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ABSTRACT
In order to reduce the number and time of layups and to increase the period of ef-
fective operation of a mechatronic system it is reasonable to carry out predictive 
recovery works during one stoppage (repair) for a group of component parts with 
equal, close or multiple operation hours to the prior-to-failure (limiting) state. Such 
approach gives also the possibility to carry out recovery works with separate ele-
ments in parallel, which allows to reduce the system layup time and to increase the 
production output.
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INTRODUCTION 

One of the ways to increase the operational 
effectiveness of complex expensive mechatronic 
systems (machining centers, automated lines, 
paper-making machines, etc.) is reducing the 
costs of their maintenance and repair. Applica-
tion of predictive maintenance and repair strat-
egy seems to be prospective in this direction; it 
is based on the application of statistical analysis 
data of operation, failures and replacement of 
component parts. 

However, application of such an approach 
in real conditions in order to enhance the op-
erational process is quite difficult [19]. These 
difficulties appear due to the fact that operation 
time of a certain component machine part, dis-
tributed according to the known law, is a ran-
dom value and failures occur in arbitrary time 
points. In practice, such a situation results in 
the case that a machine with a large number of 
component parts will often layup because of a 
failure or reaching the prior-to-failure state of 
only one element [21]. 

PREDICTIVE REPAIR OF EQUIPMENT

The urgency of searching and implementing 
more effective methods of complex systems (in-
cluding mechatronic ones) maintenance and re-
pair has been growing lately. It is explained by 
the fact that as the layouts are complicated and 
the quality of manufactured products is increased, 
the cost of producing the equipment and keeping 
its serviceable condition, i.e. its maintenance and 
repair (M&R), is considerably increased. 

Improvement of this or that system of M&R 
is determined by the level of interaction between 
the objectively existing process of technical 
state variation of the object and the process of 
its operation, intended to keep the serviceabil-
ity of the equipment. For example, as for the 
metal and woodworking equipment, chemical 
and other industries equipment, the mentioned 
interactions are considered by a periodical cor-
rection of a regulatory background of M&R sys-
tems [5, 7]. The expediency of such an approach 
is explained by a serial and mass production of 
goods with almost the same operation conditions 
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and the possibility to more precise definition of 
the repair cycle parameters. This approach is 
not applicable for complex unique systems due 
to a high cost of its implementation. As regards 
the mechatronic systems, the maintenance and 
repair system, based on the execution of the as-
signed scope of recovery work according to pre-
planned time intervals or certain running hours 
independently on the actual state of the system, 
does not provide the required interaction be-
tween the mentioned processes in order to keep 
the assigned reliability level of objects and ef-
ficiency of their application.

Theoretical investigations and operation of 
mechatronic systems in our country and abroad 
show, that the most effective and progressive 
M&R system is the system of the predictive 
M&R in combination with applying the strate-
gies of M&R according to running hours. A cer-
tain relativity of the system name is explained by 
its purposefulness [4, 7]. In this case the modes 
of maintenance, scope and content of recovery 
works are assigned according to the actual techni-
cal state of the system.  

The important condition to apply the strate-
gies of predictive M&R of mechatronic systems 
effectively is ensuring the high level of the opera-
tion and repair manufacturability [20]. The main 
features of the operation and repair manufactur-
ability are: controllability, accessibility, quick-
detachability, interchangeability and repairability.    

When designing and upgrading the unique 
complex mechanical systems (including mecha-
tronic modules and systems), in order to meet the 
requirements of repairability and M&R efficiency, 
it is necessary to keep the following principles:
• The reasonable separation of the layout by 

separately produced and maintained struc-
tural elements, leading to, as a rule, a con-
siderable reduction of time and labor costs 
of M&R. 

• The accessibility of component parts of the 
equipment to maintain and repair, especially 
of those, determining the serviceability of 
the system. 

• The specification and embodiment of control 
areas for technical condition of components 
parts and machines as a whole according to 
the accepted methods and means of technical 
and technological diagnostics. 

• The reasonable embodiment of the parting 
and conjugation places in the machine, al-
lowing to minimize the time and labor costs 

of assembling/disassembling and to provide 
the application of mechanization means when 
performing the M&R.

• Designing the machine elements for the as-
signed lifetime with account of the accepted 
system of M&R.
Therefore, the questions of applying this or 

that strategy of M&R and achieving the highest 
operation effectiveness must be foreseen and pro-
vided at the stages of design and development.  

The system of the predictive M&R possesses 
certain properties of the predictive protective sys-
tem. The principle of failures prevention is imple-
mented when designing, upgrading and manufac-
turing by creation of the layout with the increased 
durability; when operating it is implemented by 
the assignment of predicting tolerances for the 
technical state parameters to be controlled. The 
principle of the scheduled preventive works pro-
vides the possibilities of increasing the effective-
ness and quality of works and improving their 
organization. When the system of the predictive 
M&R is applied, the diagnostics and general 
works are planned depending on the technical 
state of the equipment. The principle of provid-
ing the correspondence of the operating process 
to the process of varying the technical state of the 
equipment is implemented more completely.    

The system of the predictive maintenance 
and repair is flexible and dynamic [22].  Strate-
gies and modes of M&R as applied to one and 
the same type of equipment can be varied depend-
ing on the growth of the average running hours 
of products, on performing the layout additional 
works, on creating the new methods and means of 
the technical diagnostics, and so on.

The applied strategies can be varied at dif-
ferent enterprises depending on their available 
equipment, production volume and professional 
skills of engineers and technicians.

THE MODEL OF THE MECHATRONIC 
SYSTEM OPERATION

In order to reduce the number and time of 
layups, to increase the interval of the effective 
operation of the mechatronic system, it is practi-
cally reasonable to perform preventive recovery 
works during one shutdown (repair) of a group of 
components with equal, close or multiple running 
hours up to the prior-to-failure (limiting) state 
[11, 1]. From this point of view the model of op-
eration can be presented as follows.
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Case 1

Let us consider the system, comprising n com-
ponent parts connected in series. The failure of any 
element causes the failure of the whole system. An 
object may have the following possible states:
“0” – the system is serviceable, i.e. all elements 

are operable;
“1” – any one element of the system is faulty, the 

system is inoperative;
“i” – any i elements of the system are faulty, the 

system is inoperative;
“n” – all n elements of the system are faulty, the 

system is inoperative.
The graph of states and transitions when op-

erating the continuously working system being 
recovered, consisting of serially connected ele-
ments, is shown in Figure 1.

The mathematical model has been developed 
on the basis of the theory of semi-Markovian pro-
cesses, since the laws of distribution of running 
hours and recoveries of component parts of the 
mechatronic system can have an arbitrary charac-
ter, i.e. they can differ from the exponential one. 
Markovian properties will be exhibited only at the 
instants of transition from one state to the other.

When the initial state is fixed, the further be-
havior of the semi-Markovian process with time 

is fully determined by the transition probability 
matrix pij and the matrix of distribution func-
tions Tij , (tij is the holding time of the system 
in the state еi on the stipulation that the follow-
ing state of the system transition is the state e0. At 
the initial time instant the process is in the state 
e0. Then, according to the distribution {p0j} the 
state ej of the process transition is chosen. Here, 
the holding time of the semi-Markovian process 
in the state e0 is a random value with the distribu-
tion function T0j(t). In the new state ej the process 
behaves in exactly the same way [2, 12].

The semi-Markovian process can be also as-
signed by means of one transition probability 
matrix P [3, 14].

P = P(t) 
where P(t) is transition possibility, i.e. the possi-

bility of the following event: at the initial 
state ei the process will proceed by one 
step to the state ej, the holding time of the 
process in the state ei will not exceed the 
value t (the step is the time interval be-
tween adjacent transitions).    

The value Pij(t) is related to the transition 
probabilities pij and the distribution function Tij(t) 
by the correlation:

( ) ( ),
lim ( )

ij ij ij

ij ijt

P t p T t
p P t

→∞

= ⋅

=

at that

0 0
( ) 1, 0,1,...,

n n

ij ij
j j

p p i n
= =

+∞ = = =∑ ∑
Then one can write:

Tij(t) = Pij(t) / pij.
As for the considered case with application 

of logical-and-probabilistic methods, the system 
transition probabilities from one state to the other 
during the time (t, t + ∆t) will be expressed as 
follows:
1. If the system is in the state “0” at the time in-

stant t, then it will stay here on stipulation that 
no component part will fail during the interval 
(t, t + t). In this case the probability of such a 
zero transition will be determined as follows:

 
Fig. 1. The graph of states and transitions of a series 
system being recovered in operation (Case 1); PC – 

the set of operable states; HPC – the set of inoperable 
states
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2. If the system is in the serviceable state “0” at the time instant t, then if any i components fail within 
the interval (t, t+∆t), it can pass to the state “i” with the probability:
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3. If the system is in the “ith” state, that is, it is 
being recovered, then it will return to the ser-
viceable state “0” during the time  (t, t + ∆t) 
with the possibility (if the repair of all i com-
ponents is finished):

( ) ( )0
1

n

i i
i

P t q t
=

∆ = ∆∏ (3)

4. If the system is in the “ith” state, that is, all i 
components are being repaired, then it can 
stay in this state during the time  (t, t + ∆t) 
with the possibility (if the repair of all i com-
ponents is not finished):

( ) [ ( )
1

1
n

ii i
i

P t q t
=

∆ = - ∆ ∏ (4)

5. If the system is in the “ith” state, that is, all i 
components are being repaired, then it can 
pass to the state j during the time (t, t + ∆t) 
with the possibility (if the recovery of all i 
components is not finished):

( ) ( ) ( )
1 1

1
m k

ij i j
i j

P t q t q t
= =

 ∆ = ∆ - ∆ ∏ ∏ (5)

where m is the number of recovered (repaired) 
components; k is the number of unrecov-
ered components.

The transition probability matrix, character-
izing the state of the mechatronic system at a defi-
nite time instant, is represented in Figure 2.

Case 2

In order to reduce the order of the transition 
probability matrix of the model of system opera-
tion, it is proposed to apply the rule of grouping 
the machine components according to the states of 
the object, based on the principle of multiplicity 
of running hours. In this case, the possible states 
of the machine can be formulated as follows:
“0” – the system is serviceable, that is, all its ele-

ments are operable;
“1” – elements with the multiplicity 1 are faulty, 

the system is inoperable;
“k” – elements with the multiplicity of running 

hours k are faulty, the system is inoperable. 
Hence, probabilities of the system transitions 
from one state to the other during the time (t +  
∆t) will be expressed as follows:

1. If the system is in the state “0” during the time 
instant t, then it will stay here on stipulation 
that no component will fail during the time 
interval (t, t + ∆t). The probability of such a 
transition will be determined by the product 
of probabilities of the non-failure operation of 
all elements of the system during the time in-
terval  ∆t.

2. If at the instant t the system is in the serviceable 
state “0”, then at each time interval ∆t, mul-
tiple to tmin, the system passes to the ith state 
with the probability:

( ) ( )0
1

1
r

i ij
j

P t P t
=

∆ = - ∆∏ (6)

 
Fig. 2. The transition probability matrix
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where j is the number of elements in the repaired 
group; i is the number of the repaired 
group.

At the time instant (t + ∆t) recovery works in 
the ith group are started.
3. If the system is in the ith state, that is, repair and 

recovery works of the elements of the ith repair 
group are being performed, then the system 
will return to the serviceable state “0” during 
the time interval (t, t + ∆t) with the probability:

(7)

where qj(∆t) is the probability of recovering the 
component part during the time interval ∆t.

4. If the system is in the ith state, that is, repair and 
recovery works of the elements of the ith repair 
group are being performed, then the system 
will stay in this state during the time interval 
(t, t + ∆t) with the probability:

(8)

On basis of the given considerations, one 
can calculate the labor intensiveness of replace-
ment or repair of components, belonging to the 
repair group:

1

r

i j ij
j

Zτ τ
=

= ∑ (9)

where Zj is the number of workers, busy with the 
repair or replacement of the jth component 
part; τj is the time of replacement or repair 
of the jth component part; r is the number 
of component parts in the repair group.

Therefore, equations (1)-(9) form the math-
ematical model of the system operation and they 
allow to solve the task of evaluating the achieved 
level of reliability of the mechatronic system and 
of determining the necessary time fund to per-
form repair and recovery works. The presented 
model creates the basis to improve substantially 
the organization of the M&R and to increase the 
operation effectiveness of complex systems.

THE RELIABILITY MODEL OF A 
MECHATRONIC SYSTEM AS THE 
TECHNOLOGICAL SYSTEM WITH 
SERIALLY CONNECTED ELEMENTS 

The sequence of mounting and the purpose of 
component parts are determined by principles of 
their interaction. Each functional part consists of 
the set of unappropriated  elements. The structur-
al scheme of such a system is shown in Figure 3.

It should be noted that the failure of any com-
ponent part breaks the serviceability of the whole 
system, unlike many series systems, for example, 
of metal working automated lines, where the cre-
ation of intermediate storage devices is possible. 

The basis of the reliability model of the series 
technological system is the study of information 
on failure and recovery flows. Figure 4 shows the 
formation of failure flows of component parts and 
a system as a whole.

The mechatronic system represents the sys-
tem of n serially connected elements. Then, ow-
ing to the assumption of the independence of ele-
ments for a series system, one can write:

1

( ) ( )
n

c i
i

P t p t
-

= ∏ (10)

where Pc is the probability of non-failure opera-
tion of the mechatronic system.

The average time of non-failure operation of 
a series system can be determined according to 
the formula:

0

  

{ } ( )
kt

c ct M t t f t dt= = ⋅ ⋅∫ (11)

where М is the sign of the mathematical expec-
tation; tс=min ti, 1≤ i ≤ n is the random 
time of non-failure operation of a series 
system.

It has been determined that during the recov-
ery time of the failed element all the rest or certain 
elements of the system can be serviceable. The as-
sumption has been taken, that during the time of 

 
Fig. 3. The structural scheme of a mechatronic module (system) as a series system
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the system failures clearing (elements recovery) 
no variation of the reliability level takes place in 
all the rest elements, and that is why since the in-
stant of the failed element recovery they begin op-
erating as though the recovery occurs immediate-
ly. The next assumption is that owing to the great 
number of elements in the system, the intensity of 
failures of each of them constitutes a minor value 
of the intensity of the machine failures.   

On the basis of the logical-and-probabilistic 
method, let us take the following probable states 
of the series technological system:
“0”   - operable state;
“i” – inoperable state of the system in case of fail-

ure of any one component part, i = 1, 2, ..., 
n. (p04 is the probability of the element No. 4 
failure during the time ∆t).
The graph of states and transitions of the con-

tinuous action system being repaired, consisting 
of serially connected elements, is shown in Figure 
5. As for the considered object, the failure of any 
element causes the failure of the whole system. 
A semi-Markovian process is taken as the math-
ematical model, because the distribution laws 
of running hours and recoveries of mechatronic 
system components can have an arbitrary charac-
ter, that is, they can differ from exponential ones. 
Markovian processes will be displayed only at the 
instant of transitions from one state to the other.  

With account of probable states of the system, 
the transition probability matrix size will be [(n + 
1)(n + 1)]. The matrix is stochastic, since transi-
tions of the machine from one state to the other 
generate a complete group of events, the probabil-

ity sum in each line must be always equal to unity.
Transition probabilities during the time (t, t + 

∆t) will be expressed as follows:
1. If the system is in the state “0” at the time in-

stant t, then it will stay there on stipulation that 
no component part will fail during the interval 
(t, t + ∆t). Then the probability of such a zero 
transition will be expressed as follows:

 
Fig. 4. Formation of the failure flow, where 1, 2, ..., n are component parts  

of the system; × are instants of the failure origination

00 1 2
1

( ) ( ) ( )  ...  ( ) ( )
n

n i
i

p t p t p t p t p t
=

∆ = ∆ ⋅ ∆ ⋅ ⋅ ∆ = ∆∏ (12)

 
Fig. 5. The graph of states and transitions when op-
erating the continuous action system being repaired, 
consisting of the serially connected elements; РС - 

operable state; HPC – the set of inoperable states; 0 - 
operable state; 1, 2, ..., n - inoperable state because of 
the failure of the first, second, …, nth component part 

of the mechatronic system
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where рi(∆t) is the probability of non-failure operation of the ith element within the time interval (t, t + ∆t).
2. If the system is in the serviceable state “0” at the time instant t, then when any component part fails 

within the time interval (t, t + ∆t), it will pass to the state “i” with the probability:

poi(∆t) = 1 - pi(∆t) (13)

3. If the system is in the “ith” state, that is, the “ith” component part is being repaired, then the system 
will return to the serviceable state “0” during the time (t, t + ∆t) with the probability (if the repair 
of the “ith” component part is finished):

pio(∆t) = qi(∆t) (14)

where qi(∆t) is the probability of the component part recovery during the time interval ∆t.
4. If the system is in the “ith” state, that is, the “ith” component part is being repaired, then the system can 

stay in this state during the time interval (t, t + ∆t) with the probability:

pii(∆t) = 1 - qi(∆t) (15)

The transition probability matrix for a system with serially connected component parts at arbitrary 
laws of time distribution of their running hours and recovery will have the following form (16).

One should note, that the calculation of Pij(∆t) for the time interval ∆t must be performed with ac-
count of the worked-out hours of the element and the multiplicity of the failed components replacements.

(16)

where pi(∆t) is the probability of non-failure operation of the “ith” component part during the time ∆t; 
qi(∆t) is the probability of recovery of the “ith” component part during the time interval ∆t.

The probability of the system being in each of the states is determined according to the formula 
within the time interval (t, t + ∆t):

1
( ) ( )

M

i oj ij
j

P t p p t
=

∆ = ∆∑ (17)

where i = 1, 2, ..., N is the number of system elements; j = 1, ..., M is the number of system states.
The relative part of the system being in the serviceable state will be equal to the availability ratio:

0 2
1

M

S i
i

K P p
=

= + ∑ (18)
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The fund of the float time, that is, the nec-
essary time of performing the maintenance and 
repair, will be:

τ = tk ∙ (1- KS) (19)

where tk  is the scheduled operation life.
Composition of transition probability matri-

ces, vectors of initial states and further determi-
nation of reliability factors implies, that the dis-
tribution laws of elements durability are known. 
Therefore, the development of reliability models 
of real machines and their component parts is pos-
sible only on the basis of information on their op-
eration, testing and prior knowledge of analogues.

DEVELOPING THE ADAPTIVE STRUCTURE 
OF THE REPAIR CYCLE

Construction of the mechatronic system 
repair schedule with account of the reliability 
level estimation 

Let us assume that we know the distribution 
laws of running hours up to the limiting state and 
the recovery time of each machine component. 
Depending on serviceability criteria, failure con-
sequences and operation experience, the lower 
boundary of the limiting allowed probability of 
non-failure operation and parts and units recov-
ery is assigned.  According to the known distribu-
tion law and the limiting probability, the values 
of gamma percentile tγi error-free running hours 
(until the failure) are calculated to characterize 
indirectly the technical state (Figure 6a) and the 
recovery time of each component part. The least 
value of the running hours is chosen among the 
whole range, and multiplicities of running hours 
are calculated according to the formula:

(20)

where tγi is the gamma percentile running hours 
of the ith element; tγ min is the minimum 
gamma percentile running hours;  
К’ is the design multiplicity of running 
hours of the ith element; n is the number 
of elements in the system.

The design value of multiplicity of gamma 
percentile running hours is rounded down to the 
least one, based on the operation experience, re-
ducing the probability of failure (degree of risk). 
Then the elements are grouped according to the 
feature of equal multiplicity (Figure 6b). These 
multiplicities are К=1; К =2; ...; К = К and they 

characterize the system state. The number of ele-
ments included into each state (each group) will 
be different. According to such an approach, the 
system operation can be considered as the discrete 
process, that is, at discrete instants of time, multi-
ple to tγ min, the system passes to the state, when el-
ements of the group R will be considered as failed.

Since running hours have a random nature, 
then during the time interval ∆t related to the last 
repair, a failure or replacement of certain compo-
nent parts can take place. For these parts the run-
ning hours ti are calculated and added to already 
available data, statistical processing of additional 
arrays is performed, which can lead either to vari-
ation of running hours tγi of component parts, or 
to variation of the value tγ min. When the value tγmin 
is varied, the re-calculation of running hours mul-
tiplicities is carried out. According to the obtained 
results, the correction of the repair graph and 
structure of repair groups is made. Such a correc-
tion of periodicity and M&R content is performed 
after the failure of any component part. Organiza-
tion of M&R according to the stated principles 
allows considering the technical state of compo-
nent parts and the system as a whole on the basis 
of their reliability characteristics. Periodicity and 
the repair content are not constant here.

During the complex system operation process 
the error-free running hours are of the random 
character. It follows that the value tγ min can be 
varied depending on the technical state of the ele-
ment and its lifetime. In this connection the time 
intervals ∆t between predictive and repair and 
recovery works, and also the contents of repair 
groups (unions) are variable. The information 
background to implement the developed opera-
tion models is the statistical analysis of operation 
and repair data. Figure 7 presents the content and 
sequence of steps of making the decisions on re-
pairing the mechatronic system.

At the first step the analysis of the situation 
takes place and the estimation of the technical 
state of the mechatronic system or module is 
performed by accumulating and processing the 
information. All damaged component parts are 
revealed, including the software. Then the iden-
tification and formulation of the problem is per-
formed. The next step is the development of the 
set of alternative decisions of the problem, the 
level of machine-tool units damage is estimated 
and the decision is made on putting the mecha-
tronic system out of operation to repair or on 
continuing its operation. Ideally, it is necessary 
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Fig. 6. To  the development of the adaptive structure of the repair cycle: (а) shows the γ % running hours of the 

system component parts; (b) shows the distribution of multiple running hours of the elements; (c) shows the 
generation of the repair groups (m is the number of the repair) where  1, 2, ..., n  are numbers of the component  

(part); is the structure of the repair group

 
Fig. 7. Structure and sequence of steps of the decision making process of the machine-tool repair
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to detect all possible alternative decisions of the 
problem. Having developed the possible versions 
of solving the problem, they should be estimated, 
that is, advantages and drawbacks of each alterna-
tive should be compared and probable results of 
their implementation should be objectively ana-
lyzed. Further, the implementation of the taken 
decision is performed. And at the final step the 
estimation of the obtained result is carried out, 
serving here as the feedback function of this pro-
cess. At this step the actual results are compared 
with the planned ones.

The proposed method allows to implement the 
flexible adaptive structure of the repair cycle with 
account of the components technical state (indi-
rectly) for a wide variety of mechatronic systems. 

Development (correction) of the maintenance 
and repair periodicity according to the results 
of technical state diagnostics

The interest to predicting the technical state 
and reliability of mechatronic systems has been 
increased recently. This fact is explained by the 
growth of machines manufacturability, their in-
creased complexity, considerable losses in failures 
and, consequently, requirements to their reliability. 
The necessity of predicting is urgent at all stages of 
equipment development and operation: at the stage 
of design, during tests, when solving the tasks of 
diagnostic assurance, planning and operation.   

The diagnostic results in mechatronic systems 
operation are necessary to make the decision on 
replacement or repair of a faulty component of the 
diagnostic object or a product as a whole, and on 
the assignment of the most reasonable periodic-
ity and content of predictive and recovery works. 
The purpose of diagnostics is the estimation of 
the general technical state of the equipment; lo-
calization of damages; cost reduction of spare 
parts, materials, labor intensiveness of the equip-
ment M&R; changing from the scheduled M&R 
to the M&R on demand and, finally, the increase 
of the availability factor of mechatronic systems.

The technical diagnostics in operation of ma-
chines provides the verification of their correct-
ness, operability, functioning, search of defects 
and data accumulation to predict the residual life. 
The effect, achieved by diagnostics, is determined 
by the following facts: timely detection and elim-
ination of faulty states of the machine compo-
nents; elimination of unreasonable assembling/
disassembling, that keeps the technical lifetime 
of the diagnosed object; assurance of the whole 

work-out of the technical lifetime; optimal regu-
lation of the machine operation, that increases the 
manufacturability and reduces the consumption 
of lubricants and all types of the applied energy 
resources; increase of the operation safety due to 
the possibility of frequent revisions and the con-
trol of component parts providing the safety; and 
application of up-to-date difficult-to-maintain but 
more effective component parts when developing 
new machines.

Application of diagnostic means regulates 
the machines operation, it allows to develop the 
automated systems of accumulating the data on 
the process of varying the states of diagnosed 
units. The latter is very important when optimiz-
ing the layouts, improving the manufacturing 
techniques and operation modes of newly devel-
oped machines.

The parameters of mechatronic system tech-
nical state, its separate modules and parts dur-
ing the process of operation are varied from the 
nominal values, correspondent to technical con-
ditions for a new equipment, up to the limiting 
ones. In order to justify the system of the rea-
sonable equipment operation, including its main-
tenance and repair, it is necessary to know the 
character of variation of technical state charac-
teristics during the period of operation.

A great number of design, production and 
operation factors influences the variation of 
technical state characteristics of a part of the unit 
or aggregate. The design and production factors 
are the quality of production, assembly, running-
in, layout features and structure of separate ele-
ments and their interaction within the unit, and 
also physical and mechanical properties of the 
applied materials.

The operation factors are modes of operation 
(including loading modes), environmental condi-
tions (temperature, humidity, environment pollu-
tion and so on), the intensity of the equipment op-
eration during a shift, a day, a month, a year, etc.

From diagnostic point of view, the mathemat-
ical description of the dependence character of 
the technical state parameter on the running hours 
is of the greatest interest. It is reasonable to ap-
proximate the broken curve of the actual varia-
tion of the technical state parameter by a smooth 
curve. The approximating function should take 
into account the physics of the parameter varia-
tion, including the design and operation factors, 
and it should consider the character of the param-
eter dependence on the running hours.
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In general case the correct and faulty states of 
the system generate the set of its technical states. 
The process of diagnostics consists of separate 
diagnostic operations of estimating the technical 
state of specific component parts. Formally the 
result of diagnostics is the decision on the system 
being in one of the states within the set E and on 
performing the activities on maintenance and re-
pair, if needed. Having divided the set E by the 
subsets R and Q of faulty states, the algorithm of 
organizing the process of the technical state diag-
nosing and its relation with the system of M&R 
will have the form, presented in Figure 8. 

Component parts under control can be diag-
nosed during the machine operation. Depending 
on the value of the component residual lifetime, 
the control can be continuous or periodical. It 
should be noted, that the process of obtaining 
the diagnosed parameter П(t) for a specific part 
or unit is the implementation of one of the diag-
nostic methods and it implies making the deci-
sion on estimating the technical state and residual 
lifetime by comparing the measured (instant) П(t) 
and limiting Пlim values of the diagnostic parame-
ter. As for the operable components, included into 
the subset of the system states R, the value of the 
residual lifetime is predicted within the block Р0 
on the basis of the reliability model or variation of 
the diagnosed parameter in operation.

When the component reaches the limiting 
state, it passes to the subset Q and the decision 
is made on the terms of the damages elimination. 
On the basis of the taken decision on the terms of 
the damages elimination of the diagnosed compo-
nent, repair and recovery measures (prevention or 
replacement of the faulty element) on eliminating 
the failure are taken according to the system of 
maintenance and repair.

The presented algorithm shows, that the tech-
nical diagnostics is necessary to estimate objec-
tively the technical state of responsible elements 
of the design, it is the constituent part of the sys-
tem of the predictive maintenance and repair of 
mechatronic systems and it provides the highest 
level of operational effectiveness. 

In this connection the tasks of mechatronic 
systems diagnostic can be stated as follows: to 
study and establish the features (parameters) of 
estimating the faults and failures of the mecha-
tronic system, its separate modules, components 
and parts; to develop methods and means of char-
acterizing the fault and failure; to perform the 
prediction of the residual lifetime of mechatronic 

modules and their components on the basis of 
measuring results.

The important advantage of repairs according 
to the technical state is a more complete applica-
tion of lifetime of the equipment parts and com-
ponents, possibility of predictive replacement of 
parts, which reached the near-to-limiting technical 
state, and reduction of the emergency states in the 
equipment operation. The effect is achieved by the 
layups reduction during the repair and by the in-
crease of production output. The possibility appears 
to assign more reasonably the content and periodic-
ity of repairs, to define their labor-intensiveness and 
to improve the preparation to the repair.

The diagnostic result can be presented by 
qualitative characteristics as the measured values 
of the diagnostic parameter and estimation “val-

 
Fig. 8. Algorithm of constructing the system of 

maintenance and repair applying the technical state 
diagnostics of the mechatronic system components
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id-invalid” (“correct-faulty”), and by a quantitative value of the residual lifetime. The results of qualita-
tive evaluation of the technical state are applied heuristically, the prediction of further behavior of the 
component is based on the personal experience of the expert.

In addition to the qualitative evaluation, the quantitative evaluation of the component residual lifetime 
provides a more profound result [12]. In order to predict the residual lifetime of components having the 
monotonically varying diagnostic parameter, one can apply the method, proposed in [1, 6, 9, 12, 17]. The 
mathematical description of the process of the technical state parameter variation U(t) after the running-
in period is based on approximation of each implementation of this process by a random function (21). 

U(t) = V ∙ ta + ΔP (21)

where ∆P is the parameter, characterizing the running-in of interacting surfaces; V is the value, charac-
terizing the intensity (rate) of the parameter variation; α is the degree index, defining the depen-
dence of the parameter on running hours (it is established by means of a statistical processing of 
experimental data).

Then the average residual lifetime of the component is calculated according to the data of variation 
of the parameter of its technical state Uk and running hours tk by the instant of control:

1
á

av p
k tost

k

U
t 1 K

Ut
   = -    

(22)

where tk is the running hours of the component 
from the beginning of its operation or re-
covery of operation after the repair up to 
the instant of control; Up is the limiting de-
viation of the diagnostic parameter:

Up =  Pp - Pn  - ΔP,

where Pn is the nominal value of the parameter; 
Pp is the limiting value of the parameter; 
∆P is the characteristics of the parameter 
variation during the running-in interval; Uk = Pk - Pn - ΔP is the deviation of 
the parameter at the running hours tk; Pk is 
the measured value of the parameter at the 
running hours tk ; tM is the running hours 
between inspections, that is, the running 
hours between similar types of mainte-
nance and repair;  tav is the average life-
time according to the parameter; σz is the 
mean-square deviation of the actual vari-
ation of the parameter from the approxi-
mating function, regulated in parts of the 
measured deviation of the parameter; υ is 
the factor of the lifetime variation.

When σz ≤ 0.03Up, the correction factor Кt can 
be eliminated of consideration, that is, we take Кt 
to be equal to the unity (Кt =1).

The experimental check-in and industrial 
aprobation of the proposed technique has been 
implemented by the experts of the Izhevsk State 
Technical University laboratory of the reliability 
problems of paper-making equipment. On the ba-
sis of the performed investigations, the following 
values has been ontained: the degree index of the 
approximating function α for ball bearings is 1.5 
, for roller bearings it is 1.4. Analysis of results of 
the residual lifetime calculation showed the prac-
tically acceptable deviations on actual values and 
reasonability of applying the technique in order to 
estimate the residual lifetime of mechatronic sys-
tems and modules components with monotonous 
variation of the diagnostics parameter. The process 
of the decision making on putting the mechatronic 
system out of operation to repair it on the basis of 
estimating the residual lifetime of its component is 
presented by the algorithm in Figure 9.

The parameter or a number of parameters is 
chosen for each unit or part, according to which it 
is possible to determine unambiguously the tech-
nical state of the diagnosed element. The process 
of obtaining the diagnosed parameter P for a spe-
cific part or unit is the implementation of one of 
the diagnosed methods. The boundary of the area 
is established for each of the parameters, where 
the system module is accepted as serviceable. Fi-



Advances in Science and Technology Research Journal  Vol. 12 (2), 2018

286

nally, according to the values obtained in diagnos-
tics, the conclusion is made on the technical state 
of this element and on the possibility or impos-
sibility of its further operation by comparing these 
values with the assigned boundaries of the opera-
bility area Оrab. As for operable components of the 
system, the value of the residual lifetime is pre-
dicted. The obtained value of the residual lifetime 
is compared with a certain minimum value of the 
residual lifetime tmin, which has been determined 
and put into the database for each specific unit. If 
the calculated value is less than the minimum one, 
then a breakage is possible in further operation, 
that is why it is necessary to perform the repair 
of replacement of the unit, which worked out its 
lifetime. As for inoperable parts and parts which 
worked out their lifetime, the decision is made on 
the term of eliminating the faults. As for units and 
parts being recovered, the cost of maintenance and 
repair is calculated, and the cost of replacement 
is calculated for unrecoverable units. On the basis 
of the taken decision and according to the system 
of maintenance and repair, the repair and recovery 
measures on eliminating the failure are taken.

The corrections are put into the developed 
graph of repairs (applying the described above 
technique) according to the following algorithm. 
The operation time of the diagnosed equipment 
or components is calculated from the instant of 
control to the nearest planned stoppage (main-
tenance and repair, scheduled predictive repair 
and so on):

OP P techt D D= - (23)
where DP is the date and time of the planned stop-

page; Dtech – date and time of performing the 
technical state diagnostics of the equipment 
or its component. Comparing the values tOP  
and tOST, further activities are determined. If 
tOST < tOP  and the failure consequences lead 
to the emergency, then the date and time of 
the residual lifetime working out is defined 
and the time of the scheduled stoppage is 
changed. The content of the scheduled 
works is corrected for a new date. In case 
of non-criticality of the component failure, 
its replacement is performed during the 
scheduled stoppage. One should note, that 
it is reasonable to subject such component 
parts to diagnostics, since they can be used 
up to the failure.

In case tOST > tOP the multiplicity relation is 
calculated:

 min

Ê 1
OST OPt t

tγ

-
= (24)

where tγ min is the minimum gamma percentile run-
ning time up to the replacement or repair 
of the system component, determining the 
periodicity of the scheduled repair and re-
covery works.

If К1 < 1, then the repair or replacement of the 
diagnosed component part is performed during 
the nearest scheduled repair of the system. When 
К1 > 1, the duration of operation (lifetime) up to 
the next diagnostics is calculated.

For example, the distribution of error-free 
running hours of rolling bearings, applied as shaft 
supports of mechatronic systems, is subjected, as 
a rule, to the Weibull law [8].

Then the intensity of failures for a group of 
single-type bearings will be written as:

(25)

Fig. 9. The algorithm of making the decision on 
putting the mechatronic system out of operation to 

repair it, applying the diagnostics of its components 
technical state
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where b and a are parameters of the shape and scale 
of the Weibull distribution, corresponding-
ly; t  is the considered time interval.

The periodicity of the diagnosis statement of 
jth dimension type bearing is:

1
( )Dt

j
t tλ≤ (26)

For a group of bearings or for the whole in-
tegrity of the machine bearings the intensity of 
failures will be determined as:

1
( ) ( )

n

j
j

t tλ λΣ
=

= ∑ (27)

where n is the number of bearings dimension types.
In case of applying other distribution laws of 

the components running hours up to the failure, 
the technique of defining the diagnostic periodic-
ity is the same, and the intensity of failures is cal-
culated according to the corresponding relations.

Therefore, the presented algorithm allows 
introducing the corrections into the graph of the 
equipment maintenance and repair according to 
its actual technical state.

Diagnosing the technical state and 
scheduling the maintenance and repair of 
complex mechatronic system

As for the complex mechatronic systems, the 
task of the individual prediction of their technical 
state and reliability becomes urgent. Solution of 
this task allows not only to estimate the reliability 
of a specific unit of the equipment, but to pass 
from the scheduled and lifetime maintenance and 
repair to planning the operation according to the 
actual state, on the stipulation that advanced diag-
nostic equipment is available.

Defining the technical state of complex ma-
chines is one of the most sophisticated tasks in 
the domain of mechanical systems operation. The 
features of the technical state can be qualitative 
and (or) quantitative characteristics of these fea-
tures. The actual values of these characteristics 
define the technical state of the object.

Increasing the intensity of systems applica-
tion can be performed on acquisition of the ob-
jective data on their actual technical state. The 
successful solution of this task can be found only 
by advanced scientific methods of technical di-
agnostics. The result of technical diagnostics is 
the conclusion on the object technical state with 
specification (if needed) of the location, type and 
reason of defects [4, 15, 16, 17, 18].

The application of advanced diagnostics 
means allows to increase the error-free running 
hours of separate components and systems as a 
whole. The strict compliance of the specified 
inter-repair lifetime tp for all, without exception, 
components independently on the technical state 
of each of them, does not provide the absence 
of failures and it leads to the untimely replace-
ment of the majority of the system elements. In 
this connection the estimation of the components 
technical state beyond the boundaries of tp by 
means of technical diagnostics can considerably 
increase their lifetime and operation effectiveness 
of the paper-making machine.

The structure of the object and structural 
parameters. The object of investigation in the 
technical diagnostics is real technical objects 
(objects of diagnostics). Investigating the diag-
nostic objects covers two aspects: studying the 
properties and characteristics of real mechatron-
ic systems and methods of their mathematical 
models definition.

The first aspect is related to the solution of 
the following tasks: studying the process of nor-
mal operation of the system; specifying the sys-
tem elements and relations between them, that 
is, the structure of the system; specifying the 
possible states of the system, that is, the possi-
ble failures of elements; analyzing the technical 
possibilities of controlling the features, charac-
terizing the system state; accumulation and pro-
cessing the statistical data, allowing to define the 
probability distribution of possible states of the 
system, laws of failures occurrence for separate 
elements and costs related to diagnostics. All 
these tasks solutions imply the empirical inves-
tigation of specific technical systems and proce-
dures of their diagnostics.

The second aspect is related to definition 
of the mathematical models of the objects. The 
theoretical analysis always implies a definite ide-
alization, when certain features, essential for the 
technical diagnostics, are singled out and minor 
features are eliminated, that is, a real technical 
system is replaced by a certain model. This model 
should be rather formalized and generalized to 
be accepted for the analysis of the whole class of 
technical systems. At the same time it should take 
into account all the essential features of specific 
systems and methods of searching the failed el-
ements there. Replacing the real components by 
corresponding models allows to apply widely the 
formal means of the modern mathematics in order 
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to solve the technical diagnostic tasks (probabil-
ity theory, mathematical statistics, mathematical 
logics, dynamic programming, and so on.

The object of diagnostics (mechatronic sys-
tems and modules) has a definite structure, that is, 
a well-ordered totality of complexes of operating 
jointly elements (parts) which form the layout of 
the object, thus providing the performance of the 
assigned functions.

The system structure is characterized by mu-
tual arrangements, shapes and dimensions of in-
teracting parts (macrostructure), the character of 
conjugations, surface roughness (microstructure) 
and other characteristics. The structure of the ob-
ject, in particular, of the mechatronic system, pre-
defines the totality, assigned in design and produc-
tion, of definite technical and economical features 
(manufacturability, energy, economics matters 
and other) as a whole. This totality, in its turn, de-
fines the level of adaption of the object to perform 
certain functions at definite operation conditions.

The object structure is characterized by quan-
titative parameters, which are called structural. 
Mechatronic systems, coming to operation, pos-
sess a certain structure and totality of technical 
and economical features, dependent on the struc-
ture. Numerical values of structural parameters 
correspond here to the values, assigned accord-
ing to drawings and technical specifications. Such 
values of parameters are called initial or nominal.

The macrostructure remains constant in the 
operation process. The number and mutual ar-
rangement of parts and units in a specific object 
are constant, but their interactions in conjuga-
tions of separate parts (microstructure) are var-
ied due to wearing out and other destruction 
processes (accumulation of damages). When the 
object microstructure is changed in parts conju-
gations, the character of their interaction is also 
changed. Considering the variation of the object 
structure, one can judge on its technical state at 
each assigned time instant, characterized by a 
certain totality of specific values of structural 
parameters of parts and units. Variation of the 
object structural parameters influences the total-
ity of its technical operational features and it has 
quite definite laws, which have not been studied 
profoundly yet. When accumulating constantly, 
these variations can reach such a quantitative 
value (limit), when uneven variations occur (for 
example, destruction of parts, preceded by the 
appearance of micro-cracks in the material) and 
the failure takes place.

All faults and failures, appearing in operation 
of mechatronic systems, modules and their com-
ponents, are accompanied by variation of clear-
ances and interferences in conjugations, wear, fa-
tigue pitting, noise, vibrations, temperature modes 
violation, functional characteristics variation and 
so on. These features, which accompany faults and 
failures, can be the basis of technical state evalua-
tion and can often be estimated quantitatively. 

Diagnostic parameters, characterizing the 
object technical state, can be structural (direct) 
and indirect. Structural parameters (for instance, 
wear, clearance in conjugation, pitting of the ma-
terial surface and so on) immediately specify the 
serviceability and technical state of the equip-
ment components under control.

In practice, the parameters are applied, 
meeting the requirement of unambiguity, varia-
tion range, accessibility and convenience of 
measurement, information value and manufac-
turability. The parameters are first taken into ac-
count, which characterize the most frequently 
repeating failures and faults or which are very 
expensive to eliminate.

If the parameters of the system or its compo-
nents are within the limits, regulated by the ref-
erence technical documentation (they belong to 
the area of allowable values), then the state of 
the object is considered as operable. Going out of 
the boundaries of allowable values is considered 
as the failure, and the properties of the system to 
keep in time all the parameters within the stated 
limits, which in turn characterize the ability to 
perform the required functions at the modes and 
conditions of operation, define the reliability of 
this operation. In this connection such important 
characteristics of the system, as technical state, 
serviceability and reliability are associated with 
the concepts of the parameter and the process of 
the parameter variation.

RESULTS AND EVALUATION OF CHANGES

Maintenance according to the repair is based 
on the estimation of the investigated object tech-
nical state according to the data on controlling its 
parameters and predicting their variation. The in-
dividual prediction of the technical state allows 
to use the controlled object till the dangerous re-
duction of serviceability (failures appearance), to 
eliminate the untimely intervention in its opera-
tion and performing labor-intensive maintenance 
operations, which are often not very useful from 
the operation reliability point of view.
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Analyzing the stated above, one can define 
the role of the technical diagnostics in the sys-
tem of M&R as follows: the advanced diagnostic 
assurance of the mechatronic system operation 
process is the integral condition of passing to the 
predictive maintenance and repair.

Requirements to the diagnostic assurance 
(technical diagnostics) of the mechatronic sys-
tem operation process with regard to the system 
of M&R can be defined as follows: defects, the 
intensity of their development and the techni-
cal state of the diagnosed component should be 
detected unambiguously and at a high reliability 
level; variation of diagnostic parameters should 
be predicted and the value of the residual lifetime 
of the component should be determined with the 
assigned degree of risk; the diagnostic assurance 
should be reliable in operation;  it should pro-
vide the periodicity of performing the diagnostics 
in order to prevent the emergency situations; it 
should ensure the possibility to measure several 
diagnostic parameters for an objective and reliable 
estimation of the object technical state; it should 
signal when the diagnostic parameter reaches its 
allowable value and the prior-to-failure state; it 
should provide the accumulation and storage of 
information in variation of diagnostic parameters 
in the operation process with regard to each com-
ponent part;  it should have the prospects of ex-
pansion and enhancement (development); and it 
should ensure the efficient diagnostics. 

Meeting all the above enumerated require-
ments will provide the effectiveness of technical 
diagnostics of the components and the system of 
maintenance and repair of mechatronic systems 
as a whole due to the reduction of the unsched-
uled stoppages in the repair and of the repair 
works content at the more efficient coverage of 
the components lifetime.  

CONCLUSION 

The following results have been obtained dur-
ing the performed investigation:
• Models of mechatronic systems operation 

and reliability have been obtained, allowing 
to predict the critical situations according to 
the stated criteria.

• Backgrounds of constructing the mecha-
tronic system repair schedule on the basis 
of estimating the reliability level (statistical 
analysis) of component parts have been pro-
posed. The considered above principles and 
algorithms of defining the content of repair 

on the basis of running hours multiplicity of 
the machine elements increase the operation 
effectiveness of the equipment.

• Semi-Markovian representations of the op-
eration and reliability model implement the 
concept of a specific mechatronic system ef-
fectiveness. The possibility to implement the 
concept is explained by the independence, 
uniqueness and complexity of the mechatron-
ic system.

• Development of a flexible adaptive strategy 
of the repair organizing with account of the 
technical state and reliability level of the de-
sign elements will provide the operation with 
account of the state and the highest operation 
effectiveness of the mechatronic system.   

• Requirements to diagnostic assurance of me-
chatronic systems operation process with re-
gard to the system of maintenance and repair, 
ensuring the process effectiveness, have been 
determined.
The obtained results create the background 

for the development of the automated system of 
maintenance and repair of mechatronic systems 
and modules on the basis of their technical state 
estimation.
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