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Abstract. A radial model of parametric failure of a woodworking machine
according to the precision criterion based on the truncated normal distribution of
a machine’s disadjustment speed caused by the wear processes in the mating of
parts and components of the structure has been developed. It has been found that
the density of parametric failures of woodworking machines according to the
precision criterion corresponds to alpha distribution. Based on the operational
observations, the alpha distribution parameters of operating time to parametric
failure for band saw, circular saw, and milling machines have been established.
It has been determined that the durations of inter-adjustment periods for band
saw, circular saw, and milling machines coincide with the operational data of the
duration of these inter-adjustment periods for these machines with an accuracy
of seven percent, which proves the adequacy of the mathematical model. The
proposed model of parametric failures of woodworking machines based on the
processing precision criterion allows determining the durations of inter-
adjustment periods of machine operation, during which the precision of pro-
cessing is ensured in compliance with the current standards.
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1 Introduction

The quality of finished products and the efficiency of using wood depend on the
precision of sawing timber in modern woodworking production. In the dynamic system
“machine — tool — workpiece” (MTW), the most complex and constant source of
processing errors is a machine, the service life of which equals decades.

During the operation of woodworking machines, different types of energy apply:
mechanical, thermal, physical, which lead to changing the parameters of individual
elements, units, and a machine as a whole. Such processes are reversible or irreversible.
Reversible processes, such as elastic and thermal deformations of parts and units,
temporarily change the parameters of machine parts and units within certain limits.
Irreversible degradation processes, such as aging, corrosion, wear, lead to the signifi-
cant deterioration of a machine's technical condition over time and significantly affect
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the precision of wood cutting. Therefore, the maintenance of a woodworking machine
should ensure the reliability and prevention of deviations of its parameters, which lead
to the loss of technological precision.

This paper aims to model the parametric failures of woodworking machines based
on the criterion of technological precision using o - distribution of operating time,
enabling us to determine the duration of inter-adjustment periods of machine operation.

2 Literature Review

The processes of changing parameters in woodworking machines differ in speed [1].
Periodic short-lived processes continue within the machine’s operation and wood
cutting tool units [2, 3]. These include vibrations of a woodworking machine and tool
units; changes of friction forces in kinematic pairs; fluctuations in the workload due to
the heterogeneity of the processed wood; parametric oscillations of the wood cutting
tool [3], and other processes that affect the mutual placement of the tool and the
workpiece at any time, reducing the precision of wood sawing [4].

Slow (degradation) processes occur within the entire period of a machine’s oper-
ation and are manifested between its regular repairs [5, 6]. Such processes include
stress redistribution in parts, material fatigue, corrosion, wear of machine parts, and
units in friction pairs [7]. As a result of wear and tear, parametric failures of a
woodworking machine periodically occur according to the precision criterion. Partial
restoration of the technological precision of a machine is carried out by its regular
adjustment and repair [8, 9]. In the works [1], parametric failures are described using a
linear model with a scattering of the initial parameter by the normal distribution law.
Random processes with a normal distribution law are considered in the works [10, 11].
Published experimental failure distributions of parts and components of structures
working to the point of exhaustion are usually asymmetric and modal [2, 8]. The work
[12] notes that it is reasonable to use the asymmetric Weibull distribution law to study
the reliability indicators and describe the failure models. In work [13], to study the
reliability of mechanical equipment, the features of the processing process are used
instead of the traditional description of degradation processes. However, these studies
do not consider the possibility of estimating the duration of operation between
equipment failures, which would allow determining the inter-adjustment periods for
equipment. In [14], it is indicated that parametric failures resulting from wear do not
correspond to the normal law of failure distribution. Therefore, to describe the oper-
ating time until the parametric failure of the woodworking machine, it is reasonable to
use an asymmetric o - distribution [14], which allows estimating the duration of
operation between failures according to the processing precision criterion.

3 Research Methodology

During machine adjustment, the size adjustment at the time #; is set to a particular
nominal value X. In the course of further operation of the machine, the value X is
randomly changed. Therefore, size X is a polar random function of operating time X (7).
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All implementations of random function X () pass through one non-random stationary
point — pole (Xo, ).

For finding the failure distribution of a woodworking machine by the precision
criterion according to the characteristics of the disadjustment process, it is convenient
to approximate the random value of X size of the manufactured part by a random radial
function [14] as follows:

X(1)=Xo+B-1, (1)

where B is the speed of the machine disadjustment process, which is a random variable,
and the operating time ¢ is calculated from the moment of arising need for adjustment.
To find the numerical characteristics — mathematical expectation m; and mean-square
deviation o3, which roughly describe the machine disadjustment process, one should
know the X, variable and operating time ¢, before pre-adjustment. The speed variable B
of changing size X is limited by the lower b; and upper b, margins. Therefore,
according to [14], it is reasonable to consider the truncated normal distribution of the
size X change speed, provided that the speed of machine disadjustment is limited, i.e.:
b] § b S bz:

- c (b —my)*
b) = cf(b) = ———exp|——2|, 2
Fb) = (b) = — p[ - @
h =————uy ="y, = 227 @(u) - Laplace's function. A
where ¢ = YRR u; = o Uy = P (w) — Laplace's function. As a

result of disadjustment, the X parameter can reach a critical value X,,,,, at which a
parametric failure of the woodworking machine occurs according to the precision
criterion. Therefore, we further consider B as the absolute value of a woodworking
machine's disadjustment speed.

The time T = P("B%XO' to parametric failure according to the precision criterion is a
function of a random variable B distributed according to the truncated normal law (2).
According to the rule of finding the distribution law of random arguments’ functions

[14] provided that |XZ—2X°‘ <r< ‘X;—IXO‘ distribution density for 7" variable has the form of
three-parametric « - distribution [14]:

1) =L exp [—% (§-2) ] ®)

IX—Xol ,, _ Im]
o, op °

dimensionality of failure time (time) and is the relative margin of a machine’s durability
according to the precision criterion. The parameters o and ¢ are dimensionless values.
We consider the value of o parameter to be the average speed of the machine disad-
justment, i.e., the relative average speed of a change of the random variable X. As a
rule, when the parameter « = 2 and may take larger values, the parameter ¢ = 1 [14].
Typical density curves of « - distribution for different parameters of the relative

where f, o, ¢ — distribution parameters, f§ = Parameter f§ has the
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durability of a woodworking machine and the relative average speed of its disadjust-
ment are shown in Fig. 1.
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Fig. 1. Charts of o - distribution density functions at different values of parameters: a — for the
conditional durability of a machine = 800 hours; b — for distribution parameter a = 2.

The operating time of a woodworking machine before the beginning of mass
failures according to parametric precision is equal to the time when the acceleration of a
distribution density change is maximum. The value of this operating time is calculated
according to the recommendations [14] as the time when the third derivative of the
distribution density function is zero. Then the value of the operating time before the
start of mass failures is obtained as the smallest positive root of the equation

Lo (((ﬂ))) o "

Having found the third-density derivative of « -distribution of a random variable X,
Eq. (4) is reduced to an algebraic sextic equation:

1 0.5(ar — f)*
_tl—l (10_10ﬁexp<M>> . (96 1010l6—|—l,4~ lOllcxﬂts

+4(4.8-10"6* - 1.9- 10" %) + (4 - 10°° f* — 10" ap’)
+ (6108 — 1.2 10" )2 + 1.2 - 10"’ — 4 - 10°p°) = 0.

(5)

The smallest positive root of the solution (5) is the operating time's value, which equals
the duration of the inter-adjustment period for the machine. For example, with the
distribution parameters o = 2, § = 850 h, we have six roots: 179.5; 266.2; 482.1;
—384.5; —760.7; —2332.5, first of which determines the inter-adjustment period for a
wood-working machine according to the precision criterion.
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4 Results

The parameters of o -distribution for woodworking machines are calculated according
to characteristics of the wear and degradation process:

- |X —Xo _
Brpf=——am0="=— (6)
Op o, W

where v, — the variation coefficient of the random disadjustment speed process ranges
within 0.25-0.50 for the degradation process of mechanical wear [1]. Variation coef-
ficients obtained from the research results on the technological precision of machines
also fall within these limits. Assuming that the disadjustment speed of a woodworking
machine is associated with the processes of wear in the mating of components and parts
of the construction, according to formulas (6), the o - distribution parameter of the
random process of the precision loss will adopt values within o = 2 — 4. With mean-
square deviations of the random machine disadjustment speed process due to wear
ap = 0.0008 — 0.002mm/h, the value of f -distribution parameter for woodworking
machines will vary from 450 h for band saw machines to 9000 h for milling machines.
Taking g, = 0.002 — 0.004 mm/h for the band saw machine of the SKTP505-2 brand,
we have the value f =920 — 450 h; for Barakuda-2 circular saw machine ¢, =
0.0008 — 0.003mm/h - f=2200—600 h; for the jointer-planer AD741 -
ap = 0.0002 — 0.0004 mm/h- § = 8200 — 4100 h; for four-side milling Unimat-17A -
ap = 0.0005 — 0.0008 mm/h - § = 4000 — 2000 h. After considering the dependence
(4) and the parametric failure formation, the model of parametric failure of a wood-
working machine may be presented in the form of a chart (Fig. 2). In Fig. 2, the
following notations are adopted: T, T(?) — durations of the first and second inter-
adjustment periods, B;, B, — value of disadjustment speed during the respective period,
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Fig. 2. The scheme of parametric failure formation according to the processing precision
criterion in the inter-inspection period of a machine.
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F1(2), f»(7) — o - distribution density functions in the respective inter-adjustment period,
tr1, trz — the smallest positive roots of Eq. (5). X is the determining parameter as the
initial error value of processing the nominal size of the part, which is the mode of the
Hnidenko-Weibull distribution.

Mathematical modelling of the duration of inter-adjustment periods for wood-
working machines has been performed using the scheme shown in Fig. 2. Solving
Eq. (5) for specific values of « - distribution parameters, the durations of inter-
adjustment periods for SKTP505-2 band saw machine, Barakuda-2 circular saw
machine, and milling machines: jointer-planer AD741(Felder) and four-side longitu-
dinal milling machine Unimat-17A, have been obtained. It has been established that the
duration of inter-adjustment periods for woodworking machines increases with the
increase of conditional durability of a machine 5. However, logically, with the increase
of relative disadjustment speed, which we consider to be the o -distribution parameter,
the duration of inter-adjustment periods decreases. There is a linear relationship
between o -distribution parameters and the duration of the inter-adjustment period. For
example, for the SKTP505-2 band saw machine, with a reduction of the relative
durability of the machine, i.e., f parameter ranging from 850 h up to 450 h (by 47%),
the duration of the inter-adjustment period also decreases by 47%. With a decrease in
the relative disadjustment speed (« -distribution parameter) by 11.7%, the duration of
the inter-adjustment period increases by 17.5%. This increase in the duration of the
inter-adjustment period does not depend on f§ parameter value. Similar linear depen-
dences of the duration of the inter-adjustment period on the distribution parameters
apply to Barakuda-2 circular saw machines and Unimat-17A four-side milling
machines. The f distribution parameters for the new jointer-planer AD741 and the used
four-side milling machine Unimat-17A are significantly different. For the used
machine, the relative durability is 40% lower compared to a new machine.

Estimated durations 7("), T and T® of the first three inter-adjustment periods for
the following machines: SKTP505-2 band saw machine, Barakuda-2 circular saw
machine and milling machines: new jointer-planer AD741 and used four-side milling
machine Unimat-17A, are shown in the chart in Fig. 3. Operational values of machi-
nes’ operating time in the first inter-adjustment period of operation are adopted con-
sidering the duration of an interrepair cycle. The standard interrepair cycle for machines
of the II category (weighing 1-5 tons) is equal to 11200 h of operation [8]. The
structure of the interrepair cycle for category II machines consists of 15 periods (in-
spections, regular, medium, and capital repairs) lasting 746 h. Taking into account the
durability coefficient of a machine, the values of the periods may vary.

For the SKTP505-2 band saw machine, the estimated duration of the first disad-
justment period differs from operational duration by 5% with distribution parameters
o =2 and f = 850 h; duration of the second period of disadjustment — by 2.7% with
parameters of distribution o = 3.2 and =850 h or by 7.4% with distribution
parameters o = 2 and § = 650 h, the duration of the third period of disadjustment — by
3.6% with distribution parameters o = 3.2 and f§ = 850 h.
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Fig. 3. Diagram for experimental and theoretical results of the duration of inter-adjustment
periods of machines’ operation.

Thus, in each period of disadjustment, o - distribution parameters take on different
values. Each subsequent disadjustment of the machine occurs either at a higher relative
speed of disadjustment, or with a lower value of the conditional durability of the
machine. The differences between the operational and calculated values of the duration
of inter-adjustment periods are the following: for “Barakuda -2” circular saw machine
in the first period — 2.1%, in the second period — 7%, in the third period — 6.8%; for the
new jointer-planer AD741 in the first period — 0.5%, in the second period — 0.6%, in the
third period — 5.6%; and for the used Unimat — 17A in the first period — 0.3%, in the
second period — 5.5%, in the third period — 1.4%. Therefore, the proposed model of
parametric failures of woodworking machines allows determining the durations of
inter-adjustment periods with accuracy sufficient for engineering calculations.

5 Conclusions

According to the precision criterion based on the truncated normal distribution of a
machine’s disadjustment speed, a radial model of parametric failure of a woodworking
machine has been developed. It has been established that the density of parametric
failures of woodworking machines according to the precision criterion corresponds to o
- distribution. Based on o - distribution of parametric failures, the durations of inter-
adjustment periods have been determined for a range of woodworking machines:
SKTP505-2 band saw machine, Barakuda-2 circular saw, and AD741 and Unimat-17A
milling machines, which coincide with the operational data with an accuracy of 7%.

The proposed model of parametric failures of woodworking machines based on the
processing precision criterion, with accuracy sufficient for engineering calculations,
allows determining the durations of inter-adjustment periods of machine operation. The
precision of processing is ensured in compliance with the current standards.

In further studies, the developed methodology can be used to determine the
duration of inter-adjustment periods of other woodworking machines and any
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mechanical equipment that has been under operation for a long time and requires
developing the optimal structure of repair cycles.
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