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The article presents a study of the accuracy of reproduction of parameters of operational control of flash butt welding 
of railway rails in order to increase the reliability of evaluating the compliance of the process to the Technical Spec-
ifications (TS) and improve the quality of welded joints. For the statistical analysis of protocols of welding rails at 
rail-welding enterprises the review of existing indices of accuracy and stability of technological processes was made. 
For the analysis, the coefficient of variation Kv was chosen, which is not related to the tolerance of the deviation of the 
process parameter. Evaluations of Kv coefficients according to the welding protocols of more than 10 thou joints and 
more than 100 specimens of a technological test for the stationary machine K1000 showed that the mode parameters set 
directly by the control system, are reproduced with an error of not more than 1.5 %. The Kv coefficients increase sharply 
for the rate of flashing, transition from flashing to upsetting and particularly upsetting, which are included in the TS for 
welding rails and an active electric power, that occurred during flashing at the input of the welding transformer. The 
studies of Kv coefficients with grouping of welding data by six months showed that the variation of process parameters 
had no trends and the process was stable over time with a sufficient accuracy. The mean values and the standard devi-
ation of the parameters of the process of welding rails and specimens of a technological test differ within the statistical 
error, which indicates the possibility of approximating the results of test studies on the rail joints. Evaluation of effect 
of parameters of the process of rate, tolerance and energy of flashing on the heat-affected zone (HAZ) with the use of 
linear regression dependence showed an essential dependence of HAZ on variation of electric energy during flashing. 
For control of active energy, the measuring converter of average active electric power with a pulse output was devel-
oped, which is adapted to the control systems of K1000 and K922 machines with input signals of current to 1000 A 
and voltage to 440 V, a frequency band of these signals to 1 kHz and the resulted error of measurement to 1 %. It is 
recommended to include active electric power released during flashing at the input of the welding transformer in the 
list of control parameters to the TS, and to improve the quality of joints not only to control the parameters within toler-
ance, but to create the conditions of the smallest variation of parameters from obtained data. 7 Ref., 1 Table, 4 Figures.
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Technical specifications of flash butt welding (FBW) 
of railway rails [1, 2] regulate the parameters of weld-
ing mode, deviation tolerances for them, quality of 
a welded joint: width of heat-affected-zone (HAZ), 
hardness of the metal on the rolling surface of the 
welded joint and indices of periodic process control 
according to the specimens of a technological test on 
static mechanical bending: minimum Lfr and fracture 
load Рfr.

The indices of a joint quality, as well as the results 
of mechanical tests of specimens depend on the devi-
ations of more than a dozen process parameters from 
their values, for which the process was adjusted.

Scattering of values of both input parameters and, 
respectively, output quality indices due to the pres-
ence of systematic and random perturbations is usual-
ly characterized by a mathematical expectation or the 

mean value of x  and the variance σ2 or the root mean 
square (r.m.s.) or a standard deviation S = √s2 from 
the average one. If we take into account that the input 
parameters have different physical properties or differ 
significantly in values, it is better to use dimension-
less values to compare them.

At the statistical control of process indices of ac-
curacy and stability: coefficients of accuracy Kacc, ad-
justment Kadj and stability Kst are as a rule used:

 Kacc = 6S/δ, Kadj = ( x  – xδ)/δ, Kst = St1/St2, (1)

where δ = xu – xl is the tolerance field for the parame-
ter; xu and xl is the upper and lower limit of tolerance 
for the parameter; xδ = (xu + xl)/2 is the middle of the 
tolerance field; St1 is the r.m.s. at a fixed moment in 
time t1; St2 is the r.m.s. at the compared fixed moment 
of time t2.
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These evaluations are dimensionless, relative and 
for their further analysis the physical value of the 
parameter can be ignored, and for their control the 
general tolerances can be set, which is convenient for 
comparing different physical parameters. It is consid-
ered, for example, that at Kacc ≤ 0.75 the technological 
process is quite accurate, at Kacc = 0.76–0.98 the tech-
nological process demands careful supervision and at 
Kacc > 0.98 the accuracy is unsatisfactory [3].

Many Japanese enterprises and the US automotive 
industry use similar evaluations for control — process 
capability indices:

● process potential for bilateral tolerance limits

 Cp = (хu – хl)/6S = δ/6S, 
● process efficiency relative to the upper limit of 

tolerance
 CPU = (хu – x )/3S, 

● process efficiency relative to the lower limit of 
tolerance

 CPL = ( x  – хl)/3S, 
● deviation of the average value of the process 

from the middle of the tolerance field

 k = 2|xδ – x |/(хu – хl)= 2|xδ – x |/δ, 
● process efficiency for two-sided tolerance limits

 Cpk = min {CPU, CPL} = Cp(1 – k), 

which form a group of complementary process ca-
pacibilty indices and the indices similar to the coef-
ficients Kacc, Kadj and Kst, also determine compliance 
with the process tolerances and adjustment problems. 
They can be used for one-sided and two-sided toler-
ances and can be generalized for operation with mul-
tidimensional rated values (quality indices) [4].

The mentioned indices refer to the tolerance field 
δ, which determines the probability of a quality prod-
uct when finding a controlled parameter in it. The 
control of the FBW process of railway rails in station-
ary machines K1000 and mobile machines K922 in 
existing machine control systems includes much more 
parameters than those included in the TS (Table), and 
not all of them have tolerances. In addition, the toler-
ances may not be quite «optimal».

Therefore, to compare the spread of parameters in 
the future the variation coefficient Kv (German Varia-
tionskoeffizient m) was used, which is a relative value 
to characterize scattering (variability) of a feature and it 
is used at the moment when it is necessary to compare 
variability of features of an object, expressed in different 
measurement units (synonym: unitized risk) [3].

The article presents a study of the accuracy of re-
production of the parameters of operational control of 
FBW of railway rails in order to increase the reliabil-
ity of conformity evaluation of the process of TS and 
improve the quality of welded joints.

Tolerances for parameters of flash butt welding of rails of grades M76 of type R65, K76F of type R65, 60E1 by pulsating flashing for 
the machine K1000 and K922 (in brackets) according to [1]

Parameter
Tolerance field Study interval

Lower Upper Lower Upper

Welding time *Tw, s 60 100 40 275

Flashing rate Vfl, mm/s 0.07 
(0.065) 0.2 0.03 0.4

Tolerance for flashing Sfl, mm 12(9) 18 5 30

Voltage during transition to upsetting Uu, V 355 440 300 500

Flashing voltage Ul, V 250 360 200 500

Rate before upsetting Vf, mm/s 0.7 2.5 0.1 4

Upsetting rate Vups, mm/s 30(20) 80 10 145

Upsetting pressure Pups, atm 12(9) 15(12)-20 5 40

Tolerance for upsetting Sups, mm 11.5 17 5 35

Time of upsetting with current TupsI, s
1-0.49 
(0.8) 2(1.8) 0.3 3

Flashing current *Ifl, A – – 80 800

Impedance of the secondary circuit at a sh.-c *Zsh.-c, μOhm – – 25 300

Flashing power *Qfl, kW∙h – – 1.0 5.00

*Marked parameters that are not included in the TS.
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Kv is the ratio of the mean square deviation to the 
arithmetic mean and is expressed as a percentage: Kv 
= S/ x ⋅100 %. Variability is considered to be variable 
weak if Kv < 10 %; average, if Kv is from 11–25 % and 
significant at Kv > 25 %.

Evaluation of the accuracy of reproduction of 
process parameters, or variation of parameters was 
performed according to the protocols of welding of 
railway rails during 2015–2020 at rail welding en-
terprises (RWE) of Ukrzaliznytsia. For example, ac-
cording to Kv data of the stationary machine K1000 of 
the Kyiv RWE, which were calculated by the welding 
protocols of more than 10 thou joints, the following 
conclusions may be made (Figure 1).

Among the parameters that determine the com-
pliance of the TS mode, voltage during flashing Ul 
and during transition from flashing to upsetting, Uu 
tolerance for flashing Sfl and upsetting Sups, upsetting 
time under current TupsI are set directly in the control 
system, have a fairly small value of the variation coef-
ficient Kv. Pups is determined by adjusting the pressure 

in the upsetting cylinder and also has a small Kv. The 
accuracy of reproduction of these parameters depends 
entirely on the technical condition of the welding ma-
chine, control system and a proper maintenance of ex-
ternal welding conditions, namely, power electricity, 
pumping station, coolant, etc.

The tolerance for flashing Sfl according to the main 
algorithm of control of FBW of rails is set in the cyclo-
gram of the mode and its correct operation of the sys-
tem for control of the machine should be close to the 
accuracy of the sensor for control of the movement of 
the moving column of the welding machine. Typical-
ly, this sensor is based on an incremental sensor Sie-
mens 6FX2001, it has a measurement discreteness of 
0.1 mm and the effect of electromagnetic interference 
on the measurement accuracy is impossible. In the 
mentioned data, the variation Sfl is much higher due to 
the fact that during welding of a new batch of rails, it 
is possible to adjust the mode, which was usually per-
formed by changing the specified tolerance for flash-
ing. According to Kv data for eight K1000 machines 

Figure 1. Variation coefficients Kv during welding of R65 rails of grade K76F in the machine K1000 (a): 1 — welding data of speci-
mens of a technological test; 2 — welding data of rail joints (hereinafter HAZ was predicted by regression dependence on Vfl, Sfl, Qfl 
and Sups [6] and the change of variation coefficients Kv over time with a period of six months during welding R65 rails of grade K76F 
in the machine K1000. Kv for the same time intervals are shown in the same colour (b)
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and fifteen K922 machines of different RWE it is seen 
that only in the case of mode resetting, the variation of 
parameter Sfl is quite large. At the constant set mode, 
Kv is lower than 1.0‒1.5 % (Figure 2). It is clear that 
according to other algorithms, for example, the task of 
time stages, this parameter can have a random distri-
bution with its mean deviation and r.m.s.

The parameters of flashing rate Vfl, transition from 
flashing to upsetting Vf and upsetting Vups, which are 
included in the TS, shape of current before upsetting 
(time of probable short circuit Tsh.-c), as well as welding 
time Tw and electric flashing power Qfl are set indirect-
ly and result from the FBW process and, accordingly, 
from the action of different uncontrolled disturbances.

The rates of flashing Vfl and transition to upset-
ting Vf

 Vfl, Vf = F(Vu, Vl, Iu, Io, Il, Iw), (2)

where Vu, Vl, Iu, Iu, Io are the parameters of the regula-
tor of the feed drive of a mobile column depending on 
welding current Iw;

Welding time

 Тw = Sc/Vc + Sfl/Vfl + Sf/Vf + Tupsi, 
where Sc, Vc, Sfl, Vfl, Sf, Vf is the tolerance and aver-
age speed at the stages of bevel removal, flashing and 
transition to upsetting.

The upsetting rate Vups depends on the set upset-
ting pressure, technical condition of the upsetting 
drive and the moving column, and the heating of the 
welding rails before upsetting. Impedance of sh.c of a 
secondary circuit Zsh.-c characterizes the technical con-
dition of the machine.

From the listed parameters controlled by the con-
trol system of machines K1000 and K922, in terms of 
Kv the most vulnerable indices are the rates Vfl, Vf, Vups 
and welding time Tw and electrical power released at 

Figure 2. Coefficients Kv for tolerance for flashing Sfl of eight machines K1000 (1–8) and 15 machines K922 (9–23)

Figure 3. Histogram of distribution of process parameters of FBW of 10230 rail joints in the machine K1000, which was calculated on 
the interval of studies for each parameter (Table), number of intervals for all parameters was 50, step of each parameter is ΔX = (Xu.f – 
Xl.f), where Xu.f and Xl.f are upper and lower intervals of studies (for example, for ΔSfl = (30-5)/50 = 0.5 mm)
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the input of the welding transformer at the flashing 
stage, Qfl (Figure 1). It should be noted that in addi-
tion to the action of perturbations, the r.m.s. of rates 
Vfl and Vf is influenced by the fact that the error of 
their measurement approaches the absolute value of 
the measured value.

The measurement of rates is performed according 
to the displacement sensor and the absolute error is 
ΔV = 0.1 mm / Tmeas, where Tmeas is the interval be-
tween measurements. The measurement discreteness 
of the control system in time is equal to 0.01 s. There-
fore, we have either a very large static error or a large 
dynamic error for stabilization of these parameters.

According to the data of histograms (Figure 3) re-
production of FBW process parameters, in particular 
Vfl, Vf, Vups, it is possible to make an assumption that 

the distribution of error of these parameters concern-
ing average value corresponds to the normal law.

The calculation of the accuracy coefficients Kacc 
(1), which take into account the value of the toler-
ance field and are accepted for statistical control of 
technological processes, confirms the general ratio 
of the accuracy of reproduction of the parameters Cv 
(Figure 4). According to the accuracy coefficient Kacc, 
which takes into account the tolerance for deviation of 
parameters according to TS (see Table), it is seen that 
provided that the average value of the rate Vfl, Vf, Vups 
is close to the middle of the tolerance field, we have 
a probability of TS conformity more than 99.7 % of 
joints. For other parameters, the condition of finding 
the average value in the middle of the tolerance is al-
ready not so rigid.

Figure 4. Coefficients of accuracy Kacc (a) and adjustment Kadj (b) during welding of R65 rails of grade K76F in the machine K1000 
(1 — data on welding of specimens of technological test; 2 — data on welding rails)
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To identify any trends over time, for example, chang-
es in the technical condition of the welding machine, the 
coefficients Kv and Kacc were calculated with an interval 
of six months (Figures 1, b, 4, b). It is seen that during 
the control period the welding process was unchanged 
in terms of variation of FBW parameters and control 
data of technological test specimens (see Figure 1) for 
these parameters correspond to the process of welding 
rails (average values and r.m.s. parameters differ within 
the statistical errors, see Kadj and Kacc in Figure 4) and 
testing data of specimens by technological test can be 
used to evaluate the quality of rail joints.

The influence of output deviation from deviation 
of input parameters, among other factors, depends on 
possible interrelationships between inputs. The total 
variance for multifactor process in the case when the 
factors are not related to each other consists of the 
sum of the variances of each factor. In the case of 
correlated factors, the components of covariance are 
added to this sum with the corresponding sign — the 
measure of joint variability of two random variables. 
The absolute deviation of the output of the function Y 
= f(x1, x2…xn) from the deviation of any parameter Δхі 
= Si at the point хі = ix , і = 1…n, through Kinp depends 
on the value of the parameter хі = ix  and a partial 
derivative ∂Y/∂xi of the parameter хі = ix  at this point 
ΔY = ∂Y/∂xi ix  Kinp. In the same way we can show that 
the accuracy coefficient is equal to

 Kacc = 6 ix Kinp/δ. (3)

The influence of each input factor is a partial deriv-
ative ∂Y/∂xi can be evaluated by the mathematical de-
pendence of an output parameter on input parameters. 
For example, flashing rate Vfl, tolerance for flashing 
Sfl, electric power during flashing Qfl determine the 
temperature field in FBW. Mathematical regression 
dependences of HAZ on Vfl, Sfl, and Qfl were obtained 
using experimental data and a mathematical mod-
el of a temperature field kinetics during continuous 
flashing, taking into account the multifactorial effect 
of transient processes of formation and destruction 
of single contacts on heating intensity, which formed 
during the technological cycle of flash butt welding of 
railway rails [5, 6]. To evaluate the effect of parameter 
deviations on HAZ in the case of using the simplest 
first-order dependence, we have

 LHAZ = а0 + a1Vfl + a2Sfl + a3Qfl – Sups. 

The deviation of the HAZ width from the value at 
the average process parameters has the form:

ΔL = L – L(Vfl = 
fl

V , Sfl = 
fl

S , Qfl = 
fl

Q ) = 
= a1(Vfl – 

fl
V ) + a2 (Sfl – 

fl
S ) + a3 (Qfl – 

fl
Q ) – (Sups – 

ups
S ) = 

= a1 fl
S lKvSfl

 + a2 fl
V KvVfl

 +a3 fl
Q KvQfl

 + ups
S KvSu

 = 
= –23KvSfl + 4KvVfl +34 KvQ – ΔSups.

Thus, despite the fact that KvSfl
 is much lower than 

KvVfl
, the effect of the deviation of tolerance on quality 

of the welded joint is almost the same as flashing rate. 
At the same time, we have a significant influence on 
flashing electric power KvQfl

 ≈ 3KvSfl
, and it becomes 

important to control the electric power during flashing 
Qfl and its introduction into the list of parameters of 
the TS for welding rails (Table).

The complexity of measuring active power is as-
sociated with the fact that the harmonic component of 
active power is determined by those harmonics that 
are represented in the current signal and in the voltage 
signal. According to the computer simulation data, the 
signals of current, voltage and power on frequency 
spectrum are placed at the input of the power trans-
former in the range of angles φ (from 0 to 90°) and an-
gles of switching the thyristor contactor α (from φ to 
120°) in the range of up to 1 kHz. These results were 
confirmed experimentally by recording the welding 
current and voltage at the input of a power transform-
er with a frequency of 10 kHz and a subsequent calcu-
lation of active power. To control the power Qfl at the 
PWI a measuring transducer of average active electric 
power with a pulse output was designed on the basis 
of the industrial controller Siemens CPU 314C-2PTP 
or CPU1512C-1PN with input signals of up to 1000 A 
current and a voltage of up to 440 V, a frequency band 
of these signals of up to 1 kHz and a resulting mea-
surement error of up to 1 %, which is adapted to the 
control systems of machines K1000 and K922.

According to the data of welding specimens of a 
technological test at RWE, which passed testing on 
static bending and were recognized as those which 
meet TS, it is seen that Kv of a deflection Lfr and a 
destructive force Pfr is almost 2 times lower than Kv 
of parameters of flashing rate, forcing and upsetting 
(Figure 1, a). The parameters set directly by the con-
trol system of the machine, on the contrary, have Kv 
almost 2 times lower than that for the indices of a joint 
quality. Thus, we can very cautiously assume the most 
significant contribution of these rates to quality. But 
these parameters are definitely the most vulnerable 
in terms of the abilities of accuracy of operation of 
the control system in the reproduction of the desired 
values of Vfl, Vf, Vups. In addition, taking into account 
the influence of the parameters on the HAZ width it 
is necessary that the list of control parameters in the 
TS (Table) was added by the value of electric power 
released during flashing.

When choosing the tolerance field, it should be 
taken into account that while solving any statistical 
hypothesis, two types of errors are possible:

● the error of the first kind consists in the fact that 
the hypothesis which is actually true is rejected — in 
our case the qualitative joint will be recognized as a 
low-quality one;
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● the second kind of error consists in the fact that the 
hypothesis is accepted, but it is actually incorrect — a 
poor joint will be recognized as a high quality one.

The boundary between the signs of conformity and 
nonconformity of the TS is quite blurred and if the 
probability of errors can be evaluated, it should be cho-
sen taking into account the cost for replacement of a 
quality joint in the lash (in the first case) and the cost 
of tolerance of a poor joint in the lash in the other. It is 
quite natural in this case to choose more rigid toleranc-
es for the control of parameters. According to data on 
HAZ predicting, it is clear that the most objective eval-
uations of tolerances can be obtained from the analyti-
cal dependences of quality indices on process parame-
ters, which in the case of FBW is currently impossible.

It should be noted that although the control of tol-
erances is a very common means of preventing rejec-
tion, the example of setting the tolerance for flashing 
for different batches of rails shows that the tolerance 
Sfl in the TS can meet a wide range of quality values, 
and the variation Sfl itself for the set mode is much 
lower than the tolerance. Thus, the condition of tol-
erance does not use all the features of welding equip-
ment and technology in general.

According to the method of production manage-
ment [7], it is considered that compliance with the 
tolerances of control factors is an insufficient crite-
rion to judge about the quality of products. It is nec-
essary to constantly strive for the rated value, which 
was obtained when setting the mode, and to reduce 
the variation of factors, even within the limits set by 
the project. In this case, the adjustment of the optimal 
levels of control factors of the process is performed 
by achieving the optimal ratio «signal/noise», which 
in our case corresponds to the inverse value of the 
variation coefficient Kv.

Conclusions

1. Statistical studies on the protocols of the FBW pro-
cess of railway rails at RWE showed that the parame-

ters of control of the butt welding process, which are 
given in the TS and set directly by the control system 
of the welding machine, do not significantly depend 
on external perturbations and are reproduced with an 
accuracy of a control system stabilization.

2. The parameters, the values of which are the re-
sult of the welding process and the action of uncon-
trolled perturbations, namely flashing rates, transition 
to upsetting, upsetting and active electric power re-
leased at the joint, are reproduced with an error of 
5‒10 times higher than the control system error.

3. To increase the accuracy of control of the FBW 
process of rails, the list of control parameters in the 
TS for welding rails, it is appropriate to introduce 
the control of active electric power at the input of 
the welding transformer during flashing. At the PWI, 
a sensor for monitoring such power was designed, 
which is adapted to the existing control system of 
welding machines.
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