHUX CTAJIEV METO/IOM OTIJTABJIEHHS

Beryn. Konrakrhe ctukose 3BapioBants oriapieHHsM (KC30) peitok B peasibHOMY Yaci KOHTPOJIIOETHCS 32 JIOMYCKaMU Ha
OCHOBHI MapamMeTpu Mpolecy 3TiJIHO 3 JaHuMu, 3akiajenumu B Texuiuni ymosu (TVY). BuxopucroByBanuii ajiroputm
oTepaIiiHoTo0 KOHTPOJTIO JI03BOJISIE CBOEYACHO BUSIBJISITU HESIKiCHI 3'€/IHAHHS i HEIIPUITYCTUMI TEH/IEHILi1 B ITPOIIECi.

IIpo6GaemaTuka. /1 konTposo Bignosignocti TY 3BapioBaHHs PEilOK 3 HOBUX BMCOKOMILHMX CTaJeid, J0AaTKOBO /0
JI090T METOAMKH, HeoOXi/IHO BPaxoByBaTH MIUPUHY 30HKH Tepmiuroro BrumBy (3TB) npu ixubomy Harpisanni. Hassui
yrcesabHi MeToan pospaxyHky 3TB B peasbHoMy 4aci He MOKYTh OyTH peasizoBaHi yepe3 HeAOCTaTHI OOYMCIIIOBAIbHI
MOKJIMBOCTI Cy4aCHUX CUCTEM YIIPABJIiHHS.

Mera. Po3pobuty BifMoBiAHUN TEXHIYHUM yMOBaM aJrOPUTM KOHTpoJo B peaibioMy yaci KC3O 3 mpornosyBaHHsIM
mupuan 3TB.

Marepianu it Metoau. YncenbHUI METO/L PO3PAaXyHKY TEIJIOBUX TOJIIB [IPY CTUKOBOMY 3BapIOBaHHI; perpeciiinuii anasis
nuist iporaosdyBanns 3TB. Pozpaxynok mupunu 3TB Bukonano 3a januMu napaMeTpiB IIpollecy Ha eTarli OIJIaBIeHHs i 3a
BEJIMYMHOIO OCAIKH.

Pesyasratu. Pospobieno agroput™ kontposio KC30 B peanbHOMY Yaci A1 Cy4acHUX BUCOKOMIIIHUX CTasieil 3 1mpo-
ruodyBanus mupunn 3TB, B 0CHOBY SIKOTO MOKJIA/IEHO MaTeMaTUYHe MOJIETIOBAHHST TIporiecy GOpMyBaHHs 3'€[HAHD TPU
KOHTAaKTHOMY 3BapioBaHHi. Asiroputm KoHTposiio Bianosignocti KC30 TY nogano y BUTIS «HewiTKOrO» KiaacudikaTopa
Cyreno, BXilHUMU BeJMYMHAMU SIKOTO € po3paxyHkosa mmpuna 3TB, mapamerpu npoiiecy npu mijiBUIIEHHI NIBUAKOCTI
YKOPOUEHHST PeiioK Tepel; 0CaKOIO Ta ITiJ| yac Hei.

Bucuosku. [lis1 pospaxynky mupuian 3TB B peanbroMy vaci 3 He0OXiIHOIO JIsT MPAKTUYHOTO 3aCTOCYBaHHSA TOUHICTIO
MOJKHa BUKOPHUCTOBYBATH PErPeciiiHy 3a/esKHICTh y BUTJISIAL MOJIHOMa APYroro nopsaaky abo MLP Heiipornoi mepexi 3i
CTPYKTYPOIO: TPU BXiJTHUX HEWPOHA, /IBa B MPUXOBAHOMY IIapi i ojaus Ha Buxoi. [Ipornosysanust mupunu 3TB nipu ore-
paIiitHOMy KOHTPOJIi PO3IIMPIOE MOKJIMBOCTI HOTO 3aCTOCYBAHHS JIJISI KOHTAKTHOTO CTUKOBOTO 3BAPIOBAHHST BUCOKOMIIIHUX
peiiok. Po3pobiieHnii airopiT™ 03BOJIUB 301IBIINTH TOYHICTD i HaziitHicTh onepartiiiinoro kouTposio KC3O0 B peasbHOMY Yaci.

Knwouosi cioea: KOHTAaKTHE CTUKOBE 3BapIOBAaHHSI, BUCOKOMIIIHI DK, 30HA TEPMITHOTO BILJINBY, pETPeCiiiHa MOJIeNb, He-
yiTKa Jorika, kaacudikarop Cyreno.
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