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FORECASTING OF WEAR OF PADS OF MODERNIZED BRAKE SYSTEM
DEVICES OF BOGIES OF FREIGHT CARS USING ARIMA MODELS

Purpose. The purpose is to create discrete stochastic ARIMA models for forecasting the remaining life of pads of modernized
brake rigging (BR) devices of bogies of industrial railway cars.

Methodology. Accounting of statistical data on the wear of pads of typical and modernized BR devices obtained in the relevant
studies. On the basis of analytical designs of BR, changes in the junction of the vertical lever with the spacer are proposed. Akaike
and Bayesian information criteria are used for selecting the optimal integrated autoregression and moving average model within
the Box-Jenkins methodology for forecasting the remaining mileage of pads.

Findings. The ARIMA model was identified, evaluated, and checked for adequacy according to the Akaike and Bayesian infor-
mation criteria. It is established that abnormal wear of the top of the pads of typical BR devices due to a number of design and
operational reasons occurs when the mileage is about 3.5 times less than the forecasted life before the abnormal wear of the top of
the pads of modernized BR devices. The forecasted remaining life of the top of the pad of the modernized BR is 3.3 thousand km
shorter than that for the bottom of the same pad.

Originality. For the first time, the remaining life of the pads of the modernized BR devices of industrial freight cars was fore-
casted using discrete stochastic ARIMA models, which require only the availability of discrete values that are recorded during the
relevant experimental measurements.

Practical value. The results of the study were verified on experimental rolling stock with modernized devices in the brake sys-
tems of bogies. They can be used in the design, upgrade and operation of the brake systems of both the rolling stock which is cur-
rently in operation and the new generation of bogies of freight cars.

Keywords: ARIMA model, freight car, wear, forecasting, brake pad, brake rigging

Introduction. In recent years, the technical condition of
braking equipment of the rolling stock has been significantly
deteriorating, which primarily affects the safety of train traffic
in the railway and industrial transport.

As a result of extensive operational surveys on the brake
systems of bogies of freight cars of both in the inventory rolling
stock of Ukrzaliznytsia JSC and of industrial enterprises, it
was revealed that most devices for uniform retraction of pads
are in poor condition. One of the reasons is the imperfect de-
sign of the bogie brake rigging, which has not been modern-
ized for many decades. After a short time of operation, in a
significant number of the devices, the lock with the caliper
fails because of the tension, which causes the disabled state
and occurrence of tapered dual wear of brake pads, and the
other main reason is a design flaw of the triangle.

A typical triangle used in freight car bogies is known to
have a balanced design relative to its suspension [1]. But after
BR parts are joined to the triangle strut, the condition of bal-
ance of the triangle is disturbed. Under the influence of the
force created by the weight of the attached parts, it bends as far
as it can go, and consequently causes squeezing of the upper
ends of the brake pads to the rotor surface of the wheels. Thus,
there occurs intense friction of the top of the pads on the roll-
ing surface of the wheels during movement without braking.
As a result, local wear increases intensively on the upper parts
of the working area of the pads, which leads to their tapered
dual wear.

Therefore, the key to successful solving of this problem in
the maintenance and repair (MR) of cars is, first, the upgrade
of the typical BR, and second, the creation of grounds for their
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use for the entire warranty period of operation of freight cars
between overhauls by forecasting the remaining life of the pads
in the brake systems of the modernized bogie devices.

Literature review. The problem of tapered dual wear of
brake pads, which is associated with the design features of the
BR of the bogie, has been known for a long time. It is associ-
ated with a decrease in the braking performance of rolling
stock due to a decrease in the contact area of the tribotechnical
pairs, with the consequent increase in forced repairs, energy
costs for train traction and a decrease in the overall economic
performance of freight transport [2]. The study on the causes
and consequences of this phenomenon is presented in [3],
where attention is focused on the fact that the excessive num-
ber of elements and unnecessary connections in the BR of the
bogie (mod. 18-100) prevents self-restoration of the friction
surfaces of the brake pads relative to the rolling planes of the
wheels of M 1180.000 uniform retraction devices [4]. After a
short period of operation, these devices cannot provide reli-
able operation of the brakes any more since the dynamic loads
acting on their elements cause multiple failures in the operat-
ing conditions. In foreign studies [5, 6], the performance of
rolling stock brake systems is determined by bench tests of
wear and temperature indicators, and some focus on the ad-
vantages of using cast-iron brake pads [7].

In [1], the method is considered for determining the geo-
metric parameters of the useful contact area of the pads after
the upper harmful wear has been formed, depending on the
clearance between the wheel and the brake pad, using the co-
ordinate and graphical methods, provided that the devices for
uniform retraction of the pads from the wheels are fault-free.

Deterministic methods of exponential smoothing, trend
analysis, and stochastic methods are widely used in forecast-
ing. The regression model implements a given form to describe
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the relationship between dependent and independent variables
of a time series, which does not always allow considering this
model adequate for forecasting the corresponding values. The
regression model also has a standard assumption of statistical
independence of the error value, although real time series de-
pend mostly on or have autocorrelations between their com-
ponents. In contrast, modern machine learning methods do
not need to make assumptions about the definition of a depen-
dency in the model and automatically determine this depen-
dency during the data learning process [8—10]. Neural net-
works are more intended to process time series with a complex
and nonlinear structure. Another approach to time series
modeling is the use of the Box-Jenkins methodology or the
autoregressive integrated moving average (ARIMA) model
[11], which uses input variables, so that the researcher does not
have to choose significant variables or the form of dependence
between them and is used in a number of applications [9, 12—
14]. Although in [8] the ARIMA model demonstrated a higher
mean-square error compared to the generalized regression
neural network (GRNN) in forecasting coal coke prices, this
did not prevent it from making a more accurate forecast with a
lower average absolute error and absolute percentage error,
and in forecasting changes in wind speed, the ARIMA model
had almost half the average absolute percentage error than the
back propagation neural network (BPNN) [9]. The ARIMA
model also had a lower average absolute percentage error than
the nonparametric Gaussian process (GP) model in forecast-
ing electrical energy consumption [14].

Because of the lack of clear or empirical rules for choosing
the optimal model for forecasting the remaining life of rolling
stock equipment, it is advisable to choose the model that has
the least errors based on the results of modeling.

Unsolved aspects of the problem. Based on previous obser-
vations made during the operation of freight cars, it was found
that the formation and development of tapered dual wear of
pads affects the design and condition of the brake system of car
bogies. When the mileage of a freight car is about 80 thousand
km, an abnormally worn pad should be replaced (its estimated
life is 160 thousand km), although on average 39 % of its oper-
ating weight remains, which means extra operating cost, that
can be avoided by upgrading the BR of freight cars that are
operated in the railways and industrial transport. This will in-
crease the periods between repairs and mileage on main tracks
with reference to prediction of the life of brake pads.

In the studies [15, 16] dedicated to the design changes of the
BR, there are unresolved problems of tapered dual wear of the
pads due to the fact that their developers proposed to create
various auxiliary devices to counteract forces that tilt the pads to
the wheel only on the basis of kinetostatic analysis of the BR

mechanism [17]. However, as practice shows, this approach is
associated with the extra complexity of the BR design, extra cost
and labour intensity of manufacturing and repair. Therefore, the
analyzed studies suggest that the existing problems of tapered
dual wear of brake pads, which are used in the brake systems of
modern freight cars, have not been adequately focused on.

Purpose. The purpose of the article is to make discrete sto-
chastic ARIMA models for forecasting the residual life of the
pads of modernized BR devices for bogies of mainline and in-
dustrial rail cars.

To achieve this purpose, the following problems should be
solved:

- performing an analysis of the design deficiencies of the
elements of a typical BR of the bogie that cause the formation
of tapered dual wear of the brake pads and identify the design
advantages of the modernized BR;

- evaluating the influence of AR and MA components on
the structural identification of ARIMA models;

- forecasting the remaining life of pads of modernized BR
using the designed ARIMA models;

- evaluating the effect of the calculated residual life of the
pads of the modernized BR on the entire guaranteed period
between overhauls of freight cars of mainline and industrial
railway transport.

Results. In modern operating conditions, the brake sys-
tems of bogies of freight cars that use a conventional brake rig-
ging (BR) cannot ensure standard wear of the pads. This is due
to both the design features of the BR and the failure of the M
1180.000 devices for uniform retraction of brake pads after a
short period of operation [4].

In order to find rational design solutions to reduce the wear
of brake pads caused by harmful phenomena resulting from the
design features of the bogie with BR, a study was conducted on
its structure to find that it has unnecessary connections. This
prevents from both determining the kinematics and conducting
an analysis, as well as finding inertial force factors that act on
the BR from its elements [3]. Therefore, performing a force
analysis of this complex mechanism requires imposing appro-
priate restrictions or considering its dynamics within the La-
grange equations of a system with flexible connections. In order
to determine the forces in a link, its pliability within the interac-
tion of elastic and inertial forces should be taken into account.

Since the BR of the bogie is symmetrical, it can be condi-
tionally divided into two parts, which are referred to the first
(right) and second (left) wheel pair to build a unified distribu-
tion scheme of power factors which effect the corresponding
elements of the BR during braking (Fig. 1).

The analysis made it possible to identify a specific wear of
brake pads, due to which local friction wear begin to appear

Fig. 1. General view of the BR model of a freight car [1, 3]:

a — typical design; b — modernized design; T(t) — external braking force; 8T, = 38T, — internal “virtual” spacing forces; L — distance to which the

hole in the triangle spacer should be displaced
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only on their top not during braking, but when cars are moving
in the traction and run-out modes. It is established that this
adverse phenomenon occurs due to the low reliability of the
device for uniform retraction of pads from the wheels and the
imperfect design of the triangle. Therefore, because of the
weight of the brake system components, the triangle is affected
by static and dynamic forces G, *m 3, =G, *m,z, (Fig. 2, a).

As a result of the action of this force on arm L, torque M,,
occurs, and consequently, the triangle rotates around the low-
er hinges 7 of the pendulum suspension 6 (Fig. 1) until the top
of both pads touches the rotating wheel pair of the car near the
surface and is balanced by the reaction (/NV,/2) tg, which begins
to act on the point of contact of the brake pad with the rolling
surfaces of the wheels of the car (Fig. 2).

All BR elements, the weight of which produces dynamic
force G;+mZ; and torque M,,, are connected by means of
hinges with significant clearances, which are located in the
non-sprung area of the bogie. Therefore, movement of the
running gear of the freight car results in occurrence of forced
oscillations of these BR elements, which consequently leads to
alternating shock displacement in the clearances of the hinges
under action of large static and dynamic components
G, tmZ =G, tm,Z,.

It is known that in the devices that are designed to prevent
abnormal wear of the pads and have different design features,
countering action to the above forces occurs, so in operating
conditions, such devices fail quickly and have a short service
life resource [1].

To solve the problem of abnormal wear of freight car pads
in the triangle brake system, torque M,, must be eliminated
completely. For this purpose, some design changes in the ele-
ments of the triangle are necessary — the junction point of the
spacer of a typical triangle with a vertical two-arm lever should
be located on A—A axis at AC point (Fig. 1, a), that is located
on the same line and connects the hinges of the pendulum sus-
pensions which are in the brake shoes with the pads of the cars.
To solve this problem, distance L from the existing hole
(Fig. 2, b) red circle 4) to the new one (blue circle 4") should
be minimized.

The method for designing a typical BR with the uniform
retraction device M 1180.000 [4] was tested on the existing
model (Fig. 1, @) without any structural changes in its ele-
ments. According to the results of kinetostatic calculations of
BR elements, the reduction of harmful wear at the top of the
brake pads was not recorded until the design of the triangle was
modernized.

The purpose of the upgrade of the device (Fig. 1, b) was:
first, the center of mass of the triangle had to be approximated
as close as possible to the triangle beam 3, so that the axis of

|
|
4_ _____ )

a

Fig. 2. Pressing the pad to the rolling surface during braking |1, 3]:

the common center of gravity of triangle BR coincided with
the lower joints 7 of the pendulum suspension 6 brake lining 4
and pad 5. This can be achieved by displacing the connection
hole of the node (hinge) /4 of the vertical two-arm lever / with
the spacer & of the triangle 2 to the appropriate distance. For
this purpose, the BR design (Fig. 1, a) should not include
calipers for uniform wear with locks /0, which do not perform
their function. Second, instead of calipers with locks, a curved
guide pin 77 should be installed in the cylindrical slides /2 to
ensure a uniform distance between the brake pad 5 and the
wheel on the released brakes in the traction and run-out modes
of the train, regardless of the load on the spring beam of the
car 13. Also, during maintenance of the brake system of bogies
of freight cars, no cases of damage to the curved guide pin 7/
were detected.

Thus, due to design changes in the BR, the problem of ta-
pered dual wear of brake pads in the bogies of freight cars for
the entire period of their operation between overhauls was
solved, the number of wear intensity indicators in comparison
with typical devices was reduced, and the BR began to func-
tion flawlessly.

As a rule, the approach to the analysis of sequences of ob-
servations, which are in chronological order includes resolu-
tion into the following components:

- seasonality;

- trend;

- residues (irregular components).

Decreased forecast accuracy may be associated with con-
cealment of the trend and seasonality with residues. There-
fore, the ability to forecast the components of the trend and
seasonality determines the effectiveness of certain methods, as
forecasting residues is inefficient [12, 13].

The combination of autoregression (AR) and moving aver-
age (MA) methods forms an ARIMA model that can simulate
sequences over time.

Autoregressive model

4
Yt:c+z(Pin—i+8ﬂ (D)
i=l
where ¢ is constant value; p is the order of the model; Y, is se-
quence values in time #; ¢; is coefficients of the model; g, is
residue in time 7.
Moving average model

q
Yi=c+) 0, +e, 2)

i=1
where ¢ is the order of the model; 6, is coefficients of the mo-
del.

a — actions of forces in which the dual wear of the pad is formed during the movement without braking; b — even wear of the top and bottom of the
pads; 1 — pendulum suspension; 2 — brake pad; 3 — triangle; 4 — hinge connection of the vertical lever with triangle; 4 — hinge connection of the
vertical lever with triangle that is conditionally displaced to the distance L; A,; A, — clearance at the top and bottom of the pad; y — angle between
the direction of action of the reaction N, and the tangent to the point where the pad touches the wheel in the horizontal direction
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Determining the ARIMA model

4 q
Yo=cte,+3 oY+ 0. 3
i=l i=1
where Y, value is forecasted using the autoregressive model
based on the linear approximation function of a limited num-
ber p of previous Y, values. The autoregressive model is un-
necessary when the residue increases, thus the moving average
model can be useful, which describes the sequences as linear
combinations of residue values, but the independent use of the
moving average model has not become common. The ARIMA
model is used to estimate future values of Y, based on the as-
sumption of low impact of the residue ¢, A complicated and
non-stationary change of values in production processes can-
not be taken into account by ARIMA models, which use linear
time series to calculate the trend and forecast future values.
Differentiation of different order is mostly used to bring the
initial data to stationarity and at the next stage the ARIMA
model is adjusted. For the actual forecast of values, a station-
ary time form is used, which is subsequently transformed to
acquire the initial features.
The ARIMA model can solve the problem of reduction of
sequences in time with signs of nonstationarity to stationarity

[l—zp:(p,L"](l—L)dY, =[1+fe,ﬂ},+c, (4)

i=1 i=1

where L =Y,_,/Y,is lag; d is the order of differentiation.

The form (p, d, q) determines the order of the ARIMA
model, where p is the order of the autoregressive component,
d is the order of differentiation, ¢ is the order of the moving
average component.

The procedure for formation of the ARIMA model re-
quires the implementation of the following stages:

1. Model definition:

- choosing the order of differentiation d (integral part of
the model) to acquire the features of stationarity, calculating
the required number of consecutive differences (¥,=Y,— Y,_)).
Here d is almost always equal to one and this is sufficient to
become stationary. The autocorrelation function (ACF) and
the partial autocorrelation function (PACF) are used to con-
firm stationarity;

- determining the parameters of the ARMA model for the
calculated stationary series Y, and then, tracking the nature of
ACF and PACEF, selecting the orders of p and g.

2. Model evaluation.

Once p and q are selected at the previous stage, the coeffi-
cients @y, ¢, ..., 9, and 0, 0,, ..., 0, are estimated using special
numerical procedures, namely the method of least squares and
the principle of maximum likelihood.

3. Determining the adequacy of the model.

According to the assumption of white noise of residues g,
which are used as information to assess the adequacy of the
model, their non-correlation is checked. Further, information
criteria are involved to adjust the selected class of ARIMA mod-
els during the structural identification of the optimal model.

According to the Akaiki Information Criterion (AIC), a
model is selected that is designed to minimize statistical values

AIC =In&> +(2/n)r, Q)

where 62 is the dependence of the residual sum of squares on
the number of observations; # is the amount of residues; r is
the number of evaluated parameters of the model.

The Bayesian information criterion (BIC) is intended to
choose a model that minimizes the expression

BIC =1n&? +(Inn/nyr. (6)

From the calculated AIC and BIS their lowest values are
chosen; then the final choice of p and ¢ for the corresponding
subclass of models is made.

—— brake pads wear of lower zone of typical BS

of upps
wear threshold, 55 mm

o 0 ) ) £ 100 20 140 160 180 200
mileage, thousand km.

Fig. 3. Statistical results of wear of brake pads depending on the
mileage of cars for typical and modernized brake systems

4. Practical use of the forecasting model.

The future value of the time sequence is forecasted by ex-
pression ¥, ;=@ Y, s 1 +...+ 9, Y1, ,_4after the optimal
parameters of the model are calculated and the time sequence
is restored by integrating d times.

The results of measuring the pad wear of typical and mod-
ernized retraction devices for BR of freight cars collected dur-
ing operation on the main tracks of Ukrzaliznytsia JSC are
shown in Fig. 3.

It was found that because of the design deficiencies of typ-
ical BR devices, when mileage of the car increases, the pads
installed during depot repairs begin to wear intensively in the
top, reaching the maximum standard wear, while in the bot-
tom the wear is only minor and the residual body of the pad is
significant. Unlike typical devices, in the modernized ones,
the pads are worn out equally evenly on both parts due to
structural changes in the BR elements.

The implementation of the first differentiation step d = 1
was sufficient to acquire stationarity. Signs of the acquired sta-
tionarity of the time series are the rapid fall of the ACF coef-
ficients within the established intervals. The parameters were
selected depending on the behavior of the PACEF, in particular,
the order of the AR component was taken by the number of the
lag that precedes falling within the boundaries of the set inter-
vals. Also higher orders of AR — and MA-components and
their combinations were taken separately to identify ARIMA
models for both measurements of wear at the top and bottom
of pad of the modernized BR device using minimum values of
calculated AIC and BIC criteria (Tables 1, 2).

Using the designed optimal ARIMA models (Table 3), the
residual life of the pads of modernized BR devices was fore-
casted (Figs. 4, 5) with 95 % confidence intervals [18]

Y, £1.96¢5,, (7

where &, is the root-mean-square deviation of the s-step of
the forecast distribution.

So, due to the Box-Jenkins methodology, it is established
that the maximum wear of 55 mm on the bottom of the pad of
the modernized BR device will be achieved with the mileage of
276.6 thousand km, and on the top of the pad — with the mile-
age of 273.3 thousand km.

Conclusions.

1. It is established that in a typical BR due to a malfunction
of the uniform retraction device (calipers with the lock), ta-
pered dual wear of pads occur, so they have to be replaced with
new ones during maintenance of cars ahead of schedule. How-
ever, studies on the use of modernized BR have shown an in-
crease in the service life of brake pads by 1.67 times. The rea-
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Determining the parameters of the ARIMA model for the wear values of the bottom of the pad

Table 1

Parameters of the ARIMA model
(3,1,0) (4,1,0) (5,1,0) (6,1,0) (0,1,1) (2,1,2) (3,1,3) (4,1,4) (51,5
AlC -79.97 -85.23 -86.89 -86.33 -78.53 —88.74 -92.45 -98.75 -95.77
BIC —-70.41 -73.72 -73.79 -71.53 -70.73 -77.14 -78.16 -79.84 -73.31
Table 2
Determining the parameters of the ARIMA model for the wear values of the top of the pad
Parameters of the ARIMA model
(3,1,0) (4,1,0) (5,1,0) (6,1,0) (0,1,1) (2,1,2) (3,1,3) (4,1,49) (5,15
AlC -82.21 -84.52 —85.83 -84.52 —88.52 -87.49 -90.38 -86.45 -97
BIC -72.65 -72.71 -72.73 -69.72 -80.72 -75.9 -75.1 -67.53 -76.71
Table 3
Optimal ARIMA models for forecasting the remaining life of pads of modernized BR devices
Wear Zg:; ofthe Calculated coefficients of ARIMA models
Bottom (1-0.389-L+0.141 - L>+0.039 - L> - 0.783 - L) (1 — L)Y,=0.0075 + (1 - 0.144 - L +0.146 - L>+0.524 - L3 —0.766 - L*)¢,
Top (1+0.514- L+0.183- L2 ~0.277 - L~ 0.55- L*—0.827 - L°)(1 = L)Y,=0.0062 + (1 +0.69 - L+0.147 - L>~0.143 - L’ -
—0.766 - L*—0.927 - L),

~———measured wear
——forecast wear

50 ----forecast intervals

- - - -wear threshold, 55 mm

1 62 116 180 238
mileage, thousand km.

Fig. 4. Forecast of the remaining life of the bottom of the pad of
the modernized BR device

60

~———measured wear
=—forecast wear

s0f -~ forecast intervals

- - - wear threshold, 55 mm

, , 978 | 2133)
1 62 116 180 238
mileage, thousand km.

Fig. 5. Forecasting the remaining life of the top of the pad of the
modernized BR device

son is the change in position of the holes in the triangle strut
and inclusion into the BR design of a curved guide pin to keep
the pads when the brake is released at the same distance from
the rotor surface of the wheels when the car is moving.

2. Because of the flexibility of the Box-Jenkins methodol-
ogy for structural identification of ARIMA models, the most
appropriate subclass of models among the ARIMA compo-
nents can be chosen. A combination of AR and MA compo-
nents demonstrated a better fit for forecasting the remaining
life of pads, while individual AR and MA components imple-
mented higher values of the AIC and BIC criteria.

3. Discrete stochastic ARIMA models can be successfully
implemented provided discrete values are available that accu-
mulate during the relevant experiments. Such disadvantages of
ARIMA models as the higher complexity, the need to perform
multiple iterative procedures and impossibility to implement an
automatic process do not affect the successful determination of
the remaining life, which is 78.8 thousand km for the top of the
modernized BR device, and 75.5 thousand km for the bottom.

4. The residual life of the brake pads of the modernized BR
devices is calculated to increase the average mileage of the car
to 274.95 thousand km, as well as to increase the period be-
tween overhauls in depot up to 3 years for freight cars of trunk
and industrial railway transport. The results obtained in the
study will be taken into account in the future in solving prob-
lems of abnormal wear of pads in the brake systems of bogies of
freight cars of trunk and industrial railway transport.
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IIporno3yBaHHsi 3HOCY KOJIOAOK
MO/IEPHI30BAHUX NMPUCTPOIB raJbMOBHUX CHCTEM
Bi3KiB BaHnTaxHuX BaroHiB ARIMA mopensavmu
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Mera. [lossirae B MoOynoBi JUCKPETHUX CTOXAaCTUYHUX
ARIMA moneneit 11 mpOorHo3yBaHHSI 3aJIUIIKOBOTO pecyp-
Cy KOJIOOK MOJIEpPHiI30BaHUX MPUCTPOIB TaJibMOBO-BaXilb-
Hoi niepenavi (I'BIT) Bi3KiB BaHTaXXHUX BaroHiB MPOMHUCIIO-
BOT'O TPAHCIIOPTY.

Metoauka. OO0JIiK CTATUCTUYHUX AAHUX 3i 3HOCY KOJIO-
JIOK TUTMOBUX i MozepHizoBaHuX npucTpoiB I'BIT Ha Binmo-
BiIHUX 0o0cTexXeHHsX. AHaniTuyHi po3paxyHku I'BII, 3a pe-
3yJbTaTaMU SIKMX 3alPOTIOHOBAHI 3MiHU Y BY3Ji 3’€IHaHHS
BEPTUKAJILHOTO BaxXkesist 3 po3nipkoio. IHdhopmauiitHuii Kpu-
Tepiit Akaiiki it balieca nist BUGOpY ONTUMalIbHOI iHTErpOBa-
HOI MoeJIi aBToperpecii Ta KOB3HOIO CepeHbOro y Mexax
Metonosorii bokca-JIxeHKiHca /11 MPOrHO3yBaHHS 3aJIUIII-
KOBOTO peCypcy KOJIOIOK.

PesyabraTu. 3pilicHeHa ineHTudiKallisl, OLIIHIOBAHHS,
nepesipka agekBaTHocTi ARIMA Mozeni 3a iHpopmaLiiHu-
MU KpuTepigmu Akaliki it baiteca. YctaHOBIIEHO, 1110 HEHOP-
MaTUBHUI piBeHb 3HOCY BEPXHiX YACTUH KOJOJOK TUITOBUX
npuctpoiB ['BI1 yHacmigok HU3KU KOHCTPYKTUBHUX i €KC-
IUIyaTaliitHUX IPUYMH JOCATAETHCS 3a MPOOIry, 110 Maiixe y
3,5 pasu KopOoTIIMii 3a POTHO30BaHMI ITPOOIT, 3a STKOTO BilI-
OyBa€ETbCSI HEHOPMATUBHUI 3HOC BEPXHbOI YACTUHU KOJIO-
ok MozaepHizoBaHux npuctpoiB I'BII. [IporHozoBanuii 3a-
JIMIIKOBUI pecypc BepPXHbOI YACTMHU KOJIOAKU MOJEPHi30-
BaHoro I'BIT Ha 3,3 TiC. KM KOpOTIINIA 32 aHAJIOTIYHUIA JIJIsT
HMXKHBOT YACTUHMU L€ K KOJIOJIKMU.

HaykoBa HoBU3HA. Yriepliue 30iliCHEHO NMPOTHO3YBaHHS
3JIMIIKOBOTO PECypcy KOJOAOK MOAEPHi30BaHUX MPUCTPOIB
I'BI1 BaHTaxkHUX BaroHiB MPOMUCIOBOTO TPAHCIIOPTY IMC-
KpeTHUMM cTtoxacTuuHuMu APIMA monensmu, 1o norpe-
OYIOTDH JTUIIIe HASIBHOCTI MUCKPETHUX BEUYUH, SIKi PEECTPY-
IOThCSI MPOTSATOM BiIIMOBIIHUX €KCIIEPUMEHTAIbHUX 3aMipiB.

IIpakTyna 3HauMMmicTh. Pe3ynbTaTu npoBeneHux A0Ci-
JIKeHb arpo0OBaHi Ha JOCTIIHOMY PyXOMOMY CKJIaJi 3 MO-
NEPHI30BAHUMU TIPUCTPOSIMU Y TATBMOBUX CHCTEMAX Bi3KiB.
Ix MOHa BUKOPMCTOBYBATH PU NPOEKTYBAHHi, MOJIepHi3a-
11i1 Ta eKCcIuTyaTallil raJIbMOBUX CUCTEM $IK €KCILTyaTalliiHOTO
MmapKy, Tak i HOBOTO MOKOJIiHHSI Bi3KiB BAHTaXKHUX BaroHiB.

Kmouosi ciioBa: ARIMA modens, eanmasicHuii 6aom, eans-
M08a 8ajCinbHa nepedaua, 2anbMoga K0100Kd, 3HOC, NPOSHO3Y-
BaHHS

IIporHo3upoBaHne U3HOCA KOJIOIOK
MO/IEPHU3MPOBAHHBIX YCTPOMCTB TOPMO3HbIX
CHCTeM TeJjieKeK rpy3oBbix BaroHoB ARIMA
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Ieap. 3akmovyaercss B MTOCTPOSHUU JUCKPETHBIX CTOXA-
cruuyeckux ARIMA Mogneneii mjisi TpOrHO3UMPOBaHUsSI OCTa-
TOYHOTO pecypca KOJOI0K MOIEPHU3UPOBAHHBIX YCTPOUCTB
TOopMO3HOI pbryaxkHoit nepeaaun (TPIT) Tenexek rpy30BbIx
BaroHOB MPOMBIIIJICHHOTO TPAHCIIOPTA.

Metoauka. YUeT CTaTUCTUIECKUX JaHHBIX IT0 U3HOCY KO-
JIOJOK TUITOBBIX U MOJIEpHU3UPOBaHHBIX ycTpoiicTB TPII Ha
COOTBETCTBYIOIIIUX OCMOTpaxX. AHAJIUTUIECKHUE pPACUYEThl
TPII, no pe3yabTaTaM KOTOPBIX MPEUIOXKEHBI U3BMEHEHUS B
y3Jie COeIMHEHUS BEPTUKAJIbHOTO pblyara ¢ pacnopkoit. MH-
dopMaLMOHHBIN KpuTepuii Akaiiku u baiieca nst Beibopa
ONTUMAJIbHON MHTEeTPUPOBAHHON MOJIETN aBTOPErPECCU 1
CKOJIB3SIILIETO CPEeOHEro B paMkax wmetomojorun bokca-
JI>KeHKHUHCa U1 TPOTHO3UPOBAHUSI OCTATOYHOTO pecypca
KOJIOMIOK.

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, N2 6 53


https://doi.org/10.1016/j.wear.2015.01.044
https://doi.org/10.1016/j.wear.2015.01.044
https://doi.org/10.9790/1684-1503031723
https://doi.org/10.1016/j.engfailanal.2015.11.023
https://doi.org/10.1016/j.engfailanal.2015.11.023
https://doi.org/10.1016/j.resourpol.2019.02.017
https://doi.org/10.1186/s40807-015-0018-9
https://doi.org/10.1186/s40807-015-0018-9
https://doi.org/10.15587/1729-4061.2015.56693
https://doi.org/10.15587/1729-4061.2015.56693
https://doi.org/10.3390/en81112361
https://doi.org/10.3390/en81112361
https://doi.org/10.18664/1994-7852.188.2019.206182
https://doi.org/10.18664/1994-7852.188.2019.206182
https://doi.org/10.1016/j.apenergy.2017.12.104
https://doi.org/10.1016/j.apenergy.2017.12.104
https://doi.org/10.30987/1999-8775-2020-3-21-28
https://doi.org/10.30987/1999-8775-2020-3-21-28
mailto:svm_m@ukr.net
mailto:svm_m@ukr.net

Pesyabratbl. OcyliecTBiieHa uaeHTUGUKaALMS, TPOBEpKa
anekBaTHOCTM ARIMA Monenn mo nHOOPMaIIMOHHBIM KPH-
TepusiMm Akaiiku u baiieca. YcraHOBIEHO, YTO HEHOPMATUB-
HBII YyPOBEHb M3HOCA BEPXHMX YacTeil KOJOMOK THITOBBIX
ycrpoiictB TPII BciencTBue HU3KUX KOHCTPYKTMBHBIX W
9KCIUTyaTallMOHHBIX TIPUYMH JOCTUTAETCS MPU podere, Ko-
TOpPBII MOYTH B 3,5 paza Kopoye MPOrHO3MPOBAHHOTO MPO-
Oera, MpM KOTOPOM MPOUCXOAUT HEHOPMATHMBHBINA HM3HOC
BEpXHEel YacTu KOJOMOK MOIEPHU3MPOBAHHBIX YCTPOUCTB
TPII. ITporHo3upyeMblii OCTaTOUHBII pecypc BepXHeil YacTu
kosnioaku MmoaepHusupoaHHoro TPIT Ha 3,3 Thic. KM Kopoue
aHAJIOTMYHOTO 3HAYCHUSI ISl HUKHEN YacTH 3TON KOJIOIKMU.

Hayunasa HoBu3Ha. BriepBble OCyIlECTBIEHO MPOTHO3U-
pOBaHME OCTaTOYHOTO pecypca KOJOA0K MOAEPHU3UPOBAH-
HbIX ycTpoiicTB TPIT rpy30BBIX BATOHOB IPOMBIIIJICHHOTO
TpaHCIIOpTa IUCKPETHBIMU cTtoxacTuyeckumu ARIMA mo-

NIEISIMU, KOTOPBIE TPEOYIOT HAJTMYUS TUCKPETHBIX BEJTMINH,
PETUCTPUPYEMBIX B TEUEHME COOTBETCTBYIOIIMX SKCIIEPH-
MEHTAJIbHBIX U3MEPECHUIA.

IIpakTHyeckass 3HAYMMOCTb. Pe3ysbTaThl MPOBEICHHbBIX
KCCIIeNOBaHMI allpOOMPOBAHbI Ha OIILITHOM ITOIBIKHOM CO-
CTaBe C MOIEPHU3UPOBAHHBIMU YCTPOKMCTBAMU B TOPMO3HBIX
cucTeMax TejieXeK. MIX MOXHO MCII0Jb30BaTh IIPU ITPOEKTH-
pOBaHUM, MOJIEPHU3ALIMKU M DKCIUIyaTallud TOPMO3HBIX CH-
CTEM KaK 9KCILIyaTallMOHHOIO ITapKa, TaK U TeJIEXEK TPy30-
BBIX BATOHOB HOBOTO TMTOKOJICHHSI.

Kmouessie cioBa: ARIMA modenn, epy3060il 6aeoH, usHoc,
NPOSHO3UPOBAHUE, MOPMO3HAsL KOAOOKA, MOPMO3HAS PblYaAIC-
Has nepempadya
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