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Abstract:

This paper presents the reliability assessment results for electromechanical
modules, including carbon fiber reinforced composite with thermoplastic
matrix, aluminium alloy, and steel housing, through the analysis of
competing risks, establishing an association among reliability indicators and
non-stationary failure flow using the Weibull probability density function.
It has been demonstrated that the estimated probabilities of reliability
operations and failure are merely approximations and may deviate from
the actual values. This analysis correlates with the estimation of mutual
competing risks in the operation of planetary gearbox housing constructed
from composite materials. It has been confirmed that the estimated
probability of failures is asymptotically effective. A comparative analysis
illustrates reliance on simulation methods for planetary gearbox housing
made of carbon fiber reinforced composite with a thermoplastic matrix,
aluminium alloy, and steel, focusing on parameters such as von Mises stress
and deformation (deflection). It has been proven that the
electromechanical module, including carbon fiber reinforced composite
with thermoplastic matrix, aluminium alloy, and steel planetary gearbox
housing is the most reliable, with the lowest heat transfer coefficient, but
with the lowest strength.

1. INTRODUCTION
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method [2]. The challenge here lies in maintaining

The investigation into the reliability assessment
of carbon fiber reinforced composites with a
thermoplastic matrix for planetary gearbox
housing, as risk technical systems (RTS), is
associated with estimating the existence of mutual
competing risks and the relationship among
reliability indicators and non-stationary failure flow
using the Weibull probability density function. In
this case, the material consists of polymerisable
thermoplastic epoxy resin and high-performance
fiber reinforced thermoplastic (FRTP), along with
fiber fabrics [1]. The resulting material exhibited
good chemical composition and mechanical
properties at ambient temperature, with the epoxy
resin developed through the direct impregnation

the required hardness levels at higher operating
temperatures after substituting materials and
replacing metals such as aluminium alloy, steel, and
magnesium for planetary gearbox housing [3]. For
this purpose, the analysis requires the collection of
statistical information (data samples). In certain
housing, however, this sample is subject to
deterministic censorship (incompleteness). The
general scenario involving random censorship
(incompleteness) extraction is characteristic of RTS.
This is provoked by the fact that gearbox housing
made from carbon fiber reinforced composites with
a thermoplastic matrix, observed during technical
usage, could fail due to two or more independent
reasons - high temperature and low hardness [4-7].
In other words, although the casing may have
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several independent factors leading to failures
(competing risks), only one of them is manifested.
In this scenario, the presence of an incomplete
sample could arise, while the same applies to
different types of failures. Therefore, the observed
time to failure of an article of j# kind (j=1,..., r) is
determined by the realisation of a conventional
random quantity (conditioned upon there being no
failure of another type) [8,9].

2. ASSOCIATION AMONG RELIABILITY
INDICATORS

In this paper, an estimation is provided of the
probability of planetary gearbox housing
serviceability at moment t;, to failure within the
time interval At = t;, ti+1 due to the i housing under
the influence of catastrophic functional failure
triggered by risks. This probability is referred to as
the gross probability [10,11].

The probability of reliability operation (P=PRO)
is a key quantitative indicator of the elements under
investigation [12,13].

Statistically, the probability of reliability
operation (P) - P(t) is determined by testing a
number of N elements and monitoring their
performance at regular intervals At. Faulty
components are replaced, and the tests continue
until all N elements have failed [14]. The equation
for the probability of reliable operation is:

P(t) = N% (1)

where is:

- ni- is the number of all failed elements/items
up to moment t..

As opposed to the event, "reliability operation"
is event "failure".

The probabilities for the occurrence of these
two events are incompatible and together form a
complete group of events, as follows:

Pt)+q() =1, (2)
therefore:
ni

gt)=1-P'@) =2 3)

The function g(t) represents the probability that
the object will fail within a given time interval At if
it has started at t=0. The probability of failure q (t;,
t;) within the time interval (t;, t;) will be:
N(t1)-N(t;)

N(tq)

Another indicator of reliability is the density of

failure distribution (failure frequency) - f(t). The

q(ty, ) =1—P(ty,t,) = (4)

function f(t) represents the probability density that
the operating time of the object until failure will be
less than t, or in other words, the density of the
probability of failure at time t [15]:

f@®) = yae. (5)

where is:
-An; - is the number of objects, who failures
through the time interval At,.

The failure intensity, denoted as A(t), is the
conditional density of the probability of failure of
the object up to the moment t, given that there has
been no failure of the object until that time.

l(t) — N(tz)-N(t1) _ n(tz)-n(ty) (6)

(N-n).At — (N—n).At

where are:

- N (...) - represents the number of operational
elements at the relevant moment in time;

-n(...) - represents the number of failures at the
relevant moment in time.

The graphical dependency of A(t) is illustrated in
Fig. 1 and is typical of the planetary gearbox housing
made from carbon fiber reinforced composite with
a thermoplastic matrix.
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Fig. 1. Graph depicting the change of A(t) over time

The association among reliability indicators
holds practical significance. Often, it is convenient
to define indicators in terms of one another, opting
for tests with lower costs or greater accuracy in
determining unknown parameters. In the
exponential distribution law of time for reliable
operation A(t)=Ao=const (as seen in the period of
normal operation in Fig. 1), a characteristic feature
is the monotonous increase in failure intensity over
time.

Unlike the exponential distribution, where time
counting t begins when the object is determined to
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be in a straight state, in the normal distribution,
time counting starts from the commencement of
the object's operation, i.e., when wearing and
ageing processes begin.

The Weibull probability density function for
reliable operation is typically employed when the
failure flow is non-stationary and the density of the
failure flow changes over time [16]:

P(t) = e~a", (7)
q(t) =1—e ", (8)
f@©) = akt* . p(0). (9)
At) = akt—1 = § (10)
T = @ =T (11)

where are:

a, k - parameters of Weibul's distribution law;

T - the time for reliability operation to the first
failure;

- function whose values are given in tabular form.

When k=1, the Weibull probability density
function coincides with the exponential distribution
A(t)=Ao=const. When k<1, the intensity of failures
monotonically decreases; when k>1, the intensity of
failures increases (see Fig. 2).

Ax{1/h]

Fig. 2. Connection between the Weibull function and
the exponential distribution

Another indicator of reliability is the density of
failure distribution” with causes that occur in
practice, which can be related to the shown
equations.

3. RELIABILITY ASSESSMENT OF PLANETARY
GEARBOX HOUSING INCORPORATING INTO
THE ELECTROMECHANICAL MODULE

The system, as depicted in Fig. 3, consists of four
parallel connected components: a three-phase
asynchronous electric motor with short-circuited
rotor, diaphragm coupling, a two-stage planetary
gearbox with housing made from, steel, aluminium
alloy and carbon fiber reinforced composite with a
thermoplastic matrix, flexible rubber tyre coupling
combined with multiple disc mechanical torque
limiter clutch and welding metal supporting
structure.

The motion is transmitted via a joint with the
motor shaft to the left semi-coupling (Hub) of the
diaphragm coupling. Through driving bolt, gasket
and plate pack membrane, the motion s
transmitted to right semi-coupling and input shaft
of the gearbox. The output shaft of the two-stage
planetary gearbox is installed in the hub of the
flexible rubber tyre coupling combined with
multiple disc mechanical torque limiter clutch.

Fig. 3. Electromechanical module: 1. Three-phase
asynchronous electric motor with short-circuited rotor;
2. Pin and bushing flexible coupling; 3. Two-stage
planetary gearbox; 4. Flexible rubber tyre coupling
combined with multiple disc mechanical torque limiter
clutch; 5. Supporting structure

All elements of the module are mounted on a
metal supporting structure, primarily consisting of
hot-rolled profiles. Assembly of the individual
components of the electromechanical module is
conducted through bolt connections [17-20].

Each of the main elements is depicted in the
following figures along with its basic components:

- diaphragm coupling — Fig. 4;

- two-stage planetary gearbox — Fig. 5;

- flexible rubber tyre coupling combined with
multiple disc mechanical torque limiter clutch — Fig.
6;

- welding metal supporting structure — Fig. 7.
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Fig. 4. Diaphragm coupling: 1. Driving bolt - right, 2.
Driving bolt - left, 3. Left semi-coupling (Hub), 4. Right
semi-coupling (Hub), 5. Stop screw, 6. Gasket (collar
catch ring), 7. Plate pack membrane (Diaphragm group)

Fig. 5. Two-stage planetary gearbox:
1. Housing, 2. Input shaft, 3. Flange, 4. Planet carrier 1,
5. Planet gear, 6. Output shaft with guide, 7. Ring gear

Fig. 6. Flexible rubber tyre coupling combined with
multiple disc mechanical torque limiter clutch:
1. Coupling ring - left, 2. Flange, 3. Friction discs, 4,6 —
Clamp rings, 5. Rubber tyre flexible elastic element, 7.
Fastening bolt, 8. Stop screw, 9. Coupling ring right, 10.
Taper bush, 11. Separator discs, 12. Liner

The proposed electromechanical module is
structured in such a way that when one of its
components fails, the entire system fails:

-the first block failed six times during a period of
960 hours;

-the second one failed 12 times over a period of
1200 hours;

-the third:

e Eight times over a period of 1800 hours
(when the gearbox housing is made from steel- |
option)

e Six times over a period of 1800 (when the
gearbox housing is made from aluminium alloy — Il
option);

e Five times over a period of 1800 hours
(when the gearbox housing is made from carbon
fiber reinforced composite with thermoplastic
matrices — Il option);

-the fourth 18 times over a period of 2700 hours.

2 3

Fig. 7. Welding metal supporting structure:
1. Heel, 2. UPE 120, 3. UPE 100, 4. Alignment holes

To determine the average time for reliable
operation of the entire system, given that the
exponential law of reliability is valid for each block
To(h) [21,22].

Determine the failure intensity of each block
using a (Eq.10):

Ay = 5= =0,006251 (1/h). (12)

1y = —==10,011(1/h). (13)

A3(I option) = —— = 0,0044 (1/h). (14)
A3(I1 option) = —— = 0,0039 (1/h). (15)
23111 option) = —— = 0,00277 (1/h). (16)
Ay = == =0,00667 (1/h).  (17)

Determine the intensity of failures of the full
system:

Ao(l Optlon) = ?=1 Ai = Al + 12+A3 +A4 =
0,02832 (1/h). (18)
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/10 (II Optlon) = ;:1-:1 Al = Al + /12+/13+/14 =

0,0278 (1/h). (19)
/10(1]] Optlon) = ?:1 Al = /‘{1 + 2.2+A3+2.4 =
0,02669 (1/h). (20)

Determine the probability of reliable operation
for the full system using (Eq.11).

1

To(I option) = == 35,311 (h). (21)
0
Ty (11 option) = % = 35,97 (h). (22)
0
To(IIl option) = - = 37,48 (h). (23)
0

The time for reliable operation until the first
failure (T) at option | is less compared to option Il by
1.87% and option lll by 6.1%. The system that
includes a two-stage planetary gearbox with a
housing made from carbon fiber reinforced
composite with a thermoplastic matrix is
significantly more reliable.

4. RELIABILITY ASSESSMENT OF PLANETARY
GEARBOX HOUSING INCORPORATING INTO
THE ELECTROMECHANICAL MODULE

An example involves conducting a comparative
analysis using simulation methods of planetary
gearbox housing constructed from carbon fiber
reinforced composite with a thermoplastic matrix,
aluminium alloy, and steel. The analysis focuses on
parameters such as stress by von Mises and
deformation (deflection). A CAD system, specifically
SolidWorks Simulation, is utilised for this purpose.

Petrov et al. [23] and Rachev et al. [24]
demonstrate that in determining the efficiency of
the estimate g(t), it is necessary to find the lower
limit of their dispersion.

The following experiment was conducted to
determine the probability of recoverability
statistically. At moments t = 0, there were M
number of families of failure cases. Their
operational capability is restored over time using
the same (unchanged) forces and resources. In each
time interval At;, the number of recovered systems
is m;.

The law of distribution of the time for detection
and correction of failures can be considered
exponential. The estimate gq(t) is effective only
when the condition in Eg.2 is met, i.e., when only
one risk is at play. Under better conditions, the
estimate q(t) is asymptotically effective [25,26].

When using SolidWorks for Finite Element
Analysis, the following steps are included [27]:
-create a solid model using the CAD system

SolidWorks — Fig. 8a;

- create the Finite Element mesh — Fig. 8b with

parameters — Table 1;

- select a material Tables 2, 3 and 4 [14].

Fig. 8. Housing and meshing
a) 3D model of gearbox housing and b) Finite element
mesh

Table 1. Parameters of finite element mesh

Mesh type Solid mesh
Mesher used Current based mesh
Jacobian points 4 point
Max element size 31.1439 mm
Min element size 6.22878 mm
Mesh quality High
Total nodes 115373
Total elements 69676
Max. aspect ratio 131.12
Percentage of elements

. . 82.7
with aspect ratio <3
Pe.rcentage of e.:lements 0.396
with aspect ratio >10
% of distorted elements 0

Table 2. Material properties C22E (1.1151) Steel

EU/EN C22E (1.1151), (AISI 1020 Steel)
Property Value Units
Elastic modules 2e+011 N/m?
Poisson’s Ratio 0.29

Shear modulus 7.7e+010 N/m?
Mass density 7900 kg/m3
Tensile strength 420507000 N/m?
Yield strength 351571000 N/m?
Therr.nél expansion 1.50-005 1/K
coefficient

Thermal

conductivity 47 W/(mK)
Specific heat 420 J/(kgK)
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Table 3. Material properties ENAW-3003

Aluminium Alloys ENAW-AIMn1Cu, ENAW-3003
Property Value Units
Elastic modules 6.9e+010 N/m?
Poisson’s Ratio 0.33

Shear modulus 2.7e+010 N/m?
Mass density 2700 kg/m3
Tensile strength 110297000 N/m?
Yield strength 41361300 N/m?
Therr'nél expansion 2 36-005 1/K
coefficient

Thermal

conductivity 170 W/(mK)
Specific heat 1000 1/(kgK)

Table 4. Carbon fiber reinforced composite with
thermoplastic matrix

Carbon fiber reinforced composite with

thermoplastic matrix

Property Value Units

Elastic modules 440000000 N/m?

Poisson’s Ratio 0.35

Shear modulus 200000000 N/m?

Mass density 1497 kg/m3

Tensile strength 27579000 N/m?

Yield strength 51700000 N/m?

Therr.nfc\l expansion 1/K

coefficient

Thermal

conductivity 0.23 W/(mK)

Specific heat 1440 J/(kgK)
Structural and thermal simulations are

conducted based on thermal verification. Thermal
analyses [28] can be performed to determine
temperature distribution, temperature gradient,
and heat flow within the model.

When operating, the maximum temperature
reached on the gearbox is T=77.9°C. A constant
convection temperature of 20°C acts on the outer
surfaces of the gearbox housing. The results of the
thermal analyses are depicted in Fig. 9.

These results indicate that the lowest heat
transfer coefficient is observed in the carbon fiber
reinforced composite with thermoplastic matrix,
while the highest is observed in AISI 1020 steel.
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Fig. 9. Results of the thermal analyses

To proceed with the analysis:

- Constraints should be created, which are
positioned over the holes for the fundamental bolts.

- Loads should be added, consisting of a
combined force with a value of F=1450 N and
temperatures obtained from the thermal study.

- Observe the stresses and displacements.
Results can be viewed as depicted in Fig. 10.
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Fig. 10. Results of stresses and the displacements

The final stress results indicate that the steel
case withstands the highest yield strength, while
those from the carbon fiber-reinforced composite
with a thermoplastic matrix exhibit the lowest. On
the other hand, the composite case shows
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displacements three times lower than those
observed in aluminium alloys and steel cases.

5. CONCLUSION

This paper proposes equations to establish an
association among reliability indicators and non-
stationary failure flow using the Weibull probability
density function.

In  connection with this, the
conclusions can be drawn:

- It has been demonstrated that the estimates of
reliability operations and probability of failures are
merely approximations, deviating from the actual
values. This analysis correlates with the estimation
of the existence of mutual concurrent risks in the
operation of planetary gearbox housing designed
from composite materials.

- It has been confirmed that the estimate of the
probability of failures is asymptotically effective.

- It has been proven that the time for reliable
operation until the first failure for a system which
includes a two-stage planetary gearbox with a steel
housing is less compared to that for a case made
from carbon fiber reinforced composite with
thermoplastic matrices by 6.1%.

- An example involves conducting a comparative
analysis using simulation methods of planetary
gearbox housing constructed from carbon fiber
reinforced composite with thermoplastic matrix,
aluminium alloy, and steel, focusing on parameters
such as von Mises stress and deformation
(deflection).

-The results of the thermal analyses indicate that
the carbon fiber reinforced composite with a
thermoplastic matrix exhibits the lowest heat
transfer coefficient, while AISI 1020 steel displays
the highest.

-Observing the stresses and displacements
reveals that the steel housing withstands the
highest yield strength, while the carbon fiber
reinforced composite with a thermoplastic matrix
exhibits the lowest. Additionally, the composite
case has displacements three times lower than
those observed in aluminium alloys and steel.

-Observing the stresses and displacements
reveals that the steel housing withstands the
highest yield strength, while the carbon fiber
reinforced composite with a thermoplastic matrix
exhibits the lowest. Additionally, the composite
case has displacements three times lower than
those observed in aluminium alloys and steel.

In future projects, will further explore the
dynamics of planetary reducers. Incorporating
aspects such as dynamics can contribute to a

following

deeper understanding of their functionality and
applicability. Analogous to the models proposed in
[29,30].
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