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Incorporation of a Simplified Mechanical Joint Model into
Numerical Analysis

Mitja Glavan! — Jernej Klemenc2 — Vili Malnari¢! — Domen Seruga2.*

I TPV Automotive, Slovenia
2 University of Ljubljana, Faculty of Mechanical Engineering, Slovenia

In the development of new joining technologies, incorporation of mechanical joints in computer analyses for the evaluation of structures can
be carried out by a practical, simplified mechanical joint model. Here, two most frequently used joining technologies were analysed, a self-
piercing rivet joint and a clinch joint. Physical tests of static load capacity of the joints were performed and numerical models for simulations
were set-up. An optimization method was designed for estimating the material parameters of the mechanical joint for the needs of numerical
analyses. For optimization purposes during the plan of experiments, a range of possible parameter values was investigated using a response
surface method, results of simulations, results of physical tests and a genetic algorithm. The results of simulations using the optimal values of
the material parameters are comparable to the experimental observations for the both joints.

Keywords: mechanical joints, self-piercing riveting, clinch joint, FEM of mechanical joints, parameter optimization, simplified FE model,

response surface, genetic algorithm

Highlights

*  Numerical model for modelling a mechanical joint has been defined.

*  Methodology of defining the properties of material parameters in numerical analysis has been developed.
*  The material parameters of the mechanical joint for 2 mm thick SS00MC material have been defined.

*  The developed methodology is fast and easy to use and represents a universal tool for industrial needs.

0 INTRODUCTION

The current trend in the automotive, acrospace, nautical
and other similar industries is primarily a decrease in
material consumption and indirectly a reduction in the
mass of these means of transportation. In this respect,
today, the so-called lightweight materials such as
high-strength steel, aluminium, composite materials
and the use of magnesium are increasingly emerging
as construction materials [1] to [3]. However, due
to the different properties of these materials their
joining with the traditional welding process is not
possible. Today, a large number of alternative joining
technologies is emerging, or is already in use, to meet
the growing need in joining such materials [4] to [9]. A
review of such technologies and their use can be seen
in [10] to [12]. A wide range of technologies is thus
in use, each with its advantages and disadvantages.
The use of a particular technology hence depends
on the strength requirements of the finished product,
materials, the possibility of integration into production
facilities and prices. Two joining technologies have
been compared in our research, which possess the
appropriate characteristics to represent an alternative
to spot-welding. Self-piercing riveting is a technology
that provides adequate static strength, i.e. load-
bearing capacity of the joint and a slightly higher
dynamic strength in contrast to spot welding, while

the advantage of the clinch joint is a significantly
higher dynamic load-bearing capacity, with the loss
of a significant proportion of static load capacity [13]
to [16]. Table 1 presents the comparison of the above
technologies [17]. However, for a proper consideration
of these technologies in numerical analyses during
the pre-development and development phases of
a research and development (R&D) cycle, it is
necessary to develop appropriate numerical models of
these joints. Moreover, knowing the exact parameters
of joints contributes to reducing development costs,
shorter development time and optimization of
geometry before the first prototype is manufactured
[18].

As numerical structural analyses are carried out
way before the production of prototypes and their
physical testing, accurate knowledge of material
parameters of the joint plays a key role in the quality
of the simulations. For example, Bouchard et al. [19]
used an approach with exact modelling of the actual
rivet, which produced encouraging results even in
the local area around the joint. Thus, following this
approach, the numerical results are well comparable
to physical testing, but such a model is not suitable
for large structures and serves more for the purpose
of understanding what happens in the joint and its
surroundings. The disadvantages of such an approach
are time-consuming simulations and possible

*Corr. Author’s Address: University of Ljubljana, Faculty of Mechanical Engineering, Slovenia, domen.seruga@fs.uni-lj.si 3
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Table 1. An overview and comparison of self-piercing riveting (SPR)
technology and clinch joint technology (adapted from [17])

Property SPR Clinching
Positioning on boreholes No No
Joining different materials Yes Yes
Joining three or more boards Good Poor
Sealing joint Yes Yes
Corrosion resistance Good Good
Visuality of the joint Good Medium
Access with the tool Bilateral Bilateral
Energy consumption Low Low
Environmental impact Small Small
Dynamic Strength Good Medium
Cycle time Short Short
Price High Low

computational difficulties. For use in large structures,
a reliable simplified numerical model is needed.
Today, commercial software tools already offer
various integrated numerical models that can be used
for simulation of mechanical joints. Such an approach
was used by e.g., Porcaro et al. [10], Yang et al. [20]
or Kulawik and Wrobel [21]. Porcaro et al. [10] used a
pre-set spot-weld model in LS-Dyna software, which
joined the sheet metal with a simple line element that
connected it on the sheet through contact conditions
that ensured a transfer of forces and torques between
the two sheets. The material parameters, which
influenced the result of numerical analyses, were
adjusted and modified iteratively by the researchers
based on matching the results of simulations to the
results of physical tests. In a similar way, Sommer and
Maier [22] and Hanssen et al. [23], who were dealing
with this issue using a more complex approach, used a
calibration method in combination with physical tests
to define the necessary joint parameters. Sommer and
Maier [22] compared both several different geometric
models of connecting elements and several different
material models. They built various combinations of
both geometric and material models and compared
the results of numerical analyses with physical testing
at chosen load cases. The material parameters were
estimated on the basis of the calibration process that
was based on the numerical force-displacement curve
fitting to the curve obtained from the test. The results
were promising and proved a good match with the
experimental observations. Similarly, Hanssen et al.
[23] focused on a numerical model and developed
an algorithm to identify parameters of a numerical
model, again based on physical testing. According to
this methodology, the user defines the point between
the sheets where the riveted joint is located and

defines the cross-section of that joint. The algorithm
searches for all the relevant nodes in the cross-section
area of the rivet and connects the sheet metal. Through
these nodes the loads are transferred and the joint
response is calculated by the algorithm. However,
for the operation of the model and the algorithm, it is
necessary to define a wide range of parameters, which
must be estimated through physical testing in various
load cases. Nevertheless, the results obtained from
such a model match well with the actual state.

In this study, the mechanical joint has also been
modelled in a simplified way, whilst the number of
the necessary material parameters has been minimised
to the lowest possible amount which still ensured
comparable results of the simulations and experimental
observations. This way a high computational
efficiency for analyses of large structures can be
preserved. Mechanical joints have been modelled
with a line element that is connected to the two sheet
metals. A bilinear material model has been assigned
to both the sheet metal and the joint, as the results of
physical tests show an extreme bilinearity until the
point of failure. Nevertheless, the material parameters
of the sheet metal and the joint have been separately
considered in the simulations. Namely, the physical
features of the joint have been incorporated into its
bilinear behaviour. Thus, both the set and the range of
the material parameters for the joint have first been
defined. Next, using an optimization method based on
the full factorial test and application of the response
surface method in combination with a real-valued
genetic algorithm, an optimal combination of the
values of the material parameters has been determined.
Finally, the numerical model of the mechanical joint
for a 2 mm thick sheet metal of SSOOMC material has
been validated.

1 METHODOLOGY
1.1 Experimental Set-up

Two types of joints of a 2 mm thick sheet metal made
of S500MC material were tested, a self-piercing rivet
joint and a clinch joint. Self-piercing rivets with
diameter of 5 mm were manufactured and mechanical
clinching tool with 8 mm diameter was used for clinch
joints. Static tests have been performed on the joints
during experimental validation.

Furthermore, two specimen types have been
manufactured, the shapes of which were in compliance
with the standard DVS/EFB 3480-1 [24], see Fig. 1.
The width of the specimens was 45 mm.

4 Glavan, M. — Klemenc, J. — Malnaric, V. — Seruga, D.



Strojniski vestnik - Journal of Mechanical Engineering 68(2022)1, 3-13

a)

b)

Fig. 1. The specimens for physical tests:
a) overlapping joint and b) flanged joint for peel tests

a) Shear load 5x «F——— e

b) Peel load 5x < m -t
4
Fl|
|

¢) Combined load 5x

.-l
Fig. 2. Loading conditions: a) for shear strength test; b) for the
peel test; c) for the combined test; clamps of the test rig and

the compensation tabs are pointed out during application of the
combined load

Specimen types corresponded to two load cases,
which are also prescribed by the standard DVS/EFB
3480-1 [24], and an additional combination of these
two load cases, see Fig. 2:

«  Static shear strength test for an overlapping joint.

»  Static peel strength test for a flanged joint.

*  Static combined tensile-shear test for a flanged
joint, with a load at an angle of 45°. Additionally,
compensation tabs to accommodate the

misalignments of the specimens were adopted
during the of tensile-shear test.

Clamps

Extensometer
Sample

Fig. 3. Layout of the test rig

Each loading condition was repeated five times,
for both types of joints. In total, 15 specimens for each
type of the joint were tested. The tests were carried
out on a certified Zwick/Roell Z150 test rig, see Fig.
3. The specimens were inserted in the clamps in the
length of 40 mm. The load was applied by means
of the clamp displacement at a rate of 10 mm/s
with monitoring the force on the clamp at a given
displacement. The results of each five repetitions were
averaged, and the resulting force-displacement curve
served as the basis for comparison with numerical
simulations.

1.2 Numerical Model

Simulia Abaqus software was used to build the
simplified finite-element model. The sheet metals
were modelled with shell elements. The joint was
modelled as a line connecting sheets by a kinematic
or distributing connection as shown in Fig. 4. The
size and the quality of the finite element mesh was
generated according to the industrial requirements
for crash simulations. Specifically, Timoshenko
beams designated as B32 type in Abaqus were used
to represent either the self-piercing rivet or the clinch
joint. One beam connected the centres of the holes and
several beams connected each centre of the hole with
the circumferential nodes (Fig. 4).

A structured and denser mesh was created around
the joint. Rectangular S4 type shell elements and
triangular S3R type shell elements were applied.
The size of the bore was equal to the diameter of the

Incorporation of a Simplified Mechanical Joint Model into Numerical Analysis 5
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connecting element representing the joint. A general
contact was assigned between the sheets taking
into account the friction between the sheets by a
coefficient 1 = 0.6 [25]. The boundary conditions
represented the clamping of the sheets into the test
rig. This involved fixed nodes on one sheet metal and
application of prescribed displacement to the nodes on
the other sheet metal to mimic the experimental setup
as depicted in Fig. 2. The prescribed displacement was
applied in a series of steps. The size of each step was
limited upwards with 10 % of the final value of the
displacement.

o tntn T4 et et oo o
Sowity
[ [P ——

Fig. 4. Model of the mechanical joint

1200

1000 _—
800 /

600

Stress [MPa)

400

200

0.00 0.10 0.20 0.30 0.40 0.50
Strain [-]
Fig. 5. Bilinear true stress-strain curve used to model
S500 MC sheet metal behaviour

A bilinear true stress-strain curve for SS00 MC
is given in Fig. 5. The sheet metal was modelled
using these properties. A bilinear material model
and round cross-sections were also assigned to the
line elements, which were used to model the joint.
The diameter of the cross-section was equal to the
cross-section of the connecting element. However,
the parameters of the bilinear elastoplastic properties
of the joint differed from the true material properties
for S500 MC and rather represented its physical
response under the loading. All the peculiarities of
the joint were hence integrated and represented by

the bilinear characteristic of the joint. The goal of the
simulations was then to determine the optimal values
of the parameters of the modelled joint. In doing so,
a constant value of Poisson's ratio and a constant
material density were assumed. Optimal values of the
following parameters were searched for, which fully
described the behaviour of the joint:
» clastic modulus, E [MPa],
¢ tangent modulus, E1 [MPa], and
+ yield stress, Ry, [MPa].

To define the optimal values of these parameters,
a full factorial test was performed which used the
response surface method in combination with genetic
algorithm. In the first step, domain limits were defined
within which the parameter values were searched
for and these domains were then further divided into
multiple values within the search area. In the next step,
possible combinations p of the parameter values were
defined. For each of the combinations, a numerical
analysis of the tensile test was then performed
including each of the three load cases. In total, 3p
simulations for each type of joint were performed.
The numerically calculated force-displacement curves
for each parameter combination and load case were
compared to the experimental results. The agreement
between the measured and the modelled response of a
joint was then estimated using the sum of the squared
distances (SSQD) for the force differences at a certain
displacement:

SSODY =3 (Fy (x)— Fuy () )

where F.,, represents the measured force from the
tensile test, F, is the calculated force as a result of
numerical simulations, j is the associated load case,
K| is the number of repetitions of a load case, and X
represents the displacement. Since the main objective
was to determine the material parameters that would
optimally fit all three load cases, a multi-criteria
objective function was defined as:

F.=Y w,-SSOD", )
j=1
where wjrepresents a weight by which the significance

or impact of each load case is attributed and ny stands
for the number of load cases. For each combination
of parameters defined in Table 2, the value of the
objective function was calculated as:

Fc(m,n,o) — FC (E(m) , ET(n) ,R (0);

p0.2

m=1,..k; n=1,..,0; o=1,....r, 3)

where m, n, and 0 are the running indices through
the levels of the material parameters, which are
listed in Table 2. The most suitable values of the

6 Glavan, M. — Klemenc, J. — Malnaric, V. — Seruga, D.
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material parameters are those that give the lowest
value of the objective function F- The known values
of combinations of parameters, together with the
associated value of the objective function, represent
the points in a four-dimensional space. These points
are distributed relatively evenly throughout the
space. Since the optimal combination of parameters
lies within this range, it is not necessary for the
optimal combination to be one of the combinations
that were defined initially; the optimal combination
might lie between the chosen points. Therefore, a
response surface method was used, which enables an
approximation of the surface through the calculated
points in the four-dimensional space. This step then
makes possible to determine the value of the objective
function for any combination of material parameters,
even for that combination which was not used during
the numerical analysis.

The response surface for the objective function
Fc was modelled as the sum of global trend F 4, and
local specifics F¢ o of the objective function [10], [15],
and [26]. The local deviations of the objective function
from the global trend were modelled using a mixture
of multivariate elliptical Gaussian functions whereas
the whereas the global trend was modelled using a
third-degree polynomial for the three independent
variables (E, Erand R, ,) and one dependent variable
(objective function F¢):

3 3
Fegon (615 X5, 3) = a + Zzar o Xg %X,
r=1 g=1
2
+ay s X, Xy +ay (X, X5 + 0 X)X,
+ 24 20 4 2
Ay X, Xy + Ay o X)Xy + a5 5 X, X,

2 2
A, X7 X5 + Ay Xy X5+ Ay 10X, X, X, “4)

where:
E

x=|x,|=| E; | 5)
R

Parameters a, and a4 are the parameters of
the polynomials determined by the polynomial
approximation for the p points from Eq. (3). The
coefficients of the polynomial were estimated from
the experimental data using the pseudo-inverse matrix
as follows:

a=(X"-X)"- X"y, (6)

where the individual vectors and the matrix are the
following:

L1
a, EMD
112
| Y _ Fc( )
a= > y_ >
a; 10 Fc(k’l’r)
1 E(') E{.]) R;:))z E(l) E.f.l) Rg:))z
(O] @) (2) (6] (1) (2)
X:I E ET Rp0.2 o E ET Rp02 (7)
(k) () (r) (k) () (r)
1 E® E! Rpo2 E® E! Rpoz

The displacement points, in which the forces
were compared, were selected based on the physical
test results. As different load cases withstood different
breakage forces at different final displacements,
there was no possibility to choose exactly the same
displacement points for all load cases. Based on the
displacement-force diagram from the physical tests,
the breakage point was established for each load
case. This displacement was then used in numerical
simulation as a maximum displacement by which the
samples were loaded. The whole displacement range
was divided equidistantly into 10 points, the final
point being the breakage point from physical test.
Those points were the displacement points in which
the measured and the calculated forces were compared
and used in Eq. (1).

Having determined the parameters of the
polynomials that describe the global trend of the
response surface, the residual R between the actual
value of the objective function F and the value of
its global trend of the F¢ g, could be determined for
each point from Eq. (3) as:

(m,n,0) __ (m,n,o0) (m,n,0)
Rc - Fc - FC,glob s
m=1,..,k, n=1L..,I, o=1,.,q. ®)

Then, the Rc values were integrated into
a conditional-average estimator using local
multidimensional Gaussian functions to obtain a
model of local specifics of the objective function
Fc.oc [10], [15], and [25]:

iiZR(mno) W( X(m,n,o),z (m,n,,,))

F‘CJGC — m=1 n=1 o= ’(9)

S S vz

n=l o=

where R stands for residuals from Eq. (8), x are
vectors from Eq. (5), W represent multidimensional
Gaussian functions with median values vector in
points xM™M® and XMM are covariant matrices

Incorporation of a Simplified Mechanical Joint Model into Numerical Analysis 7
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of individual Gaussian functions. The individual
multidimensional Gaussian functions W were hence

defined as:
det [(2(”””“’) )71 }
(2:7)"
.exp{_%.(x x| gl ) (x =) )},(lm

(- i)

where d is the dimension of the vector of independent
variables, in this case the number of load cases (d = 3).
Covariance matrices are diagonal with their variances
equal to the distances to the nearest adjacent point in
the direction of the individual components of vector
X. In order to facilitate the data processing, individual
variables (independent and dependent) were converted
to logarithmic values before the process of global-
local modelling of the objective function.

In the last step, the objective function surface was
calculated and the response surface was defined:

Joe (X)) (11)

This way it was possible to model a multi-
dimensional surface that arbitrarily approaches any
actual value of the measured point or, in this case, the
result of the numerical analysis for each combination
of parameters, while maintaining the trend without
local deviations even outside of the measurement
range [18]. The response surface thus assists in finding
the domain of the optimal parameter values, but it
is still difficult to accurately determine the actual
optimum. Here, a real-valued genetic algorithm was
hence utilised, which enabled the determination of
the optimal combination of material parameters of
the joint, minimizing Eq. (11). The in-house genetic
algorithm used in this study combined the classic
single-point crossover and linear crossover. The
mutation-with-momentum of the child chromosomes
enabled a better fine-tuning of the later generations
of chromosomes to the optimal solution [26] to
[28]. A population size of m = 20 randomly selected
starting points on the response surface was used
with the probability of crossover p, = 0.5, fraction
of linear crossover fjj, = 0.6 and probability of
mutation py,, = 0.05. The algorithm was stopped
after 10000 generations which is usually sufficient
for a satisfactory optimum [26]. The above-described
procedure for determining the optimum values of the
parameters E, Et and R, , was repeated for both joint

types.

Fe(X) = Fe g (X)+ F

a) F

b) r

Fig. 6. Broken-down specimens of: a) SPR joint, and b) clinch joint

2 RESULTS

During the test, the force-displacement dependence
was monitored and recorded until failure. In Fig.
6, the broken specimens are shown. The results of
the measurements were filtered and represented in
diagrams for all test repetitions of each load case, and
then, based on the curves obtained, the average force-
displacement curve was defined. This curve later
served as the comparative indicator in the objective
function. The average curve was generated to the
point where the joint started to loosen and the value of
the force began to decline, which is also seen in Figs.
7 and 8. The measurements showed good repeatability
for both joint types and all three load cases. Only one
of the results of the clinch joint measurements for the
shear load case was later excluded as that specific
measurement deviated incomparably from the other
measurements. The final displacement of the average
curve was also the displacement value up to which the
numerical model of the joint was loaded.

Using the developed methodology, an optimal
combination of the material parameters of the joint
was generated, which on average can simulate the
force-displacement responses best for all the three
load cases, so they are hence suitable to use in a
general model for any other load case. Additionally,
the methodology was used to determine the material
parameters considering only a single load case. This
served for verification purposes and confirmation of

8 Glavan, M. — Klemenc, J. — Malnaric, V. — Seruga, D.
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Fig. 7. Measurement results for SPR joint: a) shear load case,
b) peel load case, and ¢) combined load case

the best-fit ability of the method itself. During the
parameter-estimation process, a starting point in the
set of parameters was defined and a range of values
within the algorithm performed its operation.

The range of values of the material parameters
was divided approximately equidistantly in the

Table 2. Values of parameters E [MPa], E1 [MPa] and Rpo.z [MPa]
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Measurement results for clinch joint: a) shear load case,
b) peel load case and ¢) combined load case

logarithmic scale within the defined range. Table
2 shows the values and the range of parameters. In
total, p = 175 combinations of material parameters
from Table 2 are possible for a single load case, which
results in a total of 3p = 525 numerical analyses.

Parameter Search domain The values of the parameters taken into account

Elastic modulus - E 200-300000 200 500 1000 3000 10000 30000 300000
Tangent modulus - E+  0.1-E- 0.001-E 0.1-E 0.0286°E 0.01-E 0.00286E 0.001-E
Flow limit - R0 50-1000 50 100 200 500 1000

Incorporation of a Simplified Mechanical Joint Model into Numerical Analysis 9



Strojniski vestnik - Journal of Mechanical Engineering 68(2022)1, 3-13

3 DISCUSSION

The force-displacement results of the measurements
indicated that the response of each joint had a
pronounced bilinear characteristic. Accordingly, the
stress-strain behaviour of the connecting element in
the joint was hence modelled using a bilinear material
model. The failure of both the SPR and the clinch joint
occurred in the very connection or in the connective
element (Fig. 6). In the case of the SPR joint, the rivet
was pulled out, and in the case of the clinch joint, the
mechanical connection between the two sheets was
broken. From this point of view, attention could be
paid only to the connective element and its modelling,
whilst the base material was modelled with a simple
elastic-plastic material model.

It can be noted that in the case when each load case
is treated separately (Figs. 9 and 10 — specific result),
it is possible to accurately predict the combination of
parameters that produce a numerical response of the
joint almost identical to the measured response. By
changing the range of the input parameters or even
the type of the material model, a better agreement
might also be possible to achieve. However, the
method is primarily intended to determine the material
parameters of the joints for general use in large
structures with a large number of such joints whilst
they are subjected to a random load. This response
should therefore be the best approximation of the
observed response of the joint regardless of the size
and the direction of the applied load.

The method thus enables consideration of the
agreement between the numerical and experimental
response of the joint for several load cases.
Consequently, the resulting values of the material
parameters are always a compromise for several
load cases and the deviation between the numerical
response and the experimental response. A better
agreement is hence always observed when only a
single load case is considered during the estimation of
the optimal material parameters.

Furthermore, other types of joints will have
other properties therefore it is necessary to perform
some initial tests under shear, peel and combined
tensile-shear load conditions to be able to search for
the optimal values of the parameters in the numerical
model. After these have been performed however, the
numerical model of a complex structure with such a
joint can be used under arbitrary load conditions.

For the correct performance of the method, it
is essential to correctly define the material model,
the range of possible values of associated material
parameters and to perform accurate measurements
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—— Numerical average result
= = =Numerical load case - specific result
o 2 4 6 8
Displacement [mm]
Fig. 9. Comparison of numerical and actual response of SPR joint:
a) shear load case, b) peel load case, ¢) combined load case

which serve as a comparative value for numerical
simulations. Choosing a more complex material
model might lead to a more accurate understanding of
the joint behaviour, while on the other hand, results
in a more complex definition of the objective function
and extends the numerical calculation time, which is
of crucial importance in practice. Likewise, it is not
possible to accurately determine the values of the
material parameters if the search area is too wide
or too narrow. If the search domain differs from the
final area presented in Table 2, it may happen that the
positions of the optimal parameter values lie outside
of the defined search range. An example of such an
inadequately defined search range is presented for the
SPR joint in Fig. 11. The comparison of the results
between the inadequately and adequately defined
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Fig. 10. Comparison of numerical and actual clinch joint
response: a) shear load case, b) peel load case,
¢) combined load case

search ranges reveals that the force-displacement
description can drastically differ if the initial search
domain of the parameters is too wide.

The material model of the joint used in this
study succeeds in describing the force-displacement
response as long as the force increases with increasing
displacement and shows a pronounced bilinearity.
When the maximum force is achieved in practice, the
joint begins to loosen, the force begins to decline, and
the joint then gradually breaks down. In numerical
analyses however, such behaviour of the joint cannot
be modelled using a bilinear material model. Hence,
only the “functional” part of the joint behaviour can
be simulated, i.e., the increasing part of the force-
displacement characteristics until the maximum
force. For the correct performance of the developed
methodology this fact has to be taken into account

in numerical simulations so that the final simulated
displacement coincides with the experimental
displacement at the maximum value of the force. If
the displacements exceeding this limit are considered
during the optimization of the material parameters, the
error of the method will increase as a consequence of
the diverging experimental and simulated curves.

The final values of the material parameters can
also be influenced by weights assigned to the load
cases in the objective function. The importance of a
specific load case can hence be considered. This is
most easily explained if the values of forces that occur
in individual load case are observed. The force in the
case of the shear test is approximately twice as high as
in the other load cases. Consequently, at higher force
values, the relative difference of the numerical and the
experimental result will be comparable to other load
cases, whilst the absolute value of the difference will
be significantly higher than for the other load cases.
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Fig. 11. Force-displacement results for: a) inadequately defined
search range, and b) adequately defined search range

Hence, the value of the objective function
strongly depends on the tensile case and less on the
other two cases. Thus, by using weights, individual
contributions of various load cases to the objective
function can be balanced and their importance for the
final result can be evenly distributed. Nevertheless,
the above-mentioned differences did not provide a
significant impact on the final result during this study,
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therefore equal weights were attributed to the various
load cases. The optimal values of the parameters to
simulate the response of the self-piercing rivet joint
were determined as E = 8980 MPa, Er = 260 MPa
and Ry, = 217 MPa. Similarly, the optimal values of
the parameters for the clinch joint were determined as
E = 1042 MPa, Er = 1.5 MPa and Ry, = 195 MPa.
Nevertheless, these values of the parameters represent
synthetic properties of the joint and not the material
properties of the assembly.

4 CONCLUSIONS

The force-displacement response of both the self-
piercing rivet joint and the clinch joint tested during
this study exhibited distinctly bilinear characteristics
up to the highest measured force before failure. The
presented methodology could be applied to determine
optimal values of material parameters for the
bilinear material model. Numerical analyses of large
structures with a number of such joints, each having
the same values of the material parameters, can thus
be performed to simulate their stress-strain or force-
displacement behaviour under variable loading. The
optimal values of the material parameters represent a
compromise between the quality of fit and the variety
of load cases.
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Research on the Traction and Obstacle-Surmounting Performance
of an Adaptive Pipeline-Plugging Robot
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To solve a series of problems, such as damage, increased impurities and obstacles caused by medium corrosion, and erosion in the long-term
use of the pipeline, a multi-body distributed adaptive pipeline plugging and repairing robot with good driving performance and strong reliability
is proposed by using the modular design method. By establishing the obstacle-crossing model of the robot, the traction equation and obstacle-
crossing equation of the driving wheel and supporting wheel are studied. It can be seen from the equation that reducing the deflection angle
of the driving wheel or reducing the speed of the motor spindle can improve the obstacle-crossing ability. The driving unit model is established
in ADAMS software, and its running speed, driving force, and obstacle-crossing height are simulated and analysed. The model prototype is
established and verified with experiments. When the deflection angle of the robot driving wheel is set to 20° to 35°, it meets the design
requirements. When the deflection angle of the driving wheel is set to 20°, the robot has large traction, good running stability and high
obstacle-crossing height. The maximum obstacle-crossing height is 6 mm. At this time, the robot reaches the best running state. The design
of an adaptive leakage plugging robot for buried pipelines provides an important reference for the research and development of pipeline

emergency prevention and control equipment.

Keywords: pipeline leakage, plugging robot, obstacle crossing, optimum driving angle, simulation analysis

Highlights

*  Apipeline leakage self-adaptive sealing robot was designed to realize pipeline leakage detection, rapid plugging and repair, and

stable and reliable operation.

*  This robot has a certain degree of self-adaptive ability, sufficient driving force, better blocking ability, and good obstacle-crossing

ability.

*  The optimum deflection angle of the driving wheel is obtained by analysis. The influence of the change of deflection angle on
the obstacle-crossing performance of the robot. Under the optimal deflection angle, the pipeline robot runs smoothly and has a

good ability to pass over obstacles.

0 INTRODUCTION

As the fifth-largest transportation method, pipeline
transportation has the advantages of low cost, safety,
and reliability and is widely used [1] to [3]. With
the large-scale use of pipelines and the increase in
their service time, they can be affected by internal
corrosion and human intervention, and thus pipelines
will always be prone to rupture and erosion [4] to
[6]. Buried pipelines will transport oil and natural
gas to avoid the interference of external factors and
save space [7] to [9]. When there is a leak in a buried
pipeline, it is usually excavated directly to find the
leakage point and then treated by sectional plugging
and repair [10] and [11]. Both pipe wells and buried
pipelines encounter difficulties locating leaks and a
working environment that is too small, which is not
conducive to manual operation [12] to [14]. Therefore,
this paper proposes a multi-body distributed pipeline
leak self-adaptive plugging robot composed of a
pipeline robot and a leak-plugging unit. The driving
unit provides a dynamic for the adaptive pipeline-
plugging robot to detect the location of pipeline leaks.

The leak-plugging unit seals and repairs the pipeline
leaks. Numerous in-depth studies have examined this
problem. In terms of pipeline robots, the Brazilian
CLIDADE team designed an oil and gas pressure-
driven robot based on the principle of medium
pressure difference. It has built-in ultrasonic flaw
detection equipment to detect pipeline leaks and leak
point sizes [15]. At Shandong University, Han Meng
designed a four-wheeled robot that adopts a modular
tandem design and is connected by two robots with
universal coupling [16] and [17]. Liu of Southwest
Petroleum University in China designed a spiral-
driven pipeline robot. He reduced the torque of the
spindle motor through the bevel gear and acted on
the robot driving wheel. Theoretically, he deduced
the relationship between the helical inclination of the
driving wheel, the load and the moving speed [18]
to [20]. The Canadian company Inuktun developed a
crawler robot that can smoothly pass through complex
pipelines and is suitable for pipelines with more
damage or severe corrosion [21] and [22]. Woongsun
Jeon et al. in the United States developed a four-link
peristaltic robot, in which the front and rear bodies
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can be locked or moved relative to the soft axis, and
the relative movement between the two bodies can
achieve the purpose of moving in the pipe [23] to [25].
Zagler et al. at the Technical University of Munich,
Germany, developed the eight-legged robot MORITZ,
which is equipped with precision instruments such
as angle sensors, microgravity sensors and five-axis
acceleration sensors. Although it has good adaptability,
its structure is complex, and control is difficult [26]
and [27]. A spiral robot makes use of a driving wheel to
create spiral motions on the inner wall of the pipeline
and transform the circumferential rotation force into
axial forward power. It has the characteristics of a
high driving force, stable operation, and a simple
control mode and is suitable for running in complex
pipelines, which has become the focus of this paper.
In terms of leakage and plugging, the Oil-States
Hydro Tech company was the first to use a device for
plugging pipeline leakage points by external pressure,
which used the fixture to compress the pipeline
leakage point to achieve the purpose of plugging and
repairing, mainly for small single-point leakage [28]
and [29]. The in-pipe intelligent plugging mechanism
designed by Bowie et al. is an in-pipe repair platform
composed of a drive system, a plugging system and
a carrying system [30]. The United States Furman-
Ite company was the first to develop a perforated
plugger that integrates perforation, plugging, and
transmission, which is widely used in deep-sea high-
pressure pipeline leakage [31]. Many scholars have
studied different pipeline leakage situations and
proposed different plugging and repair methods to
achieve the effect of rapid plugging and repair, but at
present, few combine pipeline robots with plugging
and repair devices. In this context, this paper focuses
on the single-point leakage, multipoint leakage, and
multipoint long-spacing scattered section leakage of
diameter 150 mm buried pipeline, aiming to design a
new type of pipeline leakage adaptive plugging robot
that integrates in-pipe plugging and quick repair. This
article aims to study and analyse the walking stability
and obstacle-crossing performance of the robot
device, which can lay a theoretical foundation for the
in-depth research of a future blockage repair robot.

1 DESIGN OF A PLUGGING ROBOT STRUCTURE
1.1 Overall Structure
The buried pipeline leak self-adaptive plugging
robot is primarily intended for pipeline leakage and

plugging operations. The buried pipeline environment
is complex; the space is small, and over time,

various impurities will accrue in the pipe. Therefore,
the designed device must have the following
characteristics: operability in a complex environment,
a certain degree of self-adaptive ability, sufficient
traction and driving force, accurate identification of
pipeline leakage points and leakage patterns, good
operational stability, good plugging ability, and a
defined operating speed.

This article intends to design a pipeline
emergency plugging and repairing robot that can work
smoothly under various complex working conditions
to meet the above requirements. According to the
previous research results of pipeline robots, the overall
structure design needs to meet the design indicators
in Table 1. Since the materials transported by buried
pipelines are generally flammable and explosive,
such as oil and natural gas, and may be corrosive, the
mechanical structure of the buried pipeline leakage
self-adaptive plugging robot is designed with a
protective shell. The buried pipeline leak self-adaptive
plugging robot consists of two self-adaptive plugging
robots connected by electromagnetic adsorption
modules, which can realize docking and separation
according to actual working conditions.

Table 1. Design index of the adaptive plugging robot for buried
pipeline leakage

nir%n;ir Design indicators

1 Pipe diameter fitting range $140 mm to ¢160 mm
2 aton pass though heband P =560

3 Plugging pressure range 0.1 MPa

4 Walking speed in straight pipe 0.01 m/s to 0.04 m/s
5 Walking speed in curved pipe 0.005 m/s to 0.01 m/s
6 Drive unit mass m; <5kg

7 Drive unit length L, <300 mm

8 System traction F=20N

9 Mass of plugging unit m, <5 kg

10 Plug unit length L, <300 mm

The adaptive plugging robot comprises a drive
unit, a leak-plugging unit, and a control unit. The
driving unit is the power source of the whole system
and provides the driving force for the system; the
control components of the whole robot are integrated
into the control unit box; and the leakage plugging
unit is the working unit of the system, which can plug
and repair the leakage point. The parallel coupling
connects each unit into a whole, and the structure of
the self-adaptive plugging robot for buried pipeline
leakage is shown in Fig. 1. The pipeline robot can be
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Leak plugging
unit
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Control unit Drive unit

Fig. 1. Structure diagram of a buried pipeline leak self-adaptive plugging robot

applied to pipeline leakage detection and intelligent
emergency treatment. In case of leakage, the leakage
point can be quickly blocked and repaired, and the
uninterrupted oil and gas transmission and leakage
port cannot be expanded. Only one is selected for
analysis because the main structures of the two
adaptive plugging robots are exactly the same.

1.2 Drive Unit

The drive unit adopts a closed design, as shown in
Fig. 2. It comprises a screwdriver mechanism, a drive
motor, and a supporting mechanism. The drive unit
adopts a screw-drive as the main transmission mode,
and the support mechanism adopts the telescopic
spring support. The drive motor provides torque for
the screw drive mechanism.

Screw drive
mechanism

Support

Drive motor ;
mechanism

/
/

Fig. 2. Drive unit structure diagram

The components of the screw drive mechanism
include a fixed shell, a driving wheel, a wheel frame,
an angle steering gear, a wheel axle, a spring, a fixed
frame, and a protective shell, as shown in Fig. 3.

The shell of the screw drive mechanism is
composed of a fixed shell and a protective shell. The
fixed frame is connected with an adjustable angle
steering gear, a wheel frame, and a driving wheel.

The fixed housing is connected with the drive motor.
The fixed shell is connected with the drive motor.
When the drive motor rotates, the motor shaft drives
the fixed housing to rotate. At the same time, the
fixed shell can rotate the angle-adjusting steering
gear, wheel carrier and driving wheel. The driving
wheel is installed on the wheel frame, and the wheel
frame is fixedly connected with the steering gear
axis, so the steering gear can be used to control the
wheel frame deflection. The wheel frame limits the
position of the angle-adjusting steering gear in the
drive unit, and the wheel frame is designed to ensure
that the angle-adjusting steering gear can only move
up and down. A spring is installed on the bottom of
the angle-adjusting steering gear, and the spring is
used to connect the steering gear to the wheel frame.
The spring plays an adjustment role so that the driving
wheel and the steering gear can move up and down
with the expansion and contraction of the spring,
thereby completing the robot’s self-control adaptation.
The drive motor is the power core of the entire system
and provides torque for the drive unit.

Fig. 3. Structural diagram of the screw drive mechanism

The supporting mechanism is composed of nine
parts: a supporting wheel, a supporting wheel frame,
an inner shell, a supporting wheel shaft, a connecting
rod, a spring fixing shell, a spring, an assembly shell,
and an outer shell, as shown in Fig. 4. The outer shell
structure of the supporting mechanism is composed
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of an inner shell and an outer shell, which guide the
direction of the supporting wheel. The lower end of
the connecting rod is connected with a spring, and
the upper end is connected with the supporting wheel
frame. The spring fixing shell restricts the connecting
rod in a circumferential direction so that it can only
move up and down. The inner shell is designed
with a notch that matches the outer structure of the
supporting wheel frame so that the supporting wheel
frame can only move up and down. The expansion
and contraction of the spring act on the support wheel
through the connecting rod so that it can expand and
contract within a certain range to enable the functions
of support and obstacle crossing. The two parts of the
screw drive mechanism and the support mechanism
work in coordination so that the entire robot can run
adaptively and smoothly in complex pipelines.

Suppo
wheel shaft

Connecting rod

wheel shell
Fig. 4. Schematic diagram of support mechanism

1.3 Leak Plugging

The leakage plugging unit primarily comprises seven
parts: an electromagnetic adsorption plate, a fixed
ring, a plugging airbag, a drainage valve, a support
mechanism, an airbag support ring, a plugging layer,
and a repairing airbag. The overall structure is shown
in Fig. 5.

Repairing  Electromagnetic
air bag adsorption plate

Support Plugging
mechanism layer

Drain  Plugging
valve air bag support ring
Fig. 5. Schematic diagram of the leak-plugging unit
The plugging airbag and the repairing airbag are
installed on the airbag support ring, and the airbag

Fixing ring

support ring has vent holes through which the airbag
can be inflated and deflated. When inflating the
repairing airbag, the plugging layer connected to the
outside of the airbag will be tightly pressed to the
leak point of the pipeline for plugging repair work. A
drainage valve is installed at both ends of the airbag.
When the drainage valve is opened, the medium in the
pipeline can pass through the leakage plugging unit
through the drainage valve, reducing the resistance to
the robot.

2 ANALYSIS OF ROBOT MOTION CHARACTERISTICS
2.1 Robot Traction Analysis

The driving unit provides power for the adaptive
pipeline plugging robot. The driving mode of the
driving unit is a screw drive. Assuming that the
working condition of the robot is ideal, there will be
no relative sliding between the driving wheel and the
pipe wall, and a force analysis is performed on one of
the driving wheels, as shown in Fig. 6.

a)

Fig. 6. Traction analysis model diagram;
a) vertical crawling analysis, and b) driving wheel force analysis

In Fig. 6a, V is the direction of movement of the
drive unit, S is the trajectory when the single wheel is
in spiral operation, N is the positive pressure between
the pipe and the drive wheel, and F; is the upward
friction of the driving wheel of the driving unit under
the action of positive pressure. F, is the friction force
generated by the driving wheel in the direction of
the spiral movement, and f; is the dynamic friction
coefficient; then, F;=f;-N, and 6 is the deflection
angle of the driving wheel. When the drive unit spirals
forward in the pipeline, the traction force can be
expressed as Eq. (1):

F =3f-N-3F, -sinf. 1)

In Fig. 6b, the force of a single driving wheel in
the pipeline is analysed, and according to the static
balance equation > Fy =0, Eq. (2) is obtained:
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R r

This is simplified as Eq. (3):

2R

: (3)
where f, is the rolling friction coefficient of the
driving wheel in the pipeline, f; is the rolling friction
coefficient of the driving wheel on the axle, r is the
radius of the axle, and R is the radius of the driving
wheel.

Simultaneously solving Egs. (1) and (3) can solve
the driving force F, as shown in Eq. (4):

F=3N(ﬁ—%sin0). o

According to Eq. (4), when the drive unit runs
in an ideal non-slippery pipe, the supporting force
provided by the pipe to the drive unit is constant.
In this case, the magnitude of traction force is only
affected by the deflection angle of the drive wheel,
and the relationship between the magnitude of traction
force and the sine value of the rotation angle of the
drive wheel is negatively correlated. In the range of 0°
to 90°, when the traction force needs to be increased
to complete the climb or pass obstacles in the system,
the driving force can be increased by reducing the
deflection angle of the drive wheel. To increase the
availability of the data, the angle range still needs
to be tested by experiment and simulation in the
subsequent process.

2.2 Analysis of the Robot’s Ability to Surmount Obstacles

A pipeline environment is complex, and obstacles
are unavoidable during the robot’s operation [32] and
[33]. When the adaptive plugging robot passes through
obstacles, the changes of speed and force between its
driving wheel and the whole robot are complex, and
many factors affect its motion. Constructing obstacle-
crossing equations from the main influencing factors
helps to improve the robot’s ability to operate in
the pipeline. There are many types of obstacles in
a pipeline, and a circular weld is set as the research
object here in [34] to [36]. The following is a force
analysis of the robot’s obstacle-crossing ability under
this working condition, as shown in Fig. 7.

/obstacle obstacle

Fig. 7. Analysis diagram of driving wheel obstacle

When the robot crosses obstacles, point O is
assumed to be the geometric centre of the driving
wheel. The convex height of the welding seam is H.
Only when the height of the driving wheel lift is h can
the driving wheel pass the obstacle smoothly. When
the driving wheel touches the welding seam, it will
receive a reaction force N given to it by the welding
seam. The direction of the reaction force passes
through the geometric centre of the wheel. This is
the traction force F required by the driving wheel to
cross obstacles. The elastic force given by the variable
diameter spring on the driving wheel is Fg, the radius
of the driving wheel is r, and the deflection angle of
the driving wheel when crossing the obstacle is 6.

The spring force acts as resistance when the drive
unit crosses the weld. To ensure that the drive unit
passes by the welding seam smoothly, the relationship
of Egs. (5) to (10) must be satisfied:

M=F-L>M, =F, L, )
J S S (6)
3(R—-h)tan O

E = F, +kh, 0
L=r+h—H, )

L =sin0yr’ —(r+h-H)*, ©)
T=9550P. (10)

n

In Eq. (10), T is the motor torque and n the motor
speed. Incorporating Egs. (6) to (10) into Eq. (5)
solves Eq. (11):

9550P - F, +kh

3n(R—h)Wr* —(r+h—H)tan6-sind r+h—H

.(11)

In Eq. (11), P is the motor power, R is the inner
diameter of the pipe, Fy is the spring preload, and Kk is
the spring stiffness coefficient. According to Eq. (11),
during the process in which the driving unit crosses
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the welding seam, the spring is a standard part,
and the spring preload and stiffness coefficient are
only related to the properties of the selected spring.
The parameters do not change when the attribute is
determined, the pipe radius and the wheel’s radius do
not change, and the convex height of the welding seam
remains unchanged. Under this working condition, the
main factors that affect the obstacle passage of the
robot are the motor torque and the deflection angle of
the driving wheel.

During the obstacle-crossing operation of the
drive unit, when the steering gear deflection angle is
kept constant, the torque of the drive motor is reduced,
and the obstacle passing performance is improved.
This means that the motor speed can be reduced to
increase the obstacle-crossing ability of the drive unit.

When keeping the motor speed constant, the
deflection angle of the driving wheel can be adjusted
to change the obstacle-crossing ability of the robot.
tand increases monotonically in the range of 0° to
90°, and sinf also increases monotonically in the 0°
to 90° interval, so tand-siné increases in this interval.
Therefore, the obstacle-climbing ability of the robot
can be improved to a certain extent by appropriately
reducing the deflection angle of the driving wheel.

When the supporting wheel crosses the welding
seam barrier, the driving wheel has already passed the
welding seam. The driving wheel provides traction
for the supporting wheel to pass the obstacle, and the
obstacle-crossing process of the supporting wheel is
analysed. The diagram for model analysis is shown
in Fig. 8. When the support wheel crosses the weld
seam, it will contact the weld seam. The contact point
is set as O;. The weld will give the support wheel a
corresponding support force N. The spring has a
vertical downward force Fg on the support wheel. The
friction between the support wheel and the pipe is Fr,
and F is the traction force of the robot.

Fig. 8. Analysis diagram of the supporting
wheel obstacle-crossing process

For the support wheel to cross the weld smoothly,
the following conditions must be met, as shown in
Egs. (12) and (13):

> M(0,)=0, (12)

F-(R-H)+F,-H>F, R =(R-H)*. (13)

When the support wheel crosses the obstacle, the
friction force of the pipe on it is 0, which is brought
into Eq. (13) and simplified to obtain Eq. (14):

R*—(R-HY
F>FY—— 7

T (14)

According to Eq. (14), increasing the traction
force can improve the robot’s ability to cross the weld
seam during the obstacle course of the support wheel.
According to Eq. (6), when the deflection angle of
the driving wheel decreases, the traction force will
increase accordingly. According to Egs. (11) and (14),
when the deflection angle of the driving wheel is
constant, reducing the motor speed can also increase
traction.

In summary, when the robot crosses obstacles,
the main factors that affect the robot’s obstacle-
crossing performance are motor speed and driving
wheel deflection angle. During the work of the
adaptive pipeline plugging repair robot, the passing
performance of the robot at obstacles such as welds in
the pipe can be increased by reducing the motor speed
or reducing the deflection angle of the driving wheel.

3 SIMULATION ANALYSIS OF ROBOT DRIVER UNIT

3.1 Simulation Analysis of the Running Speed of the Drive
Unit in a Straight Pipeline

A dynamic simulation analysis is performed
with ADAMS software [37] and [38]. During the
simulation, when the driving unit is running in a
straight pipe, the deflection angle of the driving wheel
is adjusted by the angle-adjusting steering gear, and
the rotation angles of the three driving wheels need
to be consistent. The selection range of the deflection
angle is from 0° to 90°, every 5° is a sampling point,
and the motor speed is set to 30 r/min. The simulation
result is shown in Fig. 9.

When the deflection angle of the driving wheel
is from 5° to 45°, the speed of the drive unit increases
continuously. When the rotation angle is 45°, the
travel speed is the highest, and the speed is 0.051 m/s.
The speed increase gradually slows down from 30°
to 45° because of the side of the driving wheel. The
resistance to the pipeline will gradually increase, but
the driving force is still greater than the resistance.
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When the deflection angle is from 45° to 90°, the
speed decreases continuously and is unstable. Due to
the axial friction between the driving wheel and the
pipe, the speed of the drive wheel gradually decreases
within 45° to 90°. In this range, the resistance is
greater than the traction provided by axial motion,
resulting in a decrease in speed. When it is between
15° and 40°, the speed increases smoothly, and the
running effect is the best.
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Fig. 9. Simulation value of the running speed of the drive unit
in a straight pipe
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To meet the design requirements, the operating
speed of the robot should be within the range of 15° to
40°, and the actual operating index can also be higher
than the design index. From the speed simulation
diagram of the robot running in the straight pipe, it can
be seen that the running speed of the robot increases
with the increase of the deflection angle within a
certain range. Therefore, based on the simulation
results, it is better to adjust the deflection angle of
the robot driving wheel in the range of 15° to 40° in
the actual running process to reach a better working
condition.

3.2 Simulation Analysis of the Traction Force of the Driving
Unit Running in a Straight Pipeline

In the simulation analysis of the traction force
experienced by the drive unit in straight pipe
operation, it can be seen from the previous section
that it is better to set the deflection angle of the drive
wheel from 15° to 40° and simulate and fit the drive
wheel angle and the traction force. The simulation
diagram is shown in Fig. 10.

When the driving wheel angle of the driving unit
is set between 15° and 45°, the simulation diagram
shows that the relationship between the driving wheel
angle and the traction force of the robot is negatively
correlated. As the driving wheel angle increases,
the traction force gradually decreases. The reason is

that when the deflection angle increases, the axial
friction force of the driving body increases, resulting
in a smaller traction force along the pipe axis. When
the deflection angle is 45°, the traction force is less
than 20 N, which does not meet the actual design
requirements. Therefore, by comparing with the
deflection angle range obtained by simulation, it can
be seen that setting the working deflection angle of the
driving unit within the range from 15° to 40° has the
best effect.

52.5
B

Traction [N]
=] lad g Lh
(=1 =] (=]

S
T

0 1 il 1 l
10 15 20 25 30 35 40 45 50

Drive wheel deflection angle [deg]

Fig. 10. Traction simulation diagram of traction robot

3.3 Simulation Analysis of Obstacle Surmounting Stability
of the Drive Unit

In this simulation process, the weld of the pipe is set to
3 mm. Set the speed of the spindle motor of the drive
unit to 30, and the range of deflection angle is from
15° to 40°. Taking the centroid of the driving unit as
the reference point, the stability of obstacle crossing
is judged by analysing the offset displacement of
the centroid on the y-axis. Take points every 5° as a
simulation value from the moment that the driving
wheel contacts the weld to when the rear wheel
completely leaves the weld. Starting from the driving
wheel just contacting the weld, adjust the deflection
angle of the driving wheel to 15°, and carry out a
simulation to obtain the centroid offset displacement
of the robot. Then, add 5° each time. The deflection
angles of the driving wheel are selected as 20°, 25°,
30°, 35°, and 40° respectively for simulation. The
simulation diagram is shown in Fig. 11.

Fig. 11 is analysed; Fig. 11a shows a running
diagram with a deflection angle of 15° and a speed of
30 r/min. It can be seen that the y-axis displacement
slowly climbs within 1 second to 1.7 seconds. In
addition, Figs. 11b to f show all the crossed obstacles
from 1 second to 1.5 seconds. The reason for the
analysis is that under this working condition, the
traction robot has too small a driving wheel deflection
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Fig. 11. Simulation diagram of obstacle-crossing stability of traction robot with different rotation angles at the same speed 30 r/min;
a) 15 deg, b) 20 deg, c¢) 25 deg, d) 30 deg, e) 35 deg, f) 40 deg

angle, the wheel rim and the welding seam have large
circumferential friction, and the axial traction is small.
Although this approach can continuously improve the
position of the centre of mass of the robot, it can never
pass the welding seam. Therefore, it can be judged
that the traction robot cannot cross the welding seam
when the driving wheel angle is 15° and can pass
the welding seam at 20° to 40°. Then, the obstacle-
crossing stability is analysed when the driving wheel
angle is 20° to 40°. It can be seen in the figure that
as the deflection angle of the driving wheel increases,
the fluctuation amount also increases, and the stability
of obstacle crossing continues to deteriorate. When
the deflection angle of the driving wheel is 20°, the
obstacle crossing is the most stable.

3.4 Simulation Analysis of the Maximum Obstacle
Surmounting Height of the Driving Unit

The internal environment of a pipeline is complex and
diverse. When the drive unit traverses the pipeline,
it may need to cross obstacles of different heights
[39] and [40]. In the analysis of the previous section,
we use a weld of 3 mm as an obstacle condition for
analysis. By adjusting the deflection angle of the
driving wheel, it is found that the driving unit can pass

Research on the Traction and Obstacle-Surmounting Performance of an Adaptive Pipeline-Plugging Robot

through the weld smoothly. This simulation takes a
150 mm pipeline as the object and sets the height of
the weld to 5 mm for analysis to test the passability of
the robot. The drive unit parameters are set as follows:
the deflection angle of the drive wheel is 20°, and the
motor speed is 30 r/min. The simulation is carried out
when the driving wheel crosses the 5 mm weld seam,
and the simulation result is shown in Fig. 12.

E 0.0 E
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H ':'_15_ ' N \.\ P
£ §-25 || —AN
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o "'%-5.2‘ |.|
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Fig. 12. Simulation diagram of driving unit by 5 mm weld

The process of crossing obstacles takes 1.5 s
to 2.5 s. At this time, the spring is compressed and
contracted, and the drive wheel shifts upward. The
upward displacement of the driving wheel during the
obstacle course is approximately 5.5 mm. Because the
robot can be designed to meet the diameter change
in the range of 20 mm, the drive unit can pass the 5
mm weld under this working condition to meet the
design requirements. Second, under the condition that
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Fig. 13. Simulation diagram of the driving unit through a) 6 mm, and b) 7. mm welds
the parameter setting is unchanged and the working plugging robots was 3.5 kg, the overall mass of the
conditions are the same, the weld height is set to 6 mm two sets of robots was 7 kg, the length of the drive unit
and 7 mm. Under these two conditions, a simulation was 230 mm, the length of a single adaptive plugging
analysis of the drive unit’s passability is performed. robot was 765 mm, and the length of the combined
The simulation diagram is shown in Fig. 13. robot was 1530 mm. The control unit mainly controls
It can be seen in Fig. 13a that when the drive unit the steering gear of the driving wheel, the motor, the
passes through the 6 mm weld seam, the maximum drainage valve, the airbag deflation valve and the
displacement of the drive wheel is 6.5 mm. Therefore, airbag inflator.
the drive unit can pass the 6 mm weld seam smoothly. The results of a speed test for the prototype are
It can be seen in Fig. 13b that when the drive unit shown in Fig. 15. It can be seen in the figure that
passes through the 7 mm weld seam, the maximum the running speed curve of the prototype obtained
offset displacement cannot exceed 7 mm. Combined during the test is roughly the same as the curve of the
with the simulation, it can be seen that the 7 mm weld simulation analysis, but the result of the simulation
seam jams the drive unit driving wheel, and the drive analysis is always greater than the experimental result.

body continues to rotate after being jammed, causing
the displacement of the driving wheel to perform
periodic motion under the action of spring force and
gravity.

From the above analysis, it can be concluded that
the maximum obstacle-crossing height that the drive
unit can pass smoothly is 6 mm, which meets the
design requirements.
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A prototype of an adaptive plugging robot for buried
pipeline leakage is manufactured and assembled in
full accordance with the above design requirements,
as shown in Fig. 14.

e
=
S

Fig. 15. Comparison of running speed of test prototype

It can be seen from the operating speed
comparison chart that when the deflection angle
is between 5° and 45°, the deflection angle of the
drive wheel gradually increases, and the speed
of the prototype also increases. The speed of the
prototype reaches its peak at 45°, and the peak speed

Adaptive Leakage Control Drive unit
plugging robot plugging unit unit is approximately 0.039 m/s. This result also meets the
Fig. 14. Prototype of an adaptive plugging robot design requirements.
for buried pipeline leakage When testing the traction force of the prototype,
it is necessary to use a spring dynamometer for
The mass of the driving unit was measured to measurement. The spindle speed of the drive unit is set
obtain 1.3 kg, the total mass of a single set of adaptive to 30 r/min, the drive wheel angle is set to 15° to 45°
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in turn, the system is started, and the drive unit drags
the leakage plugging unit and the control unit forward
until it is completely pulled by the dynamometer,
which reads the dynamometer and indicates the
number. The comparison between the experimental
result and the simulation is shown in Fig. 16.
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Fig. 16. Comparison diagram of driving force test of prototype

Comparing the simulation results with the
experimental results, it can be concluded that the
trends of the two curves are roughly the same, which
proves the correctness of the simulation results. It
can be seen in Fig. 16. that the experimental value is
always lower than the simulation value. The reason
for this phenomenon is that the simulation is moving
under ideal conditions, and the design and installation
of the experimental prototype and the experimental
environment will have certain accuracy errors. After
the deflection angle of the drive wheel is greater
than 20°, the gap between the simulation results and
the experimental results is larger than before, mainly
because as the speed continues to increase, the
impact of the assembly accuracy of the drive system
on the operating state gradually appears. When the
deflection angle is 35°, the traction force is 20 N,
which is the most basic requirement of the design. In
the simulation analysis, 20 N is reached at 40°. The
assembly accuracy of the prototype has a significant
impact on its specific operating state. Therefore, based
on the original simulation conclusions, the upper limit
of deflection angle during stable operation of the
system shall be further reduced from 40° to 35°. The
lower limit of deflection angle during stable operation
of the system is 20°.

The obstacle-crossing ability test of the prototype
adopts the driving unit test method. The obstacle-
crossing ability test is carried out in a 2000 mm
straight pipe. Several rubber sealing rings are bound
and bonded on the inner wall of the pipeline to

simulate obstacles, and the main protrusion heights
are 5 mm, 6 mm, and 7 mm, respectively. Because the
friction coefficient between the outer surface of the
rubber seal ring and the inner wall of the experimental
pipe is almost the same, the simulation as an obstacle
is close to the real obstacle. The simulation results
show that the drive unit can pass by 6 mm welds, so
the test directly simulates 5 mm, 6 mm, and 7 mm
welds to test the possibility of the prototype. The
experimental environment is shown in Fig. 17.

Master Obstacle Control  Plugging  Control
station simulation panel robot system
Fig. 17. Test diagram of the obstacle-crossing ability
of the test prototype

The results of the prototype’s obstacle-crossing
capability are shown in Table 2.

An analysis of Table 2. shows that when the
driving wheel rotation angle is set to 15°, the angle
formed between the outer surface of the driving wheel
and the obstacle is too small, which results in slipping
and an inability to cross the obstacle. Therefore, 20°
is the minimum passing angle when the driving wheel
crosses the obstacle, which is consistent with the
simulation results. When the driving wheel angle of
the prototype is 20°, it can pass 6 mm obstacles but
cannot pass 7 mm obstacles.

Table 2. Obstacle clearance results for prototype
Height

5mm 6 mm 7 mm
Angle
15° Unpassable Unpassable Unpassable
20° Accessible Accessible Unpassable
25° Accessible Accessible Unpassable
30° Accessible mulltzii)lses ;Ltggl ng Unpassable
35° Accessible Unpassable Unpassable

Although 25° can pass 6 mm obstacles, the
exercise state is not good and cannot pass 7 mm
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obstacles. At 30°, the drive unit has difficulty passing
the 6 mm obstacle. When the running speed increases,
the manufacturing accuracy and installation accuracy
of parts are low due to the assembly process of the
prototype. The vibration and centroid fluctuation
of the prototype robot for adaptive plugging and
repairing pipeline are large, which reduce the ability
to overcome obstacles. The camera shakes more
severely at 35° and cannot pass 6 mm obstacles.

In the simulation results, when the prototype
passes through the welding seam, the driving wheel
deflection angle is set to 20°, and when the motor
speed is 30 r/min, the maximum obstacle height that
can be passed is 6 mm. The experiment is consistent
with the simulation results.

5 CONCLUSIONS

(1) To meet the design requirements, the robot uses
a multi-body distributed structure in which
each unit is connected in series. The main body
connects two sets of adaptive plugging robots
with electromagnetic adsorption modules. The
self-adaptive plugging robot is composed of a
drive unit, a control unit, and a leak-plugging
unit, and each unit is connected by a parallel
coupling. The drive unit adopts the driving form
of a motor drive and spiral travel, incorporates
the expansion and contraction of the spring to
match the diameter, and uses a corrugated airbag
to complete the plugging.

(2) Through an analysis of the obstacle-crossing
mechanism of the robot, it is concluded that
reducing the rotational speed of the motor or
reducing the deflection angle of the driving wheel
can increase the passing performance of the robot
at obstacles such as welds in the pipe.

(3) Aprototype is assembled, and related experiments
are conducted to determine that the overall
structure of the prototype meets the design
requirements. The traction force and obstacle-
crossing ability of the prototype are verified
experimentally. The results show that the running
index meets the design requirements when the
driving wheel deflection angle is set at 20° to
35°. The deflection angle of the driving wheel is
in this range; the smaller the angle is, the better
the running effect is, and the best running angle
is 20°. Under the best operating conditions, the
maximum obstacle height of the prototype is 6
mm.

(4) The design of the buried pipeline leakage self-
adaptive plugging robot provides an important

reference for the research and development
of equipment in the field of pipeline leakage
emergency prevention and control.
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Detection of Outer Wall Defects on Steel Pipe Using an Encircling
Rotating Electromagnetic Field Eddy Current (RoFEC) Technique

Xiaokang Yin* — Zhuoyong Gu — Wei Wang — Xiaorui Zhang — Xin’an Yuan —Wei Li — Guoming Chen
Centre for Offshore Engineering and Safety Technology, China University of Petroleum (East China), China

In recent years, the rotating electromagnetic field eddy current (RoFEC) testing technique has attracted widespread attention due to its various
advantages for inspecting tubular structures. However, most of the related work was focused on detecting inner wall defects on metal pipes
using feed-through probes, which are often not applicable for outer wall defect detection. This work pushes forward the encircling RoFEC
technique and demonstrates its feasibility for detecting outer wall defects. First, the basic principle of the encircling RoFEC technique is
introduced. A three-dimensional finite element (FE) model was built in COMSOL to analyse the distribution of the rotating electromagnetic
field and study the interaction between the defects and eddy currents. The axial component of the resultant magnetic field due to defects was
selected as a characteristic signal and obtained from the FE models to study the factors, including pipe tilt, defect circumferential location,
defect orientation and defect size, that influence the detection performance. An encircling RoFEC system using a probe with six excitation
windings and a single bobbin pickup coil was constructed and used to inspect a steel pipe with one axial and one circumferential defect. The
obtained voltage signal due to defects can form a Lissajous pattern in the impedance plane and be used for defect evaluation. The results
showed that the encircling RoFEC technique can detect outer wall defects of both orientations and determine the circumferential location of

the defect.

Keywords: non-destructive testing, rotating electromagnetic field, finite element, influencing factors

Highlights

*  Anencircling rotating electromagnetic field eddy current (ROFEC) technique is proposed to detect outer wall defects on a steel

pipe.

*  The encircling RoFEC technique is capable of detecting defects of arbitrary orientations on a steel pipe and determining its

circumferential location.

e Finite element models are used to study the effects of pipe tilt, defect location, defect orientation and defect size on the

inspection performance.

*  Anencircling RoFEC system was developed and used to inspect a steel pipe with both axial and circumferential defects to verify

the feasibility of the proposed technique.

0 INTRODUCTION

Steel pipes are widely used in the petroleum industry. In
the process of long-term service, steel pipes are prone
to defects, such as deformation, corrosion, and cracks
[1], leading to the possible leakage of the conveying
medium and/or failure of the whole structure [2].
Extensive efforts have been presented into the non-
destructive evaluation (NDE) techniques capable of
detecting defects in steel pipes, such as eddy current
inspection [3] to [5], magnetic flux leakage inspection
[6] and [7], ultrasonic guided wave inspection [8] and
[9], etc. The above-mentioned techniques have been
widely used in steel pipe inspection, but some of them
have inherent limitations, e.g., traditional eddy current
can only detect defects in the area under the probe;
thus, circumferential and axial scanning are required
to achieve full coverage; Some detection techniques,
such as magnetic flux leakage and alternating current
field measurement (ACFM), are more sensitive to
cracks in certain directions. There is an increasing

need for electromagnetic NDE methods that can
thoroughly detect cracks in arbitrary directions, and
many novel techniques have been proposed recently,
such as circumferential eccentric eddy current probe
[10], the array eddy current testing probe [11], etc. In
recent years, the rotating electromagnetic field eddy
current (RoOFEC) method [12] has emerged as a useful
NDE technique for plate-like structures [13] to [15],
tubular structures [16] to [18], and welding seams [19]
and [20].

Due to its unique advantages, e.g., the RoFEC
technique is sensitive to defects of all orientations,
it relies on the rotation of the probing field rather
than the mechanical scan of the sensor to implement
circumferential scan, and the phase information of
the resultant signal can be used to determine the
circumferential location of the defect, the RoFEC
technique is particularly suitable for tubular structure
inspection. A literature review reveals that the majority
of related research focused on the detection of inner
wall defects on pipes using feed-through probes
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[19] to [22] and using the RoFEC technique for the
detection of outer wall defects on steel pipes can only
be found sporadically in literature. It is thus necessary
to embark in-depth research on the feasibility of
encircling RoFEC technique on the detection of outer
wall defect on steel pipes, as for some steel tubular
structures, e.g., the widely used coiled tubing in the
oil and gas industry, defects on the outer wall are
commonly seen and need to be detected.

For the detection of outer wall defects on steel
pipes, this paper pushes forward the encircling ROFEC
technique by systematically studying the influential
factors. The working principle of the encircling
RoFEC technique is presented. Three-dimensional
finite element (FE) models were constructed to
demonstrate the perturbation of the probing field due
to defects. The effects of different influencing factors
on the detection results of the external penetrating
rotating electromagnetic field detection sensor are
explored, the encircling RoFEC system is built, and
the detection test of a pipe with two typical flaws is
carried out. The experimental results are consistent
with the finite element simulation results and used to
verify the feasibility of the proposed technique.

1 PRINCIPLE OF THE ENCIRCLING RoFEC TECHNIQUE

Unlike conventional feed-through RoFEC probes
[23] to [25], the proposed encircling RoFEC probe
comprises at least three external excitation windings
and a single receiving coil. The three excitation
windings are evenly distributed (120 degrees apart)
around the pipe in space, as shown in Fig. la. The
windings are driven by a three-phase sinusoidal
current source. Currents in the three windings are
identical in amplitude, but 120° apart in phase angle,
as shown in Eq. (1),
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where i, ig and ic correspond to the incoming
sinusoidal alternating current of winding A, winding
B, and winding C in Fig. la, respectively. Their
amplitudes are the same, but the phase angles are 120°

apart. iy, iy and i are the outgoing currents of winding
A, winding B and winding C, respectively. | is the
amplitude of sinusoidal alternating current, in [A],
and o is the frequency of the sinusoidal alternating
current, in [Hz].

The magnetic fields (Ba, Bb, and Bc) generated
by the windings are perpendicular to the plane of each
winding, as shown in Fig. la. According to Eq. (1),
the magnetic fields vary sinusoidally with 120° apart
in phase angle. The three components synthesize a
magnetic field B with a constant amplitude and rotate
circumferentially at a speed related to the excitation
voltage frequency, similar to that found in a three-
phase induction motor. The rotating magnetic field
B can then induce eddy currents that flow circularly
around the radial axis. As shown in Fig. 1b, defects
in any direction can disturb the eddy currents, thereby
perturbing the secondary magnetic field, which can
then be measured and used for defect evaluation. Note
that the eddy currents also rotate circumferentially,
offering full coverage of the pipe wall circumference.

Defect

N E—

Rotating eddy current i

Necs o

b) Eddy current direction to the right
Fig. 1. The FE model of rotating magnetic field;
a) rotating magnetic field generation, and
b) interaction of eddy currents and defects
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2 FE MODELLING OF THE ENCIRCLING RoFEC PROBE
2.1 The 3D FE Model

A three-dimensional FE model of the encircling
RoFEC probe was built in COMSOL and shown in
Fig. 2. In the FE model, six excitation windings were
used for more evenly distributed rotating fields. The
windings are evenly distributed around the pipe,
and the material of the pipe is steel. The geometric
parameters of the FE model and the characteristic
parameters of the coil are shown in Tables 1 and 2.
Fig. 3 shows the rotating magnetic field in the cross-
section plane at different points in time (T/6, T/3, and
T/2). T here refers to the time spent in a rotation cycle,
that is, the time spent rotating the magnetic field
around the tube, which is a fixed value.

Pipe

Excitation winding

Defect

Fig. 2. The FE model of rotating magnetic field

Table 1. Geometric parameters of the FE model

Finite element model Size [mm]
Inside and outside diameter of pipe 40/50
Length of pipe 150
Outer width of excitation winding 45
Inner width of excitation winding 40
Length of excitation winding 115
Thickness of excitation winding 40
Number of turns of the excitation windings 100
Length of defect 25
Width of defect 1
Air domain diameter 200

Table 2. Characteristic parameters of the excitation windings

Coil wire Coil turns Excitation Excitation
diameter [mm] voltage [V]  frequency [kHz]
1 100 0.5 10

i
5

a) b) c)
Fig. 3. Magnetic field in the x = O plane at different moments; a)
time T/6, b) time T/3, and c) time T/2

2.2 Characteristic Signal due to Defect

The excitation coil generates eddy current on the
surface of the pipe, which also rotates around the axis
at a certain speed depending on the frequency of the
excitation. As shown in Fig. 4, when the eddy current
encounters a defect (e.g., an axial crack), it will bypass
each end of the defect and generate a secondary
magnetic field. The resultant secondary magnetic field
can then be measured and used to form indications of
the defect. In theory, all components of the secondary
magnetic field (axial, radial, and circumferential) can
be used for defect detection and characterization. In
this paper, the axial component was selected, as it can
be easily measured by a single bobbin pickup coil.
The advantages of such a measurement scheme will
be further analysed in the experimental section.

)

Axial defect
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Fig. 4. Interaction of eddy currents and defects

In the FE model, the defect was moved across
the windings to simulate an axial scan, and the axial
magnetic field at Imm above the defect is extracted
and plotted as the characteristic signals, as shown
in Fig. 5. It can be seen that when there is no defect
in the pipe, the real and imaginary parts of the axial
magnetic field are both near zero. When the annular
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Fig. 6. Real and imaginary part of the characteristic signal plotted
as a Lissajous pattern in the impedance plane

eddy current flows to the left, a wave trough is
generated. When it flows to the right, a wave crest is

generated. The real and imaginary parts of the axial
magnetic field are plotted as a Lissajous pattern in
the impedance plane, as shown in Fig. 6. Note that,
as demonstrated in the experimental section, such a
magnetic field can be measured by a circumferential
bobbin coil around the pipe and used for defect
evaluation.

3 FE MODEL-BASED ANALYSIS
ON THE INFLUENCING FACTORS

Influencing factors of the ROFEC technique were then
studied using the FE model, and the findings can be
used to guide subsequent experiments.

3.1 Effects of Pipe Tilt

Considering that the pipe tilt during the actual
inspection process, which will affect the inspection
results, it is necessary to study the effects of the pipe
tilt on defect detection. Fig. 7 shows the case in which
the defective side of the pipe is inclined to the x-axis.

i

Z |l

Pipe tilt angle s
Y4 il
— -': :I

z 4 X 8

Fig. 7. Schematic diagram of pipe inclining along the x-axis

When the inclination angle of the pipe is set to 3°,
6°, 9°, 12° and 15°, the defects are detected and the
characteristic signals (real part of the axial magnetic
field 1mm above the defect) are extracted, as shown
in Fig. 8. It can be seen from Fig. 8a that when the
pipe is inclined to the x-axis, the value of the axial
magnetic field peak is greater than the value of the
trough because the defect is coming closer to the
excitation windings. When the tilt angle is greater than
12°, the change is more significant. This is because
the closer it is to the excitation windings, the more
drastic the magnetic field changes. When the pipe is
inclined to the z-axis, since the pipe is not inclined to
the side of the inspection point, the peak value of the
axial magnetic field is basically unchanged, as shown
in Fig. 8b.
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It can also be seen from both Figs. 8a and b
that, no matter to which direction the pipe is tilted,
the values of the axial magnetic field at defect-free
positions (the starting point of each curve) are no
longer zero. This is due to the change of the spatial
background magnetic field caused by the inclination
of the pipe, which generates the axial component of
the magnetic field.
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with different defect tilt angles; a) tilt towards the x-axis,
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3.2 Effects of Circumferential Location of the Defect

Because possible defects may appear at any position
of the pipe, it is necessary to study how the resultant
magnetic field will vary with different circumferential
locations of the defect. In the FE model, 8 axial
defects with exactly the same size but at different
circumferential locations (at angles of 0 degrees, 45
degrees, 90 degrees, 135 degrees, 180 degrees, 225
degrees, 270 degrees and 315 degrees with respect

to the reference point) were scanned. The eight
characteristic signals, due to the defects, are extracted
and plotted as Lissajous patterns in the impedance
diagram, as shown in Fig. 9. Note that, to avoid signal
overlapping, only the first half of the characteristic
signals are plotted for each Lissajous pattern. It can be
seen from Fig. 9 that with the different circumferential
locations of the defect on the outer wall of the pipe
the angle of the Lissajous patterns also change
accordingly, based on which the circumferential
location of the defect can be determined. It can also be
noted that all the Lissajous patterns are of similar size.
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Fig. 9. Lissajous Patterns for defects
at different circumferential locations

3.3 Effects of Defect Orientation

The effects of the orientations of the defect on the
characteristic signal of the rotating electromagnetic
field were also studied. Seven defects with 0-degree,
15-degree,  30-degree, 45-degree, 60-degree,
75-degree, and 90-degree orientations were introduced
on the outer wall of the pipe in the FE model. As
shown in Fig. 10, the defects are centred at the same
point.

Defects of
~— ——different orientations

0 degree

/

[

—

90 degree

—
Fig. 10. Schematic diagram of defects of different directions
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Fig. 11 shows the axial magnetic field of
different defect orientations. It can be seen that only
when the direction of the defect is 0 degrees or 90
degrees, the peak and trough of the axial magnetic
field curve have the same absolute value. As the
defect orientation changes from 0 degrees to 90
degrees, the absolute value of the peak of the axial
magnetic field curve is greater than that of the trough.
This phenomenon is most significant when the defect
orientation is 45 degrees. The reason is that when the
defect orientation is 45 degrees, the defect is affected
by both the axial component and the circumferential
component of the eddy current. At the same time,
the distance between the peak and trough of the axial
magnetic field keeps becoming closer. This set of
FE models demonstrated that the encircling RoFEC
technique is sensitive to defects of all orientations.
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Fig. 11. Axial magnetic field of defects in different directions;
a)0°to45° and b)45° to 90°

3.4 Effects of Defect Size

The effects of the defect size on the characteristic
signal, including the defect’s length, width, and
depth, are also studied to lay the foundation for the
quantification method of defects in the future.

It can be seen from Fig. 12a that with the length
of the defect varies from 10 mm to 50 mm, and the
distance between the peak and trough of the axial
magnetic field curve also changes. The Lissajous
patterns are then drawn, as shown in Fig. 12b. The
sizes of the Lissajous patterns are also related to the
length of each defect.
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a) scan position [mm]
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. (=]

b) Real part [T] x10°%
Fig. 12. a) Axial magnetic field of defects with different lengths,
and b) the Lissajous patterns in the impedance plane

The effects of defect widths were also studied.
The width of the defect varies from 1 mm to 4 mm,
and the axial magnetic field is also extracted, as
shown in Fig. 13a. It can be seen from the figure that
the peak and trough of the axial magnetic field curve
increase with the increase of the width of the defect.
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Fig. 13b shows the Lissajous patterns of defects with
different widths. The sizes of the Lissajous patterns
also increase with defect width.

Finally, the effects of defect depth on the
characteristic signal is studied. Fig. 14a shows the
axial magnetic field of defects with different depths.
The depth of the defects varies from 1 mm to 4 mm.
The peak value of the axial magnetic field curve is
basically unchanged, leading to a less significant
change in the Lissajous patterns in Fig. 14b compared
to the previous two cases.

4 EXPERIMENTS

An encircling RoFEC system is built to verify the
feasibility of the proposed method. The hardware
part of the system mainly includes a signal generator,
voltage amplifier, lock-in amplifier, the encircling
RoFEC probe, data acquisition card and personal
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Fig. 14. a) Axial magnetic field of defects with different depths,
and b) the Lissajous patterns in the impedance plane

computer. It can run independently and complete
specific functions. The software part was developed
in LabVIEW, including a human-computer interface,
data acquisition module, and data processing module.
The overall block diagram of the detection system is
shown in Fig. 15.

The encircling RoFEC probe is comprised of six
excitation windings (shown in Fig. 16a) with the same
specifications as the ones used in the FE model and
a 50-turn bobbin coil (52 mm in diameter) placed in
the centre of the excitation windings around the pipe
(shown in Fig. 16b).

Such a bobbin pickup coil in the plane of the
rotating field is only sensitive to variations in the
axial component of the magnetic field. The coil is
self-nulling since when integrated over one circle,
the voltage induced in the bobbin coil will be zero at
a defect-free position. In addition, as demonstrated
in experiments, the phase of the induced voltage in
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Fig. 15. Block diagram of the encircling ROFEC system

the pickup coil is correlated with the circumferential
location of the defect in the pipe. Also, under this
measurement scheme, the diameter of the bobbin
pickup coil is preferably large, so the bobbin pick-
coil for the encircling RoFEC probe can have a much
bigger diameter than the pipe, leading to a bigger
tolerable lift-off distance.

b)
Fig. 16. Schematic diagram of the encircling RoFEC probe;
a) the excitation windings and b) top view of the probe with the
bobbin pickup coil in the centre

The signal generator provided the three-phase
sinusoidal excitation (10 kHz, 20 V pk-pk) to generate
the rotating electromagnetic field. The voltage
amplifier, lock-in amplifier, and data acquisition card
were used to process and record the characteristic
signal due to defect. The characteristic signal was
collected in the computer for further processing
and display. In order to realize the axial scanning of
the tested pipe, a pipe-scanning platform was also
designed. The platform is composed of three sliders,
two height adjustment devices, and a slide rail. Two
sliders are located at the two ends of the slide rail and
are used to fix the two ends of the pipe. The middle
slider is used to control the movement of the probe
to implement the circumferential scan. The height
adjustment device is fixed on the slide rails at both
ends for adjusting the height of the pipe. Fig. 17 is the
photo of the whole RoFEC system.

Signal gencrator PC Data acquisition card
\ |

Iron ?ip"‘ Probe Lock-in a.mplit’lcr
Shiderail \

~.
Voliage umpliﬁe\f\_\

Fig. 17. RoFEC system

A steel pipe with a 50 mm outer diameter and
40 mm inner diameter was used as a specimen.
Two artificial slots (25 mm x 1 mm X 3 mm) were
machined on the outer wall of the pipe, as shown in
Fig. 18.
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Axial crack Circumferential crack

L * )

Fig. 18. Schematic diagram of specimen

Firstly, the axial defect in the pipe was scanned
by the encircling RoFEC system, and the results are
shown in Fig. 19. Fig. 19a is the real part of the voltage
across the pickup coil, and Fig. 19b is the imaginary
part. At the defect-free position, i.e., the starting point
of the voltage curve, the measured voltage is basically
stable at a near-zero value. When the annular eddy
current encounters a crack-like defect, it bypasses
each end of the defect in opposite directions, so the
measured voltage will have one crest and one trough;
this is consistent with the results obtained in the FE
model.
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Fig. 19. Measured voltage for the axial defect;
a) real part, b) imaginary part

The real and imaginary parts of the voltage are
then plotted in an impedance plane, as shown in Fig.
20. The plot in the impedance plane integrates the real

and imaginary parts and is seen as a Lissajous pattern.

04F T T T T T T T T ™3

Imaginary part

04 03 02 01 0 01 02 03 04 05
Real part
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Fig. 21. Measured voltage for the circumferential defect; a) real
part, and b) imaginary part

The RoFEC system was then used to detect the
circumferential defect, and the results are shown in
Fig. 21. Fig. 21a is the real part of the voltage across
the pickup coil, and Fig. 21b is the imaginary part.
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Comparing Figs. 19 and 21, it can be seen that, as
indicated by the FE simulation results (Fig. 11), the
variation range of the measured voltage is bigger for a
circumferential defect.

The real and imaginary parts of the voltage are
then plotted in an impedance plane, as shown in
Fig. 22. The plot in the impedance is also seen as a
Lissajous pattern. The above test results are consistent
with the results of the FE model and proved that the
RoFEC technique can detect defects in any direction.
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Fig. 22. Impedance plane plot for the circumferential defect
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Fig. 23. Impedance plane plots with the defect at different
circumferential locations

The ability to determine the defect’s
circumferential location was also verified using the
axial defect. In the designed experiments, the pipe
was rotated by different angles, and line scans with
the axial crack being at 0 degrees, 90 degrees, 180,
and 270 degrees with respect to the reference point
were performed. The resultant impedance plane plots
are shown in Fig. 23. It can be seen that when the

circumferential location of the defect on the outer
wall of the pipe is different, the angle of the Lissajous
pattern changes accordingly. This is also consistent
with the FE result, which verified that the encircling
RoFEC technique can accurately determine the
circumferential location of the defect.
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Another experiment on a specimen with a smaller
crack was also conducted to test the inspection ability
for smaller defects. The specimen is a steel pipe with
a 50 mm outer diameter and 40 mm inner diameter.
One narrower axial slot (20 mm x 0.3 mm x 1.5 mm)
compared to the ones shown in Fig. 18 was machined
on the outer wall of the pipe. The encircling RoFEC
system scanned the axial slot in the pipe, and the
results are shown in Fig. 24. Fig. 24a is the real part
of the voltage across the pickup coil, Fig. 24b is the
imaginary part, and Fig. 24c is the impedance plane
plot. Although the small crack was also detected, the
indications are less informative than the bigger defect
case. In particular, the impedance plot (shown in Fig.
24c) does not form a “proper” Lissajous pattern and
cannot be used to locate the circumferential location
of the defect. Such an experiment indicates that the
current instrument for the encircling RoFEC technique
is only at a proof-of-concept stage, and significant
improvement is required.

5 CONCLUSIONS

This paper proposed an encircling RoFEC technique
to detect outer wall defects on steel pipes. The working
principle of the ROFEC technique was introduced, and
the effects of pipe tilt, defect circumferential location,
defect orientation and defect size on the inspection
performance were analysed in detail using the FE
method. An encircling RoFEC system was also built
to verify the FE results. The test results showed that
the RoFEC technique can effectively detect both axial
and circumferential defects. In addition, when the
circumferential locations of the defect are different,
the angle of the Lissajous pattern in the impedance
plane can be used to determine the circumferential
location accurately.

Compared with the existing approaches
for RoFEC testing from inside the tube [21] and
[22], in which cases the targeted tubes are non-
ferrous materials (e.g. Inconel 600), the encircling
RoFEC technique described in this paper focused
on the inspection of pipes made of carbon steel,
a magnetically permeable material that is more
difficult for eddy current related techniques. Another
major difference between the encircling and feed-
through approaches is the single bobbin pickup coil.
Although the single bobbin pickup coil is used in
both approaches, the preferences of the coil diameter
may be different. For the feed-through approach, the
bobbin coil is preferably close to the inner wall to
eliminate the lift-off effect, while for the encircling
approach, the coil diameter is a design concern. A

bobbin coil close to the outer wall of the pipe may not
be an optimal choice, and a careful design is required.

It should be noted that this paper aims to
demonstrate the feasibility of the encircling RoFEC
technique; at present, the encircling RoFEC technique
remains at a very early stage, and the current
instrument needs to be improved significantly to be
able to detect and quantify tiny flaws. Probe design
and other influential factors, e.g. lift-off distance of the
excitation windings, the diameter of bobbin pick up
coil, motion-induced eddy current, and permeability
variation due to AC magnetic field, are also worth
investigating in further studies.
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Research on a Real-time Reliability Evaluation Method
Integrated with Online Fault Diagnosis:
Subsea All-electric Christmas Tree System as a Case Study

Peng Liu— Dagang Shen — Jinfeng Cao*

Qingdao University of Technology, School of Mechanical and Automotive Engineering, China

The subsea all-electric Christmas tree is key equipment in subsea production systems. If a failure occurs, the marine environment will be
seriously polluted. Therefore, strict reliability analysis and measures to improve reliability must be performed before such equipment is
launched, which is crucial to safe subsea production. A real-time reliability evaluation method for the all-electric Christmas tree mechanical
system integrated with the static Bayesian network fault diagnosis stage is proposed in this paper, which realizes the identification of the fault
type of the components and the real-time reliability evaluation of the mechanical system under different failure rates of the components.
As a supplement to the method, by using mutual information to conduct sensitivity analysis on the reliability of the mechanical system, the
importance of the basic events of each component on the reliability of the system is finally given. The proposed method provides significant
theoretical support for the maintenance of the subsea all-electric Christmas tree and can be extended to the reliability evaluation of general

subsea production systems.
Keywords: reliability analysis, Bayesian network, fault diagnosis

Highlights

*  This article contributes a real-time reliability evaluation method integrated with the online fault diagnosis stage by using dynamic

Bayesian networks.

e The proposed method identifies component fault types and the real-time reliability evaluation of the mechanical system under

different component failure rates in a marine environment.

*  The problem of inaccurate evaluation results caused by only considering component degradation rate or using sensor data as a
single piece of evidence has been overcome by using this method.

e The proposed method provides important theoretical support for the maintenance of the mechanical system of the all-electric
Christmas tree and can be extended to the reliability evaluation of general subsea production systems.

0 INTRODUCTION

Process safety, risk analysis, and reliability evaluation
have paramount significance in the modern process
industries for preventing fatalities and loss of assets
[1] and [2]. Even certified and tested equipment may
experience problems during operation due to incorrect
installation, operating environment, operator error, or
lack of maintenance [3] and [4]. Furthermore, once
installed, the subsea equipment must be transported
back to the shore for maintenance and repair, which
is time and resource consuming. The best way to
avoid such large maintenance costs is to improve
the reliability of subsea equipment by performing a
reliability evaluation before launching the equipment.
Moreover, a reliability evaluation can guide the
maintenance of engineering staff.

Subsea all-electric Christmas trees (XTs) are
critical pieces of equipment in subsea production
systems [5] and [6]. They are the only viable method
for oil and gas development that can be utilized in
some areas. The ecosystem is fragile, and oil spills can
have irreversible effects; therefore, very reliable and

safe subsea XT systems are required [7]. Indeed, safe
and reliable subsea production systems will become
increasingly important. The research on the reliability
evaluation method of XT is paid increasing attention
by scholars. In general, reliability evaluation methods
of subsea XT can be divided into three categories:
model-based, signal-based, and data-driven methods
[8] to [11]. The model-based methods focus on
building mathematical models of complex industrial
systems, while the signal-based methods compare the
detected signals with prior information obtained from
normal industrial systems and use the detected signals
to perform real-time online reliability evaluation [12].
However, for complex industrial and process systems,
accurate mathematical models and signals are difficult
to obtain, and the XT is a typical complex system.
Data-driven methods that rely on historical data for
reliability evaluation are particularly suitable for
complex industrial systems.

Data-driven methods (e.g., Bayesian Network)
have been shown to solve problems in complex
systems, which has been used for reliability or risk
analyses of XT systems or other subsea equipment
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[13]. For example, Wang et al. quantitatively analysed
the reliability and availability of a subsea tree
system with different repair states using the dynamic
Bayesian network (DBN). In addition, the influence of
failure rates and degradation probability on reliability
and availability has been analysed [14]. Li et al. [15]
presented a risk-based accident model to conduct
quantitative risk analysis (QRA) for leakage failure of
submarine pipeline by using a Bayesian network. The
model can provide a more case-specific and realistic
analysis consequence compared to the bow-tie method,
since it could consider the common cause failures
and conditional dependency in the accident evolution
process of pipeline leakage. Wang et al. presented
an advanced two-step approach using Bayesian
networks to analyse the failure probabilities of an
urban buried gas pipeline. This novel approach could
better reveal the relationships among failure causal
factors and could also update the failure probabilities
as operational and environmental conditions evolve
[16]. Cai and Liu et al. [17] proposed a reliability
and resilience evaluation method by combining the
Markov model with a Bayesian network and used
this method to conduct a risk analysis and reliability
evaluation of the subsea oil and gas pipelines. Li et
al. [18] proposed a method of quantitative assessment
of the risk of gas explosion in an underground
coal mine using a Bayesian network. This method
overcomes the shortcomings of traditional methods in
quantitative evaluation, dynamic control, and dealing
with uncertainty. Lyu et al. proposed a Bayesian
network model for series, parallel, and voting systems
by considering common cause failure (CCF) and
coverage factors. The model was used to evaluate the
reliability of the subsea XT control system at any time,
and the difference between posterior probability and
prior probability of each component in the event of
system failure was obtained. The effects of CCF and
single-component failure rate on system reliability
were studied [19]. Zhang et al. [20] used Bayesian
networks to quantitatively evaluate the reliability of
subsea production systems, including the subsea XT,
in the early design stages.

Recently, there has been a growing interest in
data-driven and model-based methods to understand
and integrate both approaches in order to provide
better diagnostic systems and reliability evaluation
[21]. For example, Qian et al. [22] proposed a method
of integrated extreme learning machine algorithm
(data-driven algorithm) and model-based (fault
model) for condition monitoring of the wind turbine
gearbox. Zou et al. [23] proposed a novel data-driven
stochastic manufacturing system model to describe

production dynamics, and a systematic method has
been developed to identify the causes of permanent
production loss in both deterministic and stochastic
scenarios. The proposed methods integrate available
sensor data with the knowledge of production
system physical properties. Simani et al. [24] studied
the fault diagnosis and continuous control of wind
turbines based on data-driven and model-based
robust strategies. Wang et al. [25] discussed feasible
integration approaches for the model-driven and data-
driven methods based on the existing achievements
and proposed integrating both methods for the power
system online frequency stability and reliability
assessment.

The above-mentioned research has found that
the Bayesian method is widely used to evaluate the
safety, risk, and reliability of complex system and
XTs. It is worth noting that the focus of these studies
is to explore the impact of some traditional factors on
system reliability, especially for real-time and static
evaluation of system reliability. The basic research
of these methods has greatly inspired our work;
to the best of our knowledge, during the working
process of XT, some local faults often occur, some
are intermittent, and some are permanent. These faults
usually have an important impact on the real-time
reliability of XT. Therefore, the real-time reliability
evaluation data of the system are different under
different fault rate states of the components. To study
the influence of the important factor of “fault” on
system reliability, a real-time reliability evaluation
method integrated with online diagnosis is proposed
by using Bayesian networks, and the subsea all-
electric XT mechanical system is used as a case study
to verify the practicability of the method. Generally,
methods of obtaining data include simulation,
experimental testing, data reasoning, and expert
data. In this paper, an XT testing system [10] is used
to collect normal working signals and fault signals
of the system. The abnormal signals of the pressure
sensors are used to indicate the fault signals to obtain
the components’ fault information. According to the
Weibull distribution law, the reliability change trend
of the normal degradation process of the component
is obtained. These data ultimately provide probability
information for the Bayesian network.

The rest of the paper is organized as follows.
Section 1 introduces the basic principles of Bayesian
networks. Section 2 proposes the real-time reliability
evaluation method integrated with online diagnosis.
Section 3 provides a case study of subsea all-electric
XT mechanical systems to demonstrate the application
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of the proposed approach. Section 4 summarizes the
work.

1 BASIC THEORY BRIEF DESCRIPTION O
F BAYESIAN NETWORK

A Bayesian network is a data-driven reasoning method,
which is widely used in the reliability evaluation and
fault diagnosis analysis of complex systems. It is a
graphical network that uses probabilistic reasoning
and includes two parts: a qualitative part and a
quantitative part. The qualitative part is represented
by a directed acyclic graph, including system
variable nodes and directed arcs indicating the causal
relationships between the nodes. The quantitative part
is the conditional probability tables between child and
parent nodes.

According to the conditional independence and
the chain rule, P(U) represents the joint probability
distribution of the variables U={A,A,, ..., Ay}, which
can be represented as:

PU) = HP(Ai | Pa(4,)), )]

where Pa(A)) is the parent node of A;.

If there is new evidence E, then the posterior
probability of the variable can be calculated by the
Bayesian formula, as follows:

P(E|U)P(U P(E, U
pw | py- PEIDPQ) . _PED)

P(E) > v P(EV)

Xt » Xr+l

I |

I |

Yr » Yr+|

| |

I |

I |

Z.‘ Zi’+|
Time ¢ Time ¢ + At

Fig. 1. Structure of dynamic Bayesian network

A dynamic Bayesian network is the combination
of a static Bayesian network and time information to

form a new random model with the processing of time
series data. Each time step in the model is called a
time slice. The basic structure of a dynamic Bayesian
network is shown in Fig. 1. Where t is the current
time slice, t+1 represents the next time slice, At is the
interval of time slices, and dotted directed arcs show
the relationship between variables in the same time
slice, while solid line directed arcs represent that in
different time slices. Similar to the static Bayesian
network calculation method, the joint probability
distribution of the dynamic Bayesian network can be
calculated as follows:

P(4,) =TT 1P | Pa(4)). 3

t=1 i=1

2 RESEARCH ON REALTIME RELIABILITY
EVALUATION METHOD OF ALL-ELECTRIC CHRISTMAS TREE

2.1 Theoretical Model of Bayesian Network Reliability
Evaluation for All-electric Christmas Tree

The theoretical model of the real-time reliability
evaluation of the all-electric Christmas tree consists
of two main phases: the fault diagnosis stage based
on a static Bayesian network and the real-time
reliability evaluation stage based on a dynamic
Bayesian network, as shown in Fig. 2. In Fig. 1, both
blue and red directed solid arcs indicate the causal
relationship between nodes in different time slices.
The blue arcs represent the degradation trend of
the same component, and the red arcs represent the
influence relationship between different components
in different time slices. Since this study did not
consider the influence and dependency relationships
between different components, there are no directed
arcs between different components in Fig. 2.

The static Bayesian network fault diagnosis
phase consists of three layers: the additional
information layer, the fault layer, and the fault
symptom layer. A, A,, ..., A, are parent nodes in the
additional information layer and also called additional
information nodes, which represent the influence of
subsea environment and operator experience on the
probability of failure of all-electric XT mechanical
components, such as corrosion degree, well fluid
temperature, operating depth, repair frequency and
so on. Child nodes F;,F,,...,F, are located at the
fault layer, called fault nodes, which represents the
probability of failure of relevant components of the
all-electric Christmas tree, such as the probability of
valve clogging failure and leakage failure, etc., and
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Fig. 2. Theoretical model of real-time reliability evaluation

each faulty node has a corresponding fault type. Child
nodes S;,S,,...,5, are located in the fault symptom
layer, which are called the fault symptom nodes, and
mainly from the data acquired by the sensor, such
as the change of pressure value of pressure sensor
is the most direct characterization of component
failure. The supplementary data are the real data of
the sensor when the fault occurs, and these data are
re-entered into the fault symptom layer to improve
fault diagnosis accuracy; the probability of failure of
a certain component can be deduced reversely through
the static Bayesian network eventually.

The dynamic Bayesian network reliability
evaluation phase is composed of multiple time slices,
and each time slice includes three layers: the additional
information layer, the reliability component layer, and
the reliability result layer. The additional information
layer is the same as the static Bayesian fault diagnosis
stage, and the above additional information not only
affects the failure probability of the component
but also affects the reliability probability of the
component. During the evaluation phase, Child nodes
Fi,F,, ..., F, are located in the reliability component
layer, which are the deformation of the fault nodes in
the fault diagnosis stage, and for each node, the value
is the complement of the fault diagnosis result in
[0,1]. The child node R(X) is located in the reliability
result layer, and the reliability data in the current
time slice of the component is obtained. In each time

slice, the reliability results are obtained based on the
forward derivation of the Bayesian network. Multiple
time slices constitute a dynamic Bayesian network
evaluation model, and the arcs between the time slices
connect the layers of reliability components located in
different time slices and represent the trend of inter-
chip transfer, indicating component reliability. The
time interval between adjacent time slices is denoted
by At, which can be 1 hour, 1 day, 1 month, etc.
Based on the theoretical model of real-time
reliability evaluation, recording the sensor data at a
specific moment, then bringing into the fault diagnosis
stage of static Bayesian network, and the real-time
component fault diagnosis results can be obtained
by reverse derivation. The result is numerically
transformed and input into the time slice t of the
dynamic Bayesian network reliability evaluation
stage, and the influence of additional information is
considered. The forward derivation of the Bayesian
network in different time intervals is carried out
to obtain the component reliability probability in
corresponding time slice, and finally the relationship
between time and component reliability is obtained.
Previously, the author’s scientific research team
and CNOOC Energy Development Co., Ltd. Shenzhen
Oilfield Construction Branch jointly developed
the XT test system to perform fault detection on
the Christmas tree, as shown in Fig. 3 [26]. The test
system is connected to the Christmas tree through
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hydraulic lines and communication cables to complete
valve operating condition detection, production loop
detection, annulus loop detection, chemical injection
loop detection, and acquires sensor data in real time,
as shown in Fig. 4.

In the conditional probability table, the increase in
the number of parameters will lead to an exponential
increase in the amount of calculation; therefore,
the Noisy-OR and Noisy-MAX models are used
to determine the conditional probability table. The
conditional probability table can be calculated simply
and quickly by using Noisy-OR when a node has
two states. For the Noisy-OR model, Y is considered
to be the result of different causal variables, such as

X1, Xa, ...y Xp, and these causal variables are considered
to be Boolean values: only “true” and “false” status.
A conditional probability table including n parameters
(e.g., 41, 9, ..., Qn) can be determined with the Noisy-
OR model. The formula for calculating the conditional
probability of a parent node being 1 is as follows [27]
and [28]:

P(Y=1X,X,,..X,)=1-[]4q. 4
i=1

Q here g is the probability that Y is false when X;
is assumed to be true, and all other parent nodes are
false.

Hydrauic lines and

.- communication cables

.

Fig. 3. Subsea Christmas tree testing system

(5 A
4 A
[BWE. ..

PMV closed B

A

Acquire sensor data

Valve operating condition detection

Fig. 4. Sensor data acquisition
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If there are more than two states in a node, for
example, the sensor data includes “high”, “low”, and
“normal” states, which represent high pressure, low
pressure, and normal pressure, respectively. It can be
calculated simply with the Noisy-MAX model in the
conditional probability table. Similarly, Y is considered
to be the result of different causal variables; these
cause variables such as Xj,X,, ..., X,, but these causal
variables are not Booleans. The calculation formula of
the conditional probability table is as follows [28]:

Pr<yX)=T] ¥ ©

i=1 y‘:o
x;#0

P(Y=y|X)=

{ P(Y<0|X) if y=0

P(Y<y|X)-P(Y<y-1|X) if y>0 ©

where X=X,X,,...,X,, and y is specific condition
boundary.

2.2 Fault Diagnosis Stage Based on Static Bayesian
Network

The cumulative number of various fault symptoms at
different intervals such as 1,000 hours or 2,000 hours
can be recorded by using the XT test system; the
symptom data corresponding to these faults are then
input into the fault symptom layer. Fault diagnosis is
carried out by reverse derivation of static Bayesian
network; the diagnosis result of the fault diagnosis
method does not clearly indicate that the fault must
occur, but it provides the failure probability of the
component to guide the maintenance [28]. Generally,
the greater the probability of failure, the greater the
likelihood of failure of the corresponding component.
However, there is a kind of failure. When the failure
occurs, it will not cause huge economic losses or
casualties but will only cause < temporary reduction
in production or the XT cannot work normally. In this
paper, the type of failure is defined as safety failure
of the mechanical component (hereinafter: safety
failure). For example, when the control signals of
the surface control subsea safety valve (SCSSV),
production main valve (PMV), and production wing
valve (PWV) are lost, the valve cannot be closed.
However, such failures can usually be resolved by
restarting the subsea control module (SCM) without
causing great economic losses. The priority of fault
maintenance can be determined by taking different
measures to deal with safety failure. Combined with
the experience of engineers, three judgment rules are

defined to determine the diagnosis result, and some
engineers applied similar judgment rules to the fault
diagnosis of deep-water blowout preventer (BOP)
systems [10].

Rule 1: If the type of failure is not a safety failure,
when the difference between the posterior probability
and the prior probability of the failed node is > 60 %,
the failure will be reported.

Rule 2: If the type of failure is not a safety failure,
a warning will be issued when the difference between
the posterior probability and the prior probability of
the fault node is > 30 % and < 60 %.

Rule 3: If the failure type is a safety failure, then
when the difference between the posterior probability
and the prior probability of the fault node is > 80%, an
early warning will be issued.

For the convenience of analysis, the mechanical
system of the all-electric XT is symbolized, as
shown in Fig. 5. Its working principle is described as
follows: under normal operating conditions, SCSSV
continuously transports crude oil from the wellhead
to the oil storage device through the production loop,
and PMV, PWV, PCV (production control valve) and
PIV (production isolation valve) all remain open in
this case; once a problem occurs in the production
loop, the signals of the corresponding sensors (such
as PS11, PS12 and FS11) will change, and the signal
of the sensor is used to determine whether crossover
valve (XOV) needs to be turned on. If XOV is opened,
the annulus loop is connected, and AMYV is put into
operation. At the same time, the valve of the chemical
injection loop is always kept open, and the chemical is
injected into the production loop.

Using Netica software [29] for Bayesian network
modelling and analysis, the nodes of the additional
information layer are determined as the parent nodes
of the fault nodes, and each parent node has two
states (i.e., a high state and a low state), indicating the
degree of reasoning of the corresponding additional
information. Under the influence of additional
information nodes, fault diagnosis is made for the
components of the system. The failure layer includes
12 nodes, which represent the failure probability of
12 components (surface control subsea safety valve
(SCSSV), PMV, PWV, chemical injection valve 2
(CIV2), XOV, annular main valve (AMV), PCV, PIV,
chemical injection valve 2 (CIV1), AMV (annular
main valve), AAV (annulus access valve), and MIV
(methanol injection valve)).

To make the analysis convenient, the components
are divided into five categories according to the
structure, function, and parameters of the main
components of the all-electric XT. The relationship
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Fig. 5. Symbolic representation of subsea all-electric XT machine system

and classification between the additional information
node and the fault node are shown in Table 1. For
example, “SCSSV Failure” indicates the SCSSV
fault node, “Present” indicates the probability of
failure of the corresponding component of the node,
and “Absent” indicates the probability of no failure.
The conditional probability tables of the
additional information nodes and the fault nodes
can be calculated by using the Noisy-OR model
of Eq. (4) and establishing a Bayesian network of
the relationship between the additional information

layer and the fault layer, as shown in Fig. 6. In the
initial state, the high and low state probabilities of
all additional information nodes are set to 99 % and
1 %, respectively, and the “Absent” state probability
and “Present” state probability of the fault node can
be derived.

In the XT mechanical system, SCSSV,
PMV, PWV, AMV and XOV are the most critical
components; therefore, it is very important to guide
the repair and maintenance of the XT by focusing
on distinguishing the types of faults during the fault

Table 1. The relationship and classification between additional information node and the fault node

Additional information (high)

Fault nodes State Corrosion degree Well fluid temperature Operating depth Repair frequency
. Absent 0.988 0.985 0.986 0.987
SCSSV_Failure Present 0.012 0015 0.014 0013
PMV/PWV Absent 0.988 0.985 0.986 0.987
/PIV_Failure Present 0.012 0.015 0.014 0.013
AMV/annular wing valve(AWV)/ Absent 0.988 0.985 0.986 0.987
AAV/XOV_Failure Present 0.012 0.015 0.014 0.013
CIV1/CIv2 Absent 0.988 0.985 0.986 0.987
/MIV_Failure Present 0.012 0.015 0.014 0.013
PCV Failure Absent 0.988 0.985 0.986 0.987
- Present 0.012 0.015 0.014 0.013
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Fig. 6. Bayesian network of additional information and fault layer

diagnosis stage. For example, when the Christmas
tree is working normally, the valves on the production
loop are all open, XOV remains closed, if the control
signals of SCSSV, PMV and PWYV are lost, the valve
cannot be closed; however, this fault can usually be
solved by restarting the SCM, which means that only
a safety failure has occurred and will not cause much
loss; there is no need to salvage the XT from the water
to the shore foundation for maintenance. Therefore,
the failures of the above five key components are
specifically divided into three failure types, namely
blocking, leakage and safety-failure (SFailure).

In the fault layer of the Bayesian network,
the nodes of the above five key components are
replaced, and each replaced node includes four
states: Normal, Blocking, Leakage, and SFailure, as

SCSSV_Failure PMV_Failure PWV_Failure AMV_Failure XOV_Failure
Absent  94.7 jmmk Absent  95.5 fmm Absent  95.5 fmm Absent 956 Absent  95.6 mmi
Present 529 Present 4.49 Present 4.49 Present 4.39 Present 4.39
SCSSV_State PMV_State PWV_State AMV_State XOV_state
Normal 94.7 Normal 95.5 Normal 95.5 Normal 95.6 Normal 956
Blocking  3.27 Blocking 2.90 Blocking  2.90 Blocking 2.79 Blocking 2.79
Leakage 0.70 Leakage 1.12 Leakage 1.12 Leakage 1.05 Leakage 1.05
SFailure  1.32 SFailure 047 SFailure 047 SFailure  0.55 SFailure  0.55
Fig. 7. Fault nodes replacement
shown in Fig. 7 (Netica software figure). Based on
Additional Corrosion Operaiing the reverse derivation of the static Bayesian network

degree depth

information layer

Repair
frequency
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AAV_Failure MIV_Failure
v U B Y 6 WA LG
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Fig. 8. Static Bayesian network fault diagnosis phase model of
subsea all-electric XT
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fault diagnosis stage, the fault types of the five key
components can be discriminated, according to the
judgment rules to report the corresponding message.
The relationship between the replaced and replaced
nodes is shown in [10].

The fault diagnosis model of the all-electric XT
established based on the static Bayesian network is
shown in Fig. 8, the fault symptom layer includes 13
nodes (DHPT, PS11, PS12, PS13, PS14, PS21, PS22,
FS11, FS12, FS21, FS22, FS31, FS32), representing
the corresponding sensor data, and each node has
three states, namely “normal”, “high” and “low”. The
sensor value below 10 % of the normal value is in a
“low” state, while 10 % above the normal value is
in a “high” state. Because each fault symptom node
has three states, the Nosiy-MAX model can be used
to calculate the conditional probability tables of the
fault node and the fault symptom node, as shown in
Egs. (5) and (6). Due to system uncertainties in the
static Bayesian network fault diagnosis model, such as
the detection accuracy and measurement error of the
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sensor, the “Absent” state of all fault nodes is set to 99
% instead of 100 % in the initial state [30].

2.3 Reliability Evaluation Stage Based on Dynamic
Bayesian Network

The real-time reliability evaluation of the dynamic
Bayesian network is carried out on the basis of the
fault diagnosis of the static Bayesian network, and
the evaluation model is still modelled using Netica
software. The model of the dynamic Bayesian
network evaluation stage is shown in Fig. 9. Each
time slice Time t is expanded to four layers: additional
information layer, component reliability layer, loop
reliability layer and Christmas tree reliability layer.

The additional information layer consists of four
nodes and is consistent with the fault diagnosis
stage of a static Bayesian network. The component
reliability layer is the deformation of the fault node
in the fault diagnosis stage and includes 12 nodes.
The loop reliability layer includes three nodes: PL._R,
AL R and CL_R. The XT reliability layer has only
one XT reliability node XT R.

In the stage of reliability evaluation based
on dynamic Bayesian networks, the state of the
node “Re” indicates the reliability probability of
the component, “Fa” means the failure rate of the
component, and in the initial state, set the “Re” of
all component reliability nodes to 100 %. All-electric
Christmas tree components comply with the life
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Fig. 9. Dynamic Bayesian network reliability evaluation phase model of subsea all-electric XT
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Fig. 10. Real-time reliability evaluation model of subsea all-electric XT
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cycle law of general electronic control components;
therefore, the life cycle of each component conforms
to the Weibull distribution; the probability distribution
of the life cycle is shown in the following Eq. (7).
The proportional parameters 6=6800, and shape
parameters B=2.3 [31] to [33].

p-1
E(ij e x>0

f(x:0,8)=16010 O]

0 x<0

In the reliability evaluation stage, the three loops
of the all-electric XT belong to a series relationship,
meaning that if any loop fails, the mechanical system
fails. Therefore, the conditional probability tables
of the nodes of the loop reliability layer and the
Christmas tree reliability layer can be obtained, as
shown in Table 2.

Table 2. CPT for the nodes of the circuit reliability layer and the tree
reliability layer

PL_R(Re) [%] AL_R(Re) [%] CL_R(Re)[%] XT_R(Re) [%]

100 100 100 100
100 100 0 0
100 0 100 0
100 0 0 0
0 100 100 0
0 100 0 0
0 0 100 0
0 0 0 0

a) PL_R: 100%, AL _R: 100%, CL _R: 100 %

AL_R CLR
50.0 l
50.0

b)PL_R: 0%, AL R: 50%, CL R: 50%

PL_| AL_R CL_R

R
Re 500 m i Re 500 m| i Re 50.0 m |
Fa 500 Fa 500 Fa 500

¢)PL_R: 50%, AL_R: 50 %, CL_R: 50%

Fig. 11. Bayesian network of circuit reliability layer and tree
reliability layer

The real-time reliability evaluation model of the
all-electric XT is shown in Fig. 10. First, the sensor
state of the fault symptom layer nodes in the fault
diagnosis stage of the static Bayesian network is used
to deduce the nodes state of the fault layer in reverse
and to obtain component failure rate (probability
of “Present”), and whether the component fails is
determined by the above judgment rule. Second, the
complement of the failure rate of the faulty component
is calculated and transformed into the reliability
probability of the component and then substituted
into the reliability probability of the corresponding
node in the component reliability layer of the dynamic
Bayesian reliability evaluation stage (probability of
“Re”). The reliability probability of the specified time
slice interval At can be obtained by using dynamic
Bayesian network forward derivation.

The probability relationships in Table 3 are
substituted into the loop reliability layer and the
Christmas tree reliability layer, as shown in Fig. 11.
Fig. 1la shows that when the Re probability of the
PL R node, AL R node and CL_R node are all 100
%, the reliability of the Christmas tree reliability node
(XT _R)is 100 %. As shown in Fig. 11b, the reliability
probability of any node PL R, AL R and CL R is 0,
meaning that when the probability of Fa is 100 %, the
Christmas tree mechanical system will fail, meaning
that the probability of Fa of XT_R node is 100 %.The
reliability probability of the current time slice of the
all-electric Christmas tree mechanical system can be
derived forwardly through the Bayesian network by
obtaining the reliability probability of the three loops,
as shown in Fig. 11c.

3 RESEARCH ON REAL-TIME RELIABILITY OF DYNAMIC
BAYESIAN NETWORK FOR ALL-ELECTRIC CHRISTMAS TREE

3.1 Verification of Bayesian network model of All-electric
Christmas tree

Model verification is an important part of fault
diagnosis and reliability analysis. In the static
Bayesian network fault diagnosis stage, the Christmas
tree test system is used to collect sensor data and
determine whether the component has failed, as shown
in Fig. 4, and can be compared with fault diagnosis
results. The correctness of the fault diagnosis method
is verified based on three examples [10], as follows:
(1) When the fault symptom nodes DHPT,
PS11, PS12, and PS13 are high, low, low, and low,
respectively, the remaining nodes are normal, and
SCSSV has safety failure, the fault diagnosis result
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is the “SFailure” state probability of SCSSV > 80 %,
which is consistent with the actual result.

(2) When the fault symptom nodes DHPT, PS11,
PS21, PS22, and FS22 are low, high, high, low and
low, respectively, the remaining nodes are normal,
and AMV has leakage fault, the fault diagnosis result
is the “Leakage” state probability of AMV > 60%.
Generally, when the failure probability is greater than
50 %, it indicates that the component has a high risk
of fault and should be shut down for maintenance.
Therefore, it can be considered that the BN (Bayesian
network)-based fault diagnosis method diagnoses that
the AMV leakage fault probability is greater than 60
% is consistent with the actual result.

(3) When the fault symptom nodes PSI3,
PS14, FS11 and, FS32 are low, high, low and high,
respectively, and CIV1 failed (the component does not
consider safety failure), the fault diagnosis result is
the “Present” state probability of CIV1 > 90 %, which
is consistent with the actual result.

It is impractical to fully verify the results of the
life cycle reliability evaluation of the all-electric
XT mechanical system, but Jones et al. proposed a
three-axiom-based validation method for reliability
evaluation method verification [34]:

Axiom 1. A slight increase/decrease in the prior
subjective probabilities of each parent node should
certainly result in the effect of a relative increase/
decrease of the posterior probabilities of the child
node.

Axiom 2. Given the variation of subjective
probability distributions of each parent node, its
influence magnitude to the child node values should
keep consistency.

Axiom 3. The total influence magnitudes of the
combination of the probability variations from x
attributes (evidence) on the values should always
be greater than the one from the set of X-y (YEX)
attributes (sub-evidence).

In the initial state, the “Re” state prior probability
of the 12 component reliability nodes are all set to 60
%, then the “Re” of the 12 components are increased
to 100 % in sequence, and finally the “Re” of the
XT_R node are increased in sequence; combined with
the three cases in Fig. 12, the Bayesian reliability
evaluation model is shown to conform to the Three-
axiom-based validation method.

3.2 Real-time Reliability Evaluation of All-electric XT
The value of the time slice interval At can be any

period when no fault occurs, At takes 200 h, 400
h, 600 h, 800 h and 1000 h, etc. The trend of the

time slice interval and the reliability of the mechanical
system is shown in Fig. 12.
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Fig. 12. Effect of At on the tree reliability

It can be seen from the figure that the time slice
interval has little effect on the reliability evaluation
of the XT mechanical system; regardless of the
value of the time slice interval, the reliability of the
mechanical system will eventually become consistent,
the reliability of the XT drops rapidly to around 0.958,
and then shows a slow downward trend only due to
the impact of the additional information layer on the
reliability of the mechanical system, and the trend
is consistent with the Weibull distribution of the life
cycle of the XT. Theoretically, if At is reduced by
one time, the reliability data points will be doubled.
The more data points there are, the more accurate the
degradation trend will be depicted. As the degradation
curve is fitted by a computer according to the data
points, and the number of data points is limited
during the 20-year service life of the XT. Therefore,
for computers, the impact of increasing limited data
points on time costs is not obvious. In other words,
the time cost is acceptable. However, the degradation
trend of XT reliability is relatively slow, and the
degradation trend is not obvious in a short time, so the
time slice should be appropriately larger.

The larger the value of the time slice, the better
in reducing time cost (although the time cost is
acceptable). However, it can be inferred from Fig.
12 that if the value of At is too large, the reliability
probability point will be lost. If At is 2000 h, then data
points less than 2000 h will be lost. Therefore, the
larger the At, the lower the resolution of the obtained
reliability degradation curve. If At is 10000 h, the
obtained reliability curve will become a straight line
in Fig. 12. In summary, considering that it can fully
describe the degradation trend of system reliability
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and the slowness of system degradation in a short
period, At is taken 1000 h in the analysis of this paper.

Evaluating the reliability of the all-electric
Christmas tree mechanical system by using the three
examples in the previous section, and based on the
static Bayesian network fault diagnosis stage, the
fault probability of three cases is reversely deduced,
as shown in Table 3. The reliability probabilities
of a component can be obtained by calculating the
complement of component failure probabilities and
then substituted into the corresponding node of the
dynamic Bayesian network reliability evaluation
stage. For example, case 1 in the table, the “Present”
probability of the node “PMV_Failure” is 0.0933,
which indicates that the reliability probability is
0.9067, then it is replaced to the “Re” state of the node
“PMV_R” in the Bayesian network time slice Time
t of the reliability evaluation stage, and the forward
derivation of reliability is carried out after successive
substitution.

Table 3. Fault diagnosis results of the three cases

Probability of fault
Case 1 Case 2 Case 3
Present 0.1384 0.3253 0.0696

Fault nodes State

SCSSV_Failure

PMV _Failure Present ~ 0.0933 0.4691 0.0444
PWV _Failure Present 0.0647 0.0444 0.0427
PIV_Failure Present 0.0444 0.0444 0.0444
AMV _Failure Present  0.0434 0.8561 0.0432
AWV _Failure Present  0.0434 0.0434 0.0434
AAV _Failure Present ~ 0.0434 0.0449 0.0449
XOV_Failure Present  0.0352 0.0367 0.0187
CIV1 _Failure Present 0.0514 0.0514 0.9411
CIV2 _Failure Present 0.0514 0.0514 0.4182
MIV_Failure Present ~ 0.0514 0.0514 0.0514
PCV_Failure Present  0.0454 0.0454 0.0463

In the state of case 1, the reliability curve of the
mechanical system is obtained, as shown in Fig. 13. It
is worth noting that in this case, as mentioned above,
despite the fault diagnosis result is the “Sfailure” state
probability of SCSSV > 80 %, but safety failure is not
real failure (need to transfer the XT to land for repair).
Safety failure is a temporary failure behaviour; for
example, the system crashes due to signal interference.
After the interference disappears, the problem can be
solved by restarting the system without transferring the
XT to land for repair. So it is a self-healing fault. The
real failure rate of SCSSV is only 0.1384, as shown in
Table 3, which shows that the component still has high
reliability, which effectively prevents misjudgement

of the fault and avoids the cost of salvage maintenance
and detection. Time in the figures represents the
time when the failure probability is input into the
dynamic Bayesian network; for example, Time =
200 h means that the reverse derivation of the fault
diagnosis stage is performed at 200 h. It can be seen
from the “no fault” curve that the safety failure of
SCSSV has a certain impact on the reliability of the
mechanical system, which will cause the reliability
of the mechanical system to decrease slowly. When
the reliability of the mechanical system drops to 95
% after continuous working for 5000 hours, adequate
attention should be paid to safety failure to prevent
the failure of the mechanical system. However, if
a safety failure occurs, it is detected after 800 hours
of system operation (the curve of Time = 800 h); at
this time, the safety failure has a greater impact on
the reliability of the mechanical system, and if it
continues to work, the reliability of the mechanical
system will decline rapidly. In summary, the time
when the safety failure is detected has a greater impact
on the reliability evaluation results of the mechanical
system. In addition, it can be seen from the figure that
when the mechanical system continues to work for
8000 h, the system reliability presents a rapid decline,
and the decline rate is significantly greater than the
decline rate of the previous 8000 h. Therefore, when
the mechanical system works normally for 8000 h, it
is necessary to shut it down for maintenance in order
to ensure the stable operation of the system.
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Fig. 13. Reliability evaluation results of machine system-case 1

In the state of case 2, when the failure probability
of AMYV is detected as high as 85.61 %, the reliability
of the mechanical system is evaluated, as shown
in Fig. 14. Due to AMV failure, the reliability of
mechanical system decreases rapidly; at any values
of Time (200 h, 400 h, 600 h, 800 h), the mechanical
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system reliability is less than 10 %, which shows
that the failure probability of AMV components has
an important impact on the reliability of mechanical
systems.
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Fig. 14. Reliability evaluation results of machine system-case 2
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Fig. 15. Reliability evaluation results of machine system-case 3

In the state of case 3, when the failure probability
of CIV1 is detected to be 94.11 %, the reliability of
the mechanical system is evaluated, as shown in Fig.
15. Failure of CIV1 can also cause mechanical system
reliability to drop below 10 %; however, the downward
trend is significantly less than the impact of AMV on
the reliability of mechanical systems. CIV1 is located
in the chemical injection loop, and AMYV is located in
the annulus loop, indicating that the components on
the annulus loop have a more obvious influence on the
reliability of the mechanical system. In cases 2 and
3, it can be found that if the failure rate of a certain
component of the system is too high, the reliability
will quickly drop to an extremely low value after the
system works for 8000 h. To summarize, whether the
system components are malfunctioning or not, 8000 h

of continuous system operation is the recommended
limit value and should be shut down for maintenance.

3.3 Sensitivity Analysis of All-electric XT

The influence of components on the reliability of
the mechanical system is studied by sensitivity
analysis, mutual information can be used to analyse
the reliability and sensitivity of the XT mechanical
system, and mutual information is used to indicate the
relationship between two basic events, the reliability of
12 components are considered as 12 basic events, and
the reliability of a mechanical system is considered as
a basic event, and the mutual information about the
reliability of component basic events and mechanical
system basic events are calculated in sequence [35];
the calculation formula is as follows:

P(x,y)
P(x)P(y)’

where X and Y represent two basic events, P(X,Y) is
the joint probability distribution function of X and Y,
P(x) and P(y) are the edge probability distribution
functions of X and Y, respectively. Figs. 16 and 17
are the mutual information values of the reliability of
each component and the reliability of the mechanical
system for 5,000 hours and 10,000 hours of operation
of the mechanical system, respectively.

It can be seen from Fig. 16 that when the
mechanical system works for 5000 hours, the
SCSSV, PMV, PWV, PCV and PIV components in
the production loop have a great influence on the
reliability of the mechanical system, SCSSV, PMV,
PWYV, PCV and PIV components in the production
loop have a greater impact on the reliability of the
mechanical system, followed by AMV, AWV and AAV
components in the annulus loop, and MIV, CIV1 and
CIV2 components in the chemical agent injection loop
have less impact. The components in the production
loop and the annulus loop affect the reliability of the
mechanical system by several orders of magnitude
higher than the components in the chemical injection
loop on the reliability of the mechanical system.
Therefore, the reliability of the two-loop components
should be guaranteed first. Fig. 17 shows that the
mechanical system has the same rule when it works for
10,000 hours; however, with the increase of working
time, the mutual information value of the influence of
production loop components on the reliability of the
mechanical system is increased to more than 0.04239,
while the mutual information value of the influence
of the chemical injection loop components on the

[(X;Y) = > P(x,y)log———2=—

xeX xe¥

®)
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reliability of the mechanical system is reduced to
below 0.000104, which indicates that the longer the
working time of the mechanical system, the greater
the influence of the components on the production
loop on the reliability of the mechanical system,
More attention should be paid to prevent failures from
occurring, so as to avoid major safety accidents.
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4 CONCLUSION

A real-time reliability evaluation method of an all-
electric XT mechanical system incorporating static
Bayesian network fault diagnosis stage was proposed
in this article. The reliability evaluation model was
established, and the influence of the type of failure and
component failure rate on the reliability evaluation
results under the condition of additional information
was studied. The sensitivity of mechanical system
reliability was analysed by using mutual information,
and the importance of the basic events of each

component on the reliability of the mechanical
system was revealed. The following conclusions were
obtained:

1) The time slice interval had little effect on the
reliability evaluation of the XT mechanical system;
regardless of the time slice interval, the reliability
trend of the mechanical system was basically the
same.

2) Safety failure had a certain impact on the
reliability of the mechanical system, which would
cause the reliability of the mechanical system to
decrease slowly. After 5,000 hours of continuous
operation, the reliability of mechanical system was
reduced to 95 %. However, the time at which the
safety failure was detected had a greater impact on the
reliability evaluation results of the mechanical system;
therefore, it was recommended to use this method to
identify, diagnose and real-time reliability assessment
of mechanical system faults every 1,000 h.

3) The failure probability of components on
the annulus loop included AMV components had a
significant impact on the reliability of the mechanical
system. If the failure rate of any component were
large, it would quickly reduce the reliability of the
mechanical system. However, the failure rate of
components in the chemical injection loop had less
influence on the reliability of the mechanical system.

4) It could be seen from the sensitivity analysis
that the longer the working time of the system was,
the higher the influence degree of components in the
production loop on the system reliability was, while
the influence degree of components in the chemical
injection loop was lower. Therefore, the failure
probability of components in the production loop
should be paid more attention during long-term work.
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The supervision task of industrial systems is vital, and the prediction of damage avoids many problems. If any system defects are not detected
in the early stage, this system will continue to degrade, which may cause serious economic loss. In industrial systems, the defects change
the behaviour and characteristics of the vibration signal. This change is the signature of the presence of the defect. The challenge is the
early detection of this signature. The difficulty of the vibration signal is that the signal is very noisy, non-stationary and non-linear. In this
study, a new method for the early defect detection of a gear system is proposed. This approach is based on vibration analysis by finding the
defect’s signature in the vibration signal. This approach has used the autocorrelation of Morlet wavelet transforms (AMWT). Firstly, simulation

validation is introduced. The validation of the approach on a real system is given in the second validation part.
Keywords: Autocorrelation of Morlet Wavelet Transforms, early fault diagnosis, gear systems, Vibration analysis, Scalograms

Highlights

*  Anew approach for early defect detection of a gear system is proposed.

e The autocorrelation of Morlet wavelet transforms (AMWT) is used to detect the presence of faults.
o The study is based on both simulation and experimental validation.

e This approach helps the professionals in the supervision of mechanical systems.

0 INTRODUCTION

Supervision of industrial systems is an essential task
to guarantee performance and reliability. The crucial
key of this supervision is understanding the equipment
behaviour, and the information extracted can be
used for planning maintenance activities. Therefore,
the monitoring aims to increase profitability by
reducing downtime and increasing the lifetime of
the equipment. Consequently, the early detection of
defects in mechanical systems is essential for operators
and has attracted the attention of many researchers in
recent years [1] to [6]. They aim to plan to repair these
systems rather than catastrophic damage caused by
unexpected defects. The most well-known techniques
for the prevention of rotating systems are temperature
control (thermography) [7] and [8], oil debris control
[9] and [10], acoustic analysis [11] and [12] and
vibration signal control (analysis) [13] and [14]. The
significant advantage of vibration analysis is that it
can detect and identify the defect evolution before it
becomes severe and causes catastrophic damage. This
can be accomplished by the regular monitoring of the
vibration machine. Therefore, the monitoring aim is
to increase productivity by reducing downtime and
increasing the lifetime of the equipment.

56

There are several techniques in the literature
proposed for early fault detection based on vibration
analysis. In general, there are three domains of
vibration signal processing for defect diagnosis of
rotating machines: time domain, frequency domain,
and time-frequency domain. The basic principle of
vibration analysis is based on the fact that a change
in the mechanical system’s conditions can induce a
change in the vibrations produced by this system. In
simple systems, this change can affect the shape by an
increase in the amplitude of the signal. For complex
systems, the detection of change in the vibration
signal, affected by the deterioration of the system, is
very complicated and more sophisticated techniques
of detection are required.

A gear system is an essential element usually used
in a range of industrial systems. Therefore, accurate
and early defect detection and correct diagnoses
are vital to normal machinery operations. When a
localized defect occurs in gears, the characteristics
of periodic impulsive of the signal appear in the time
domain, and the corresponding frequency components
will be affected. However, an effective signal
analysis approach is needed to eliminate noise and
interference. In the literature, several approaches are
proposed. For example, Matic and Kanovic [13] used
the vibration signal analysis based on current signal
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analysis by observing fault frequency content to detect
a broken bar fault. In [14], a reassigned short-time
Fourier transform (RSTFT) is presented to identify
the sideband components related to the failure of the
broken rotor bar in the induction motors. Wang et
al. [15] propose an adaptive parameter identification
method for gearbox defect detection. It combines
the Morlet wavelet and the correlation filtration for
characterizing both the cyclic period between adjacent
impulses and the impulse response.

In this work, we propose a new approach based
on the autocorrelation function of Morlet wavelet
transforms. This approach is applied firstly on
simulated signals, and secondly on real gear signals
for the early detection of defects present in an
experimental tested gear system.

The remainder of this present work is planned
as follows: in Section 2, the theoretical background
of AMWT is given. Next, the simulation validation
is introduced in Section 3. In Section 4, the obtained
results and the validation of the approach on a real
system are given.

1 THEORETICAL BACKGROUND

In this section, we explain the approach proposed for
the fault diagnosis of a gear system. This approach
is based on the autocorrelation of Morlet wavelet
transforms (AMWT). Therefore, we give the
background of the Morlet wavelet transform (MWT)
and then the autocorrelation of Morlet wavelet
transform (AMWT).

1.1 Morlet Wavelet Transform

The wavelet transform can address the problem of
temporal and frequency resolution through multi-
resolution analysis. As the name signifies, multi-
resolution analysis allows for different temporal
and frequency resolutions. It provides an excellent
frequency resolution (i.e., poor temporal resolution) at
low frequencies and an excellent temporal resolution
(i.e., a poor frequency resolution) at high frequencies.
This analytical approach is particularly advantageous
for signals with low-frequency components for
an extremely short period and high-frequency
components for relatively extended periods. For the
non-stationary signals analysis, the wavelet transform
is adequate because it provides a simultaneous
localization of time and frequency.

For any signal x(t), the continuous wavelet
transform (CWT) is given by:

CWT

12+
x(1) I

O ("b ) dr, )

=ld o
a

where * is the symbol of a complex conjugate
function; a the parameter of dilation, b the parameter
of translation, and W represent the mother wavelet
represented by [15]:

v, (0 =|d " \P(%) @)

The translation parameter controls the shifting
position, and the dilation parameter controls the
oscillation frequency [16] and [17].

The wavelet of Morlet represents functions with
the form of small waves created by dilations and
translations from the mother wavelet given by [4]:

V(1) =exp(j2n fit)exp(—1 1 £). (3)

where f, is the parameter of bandwidth, and f; the
central frequency of the wavelet.

These two parameters control the form of the
Morlet wavelet.

After calculating the CWT, we calculate the
scalogram defined as the square of the CWT module.

1.2 Autocorrelation of Morlet Wavelet Transform

Random vibrations are inherently unpredictable, so
the future values of the signal can be defined only
based on probabilities. We consider the random
signal to be the stochastic process realization, i.e.,
the time evolution of a random variable. We speak
about the cyclostationnarity of a stochastic process
representing the signal when the government’s
statistical parameters that govern vary periodically.
The autocorrelation function calculates the internal
dependencies of the signal. For example, in the case of
the sinusoidal signal, the autocorrelation coefficients
are highly uniform and homogeneous; therefore, the
signal will have a strong autocorrelation. The rotating
machine’s vibration signals consist of periodic and
random components.

The autocorrelation function Rx(t) of a signal x(t),
is usually the cross-correlation of the signal X(t) with
itself. The cross-correlation of a signal x(t) and y(t) is
given by the expression [18] and [19]:

ny(,) = %x(n)y(n—kr), )

where r is a time step.
If x(n) = y(n), the Eq. (4) becomes an
autocorrelation function:

R(M)=E [x(t), x(t —r)], 5)
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where 7 is the specific time step (lag). E [, ] is the
expectation or averaging operator.

The autocorrelation of an ergodic process is
defined by:

R,(1)=lim [x(t)x(z +7)dr ()

The autocorrelation attains its peak in the
beginning:

R.(7)| <|R.(0). (7

The autocorrelation of the wavelet coefficients
is the integral of the product of the wavelet transform
WT, p(t) with itself delayed by (7) according to the
following equation:

R.(t)= [ WT,()xWT,,(t+)dt.  (8)

The autocorrelation function reaches its
maximum peak at the centre. We call this centre
point a maximum peak point (MPP). Suppose the
size of a function X(t) is equal to M where M>1), the
autocorrelation function has a dimension of 2x(M-1).
The proposed method for predicting defects of rotating
machines consists of calculating the autocorrelation of
the Morlet wavelet transform (MWT). In this case,
the MWT is a two-dimensional matrix (MxN), and in
consequence, the autocorrelation function will also
be two dimensional (OxP) with O = 2x(M-1) and
P =2xN-I1.

2 SIMULATION EVALUATION

In this part, the performance of the proposed approach
is examined on simulated signals. The vibration signals
measured in the gear systems are very complicated
and have multi-components: tooth vibration, vibration
of gear shaft rotation, gear resonance vibration and
vibration due to various gearing defects. To simulate
these various vibration components and evaluate
the performance and efficiency of the method, we
have used the test signals available in the scientific
literature. It is noted here that the autocorrelation
function is expressed in three dimensions. To make it
possible to estimate the values of the autocorrelation
function, we have given another visualization based
on the contour of the autocorrelation.

2.1 Amplitude and Frequency Modulation

The change in the mechanical conditions of a gear
system can produce changes in generated vibration

signal [20]. These changes can take the form of an
increase in amplitude or frequency, which will lead
to amplitude or frequency modulation. In general,
frequency modulation is significantly less significant
than amplitude modulation [21].

The following equation gives the test signal
modulated in frequency and amplitude:

s(t) = [1 +0.5xsin(6x 7 x t)] xsin(100x 7 x£%). )

The temporal representations of the signal
modulated in frequency and amplitude of Eq. (9) and
its MWT scalograms and AMWT autocorrelation are
given in Fig. 1.

The scalograms of this signal (Fig. 1a) demonstrate
the presence of amplitude and frequency modulation.
We observe this modulation: the amplitude modulation
results in the amplitude variations of the coefficients
and the frequency modulation by their non-linear
localisation. The representation of the autocorrelation
of a signal modulated in frequency and amplitude is
given in Figs. 1c and d. In this case, the MPP point has
an amplitude of MPP(1000, 25) = 1.1369177 x 106.

2.2 Simulation of the Gear Vibration Signal

In real systems, to facilitate diagnostic and predictive
techniques for gear systems, it is necessary to simulate
models in which defects can be implemented under
different operating conditions instead of waiting
for the natural occurrence of these defects. Many
models of meshing signals have been proposed in the
literature [18] and [20] to [22]. In our case, we will use
two models of the gear signal; it is the gear vibration
signal simulated by McFadden [20] and the one
introduced by Qin et al. [22]. The first model proposed
in the literature is that of McFadden [20]. This model
is also used by several researchers: Yin et al. [21], Man
et al. [23] and others.

2.3 Case Study 1: Gear Simulated by Qin

For rotating machines, the measured signal is the
sum of the components of the signal generated by
the different mechanisms of the machines. The
monitoring of the machine is allowed by the analysis
of the vibration signal. However, the essential defect
characteristics are incorporated into the components
of the signal. In several cases, obtaining the defect
information directly from the original signal is a
challenging task. Therefore, the useful components
must be separated from the measured signal. The
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Fig. 1. Signal modulated in amplitude and frequency; a) temporal representation, b) MWT scalograms,
¢) AMWT autocorrelation, and d) contour of AMWT autocorrelation

components of the signal are pulses, harmonics and
modulated components [22].

In local defects, for example, crack, tooth break,
etc., the impulsive force of gear meshing generates a
variation in amplitude and the phase of the vibration
signal. These variations generate amplitude and phase
modulation. In this case, the spectrum analysis of the
envelope is an efficient approach for extracting defect
information. The gear vibration signal simulated by
Qin et al. [22] is given by X(t) :

x(@) =x,(t) + x, (1) + x; (), (10)
with:
%,(1) = [0.4+0.4sin(27 x100)] x
cos[2x700¢+1.5sin(27x100) |, (11)
x, (1) = [1 +sin(27 x 5t)] x
cos[ 27 x 350¢ + sin(27 x 5¢)]., (12)

x,(1) =[0.6+ 0.6 cos(2 x 51)] «
cos[27 x200z +0.6sin(27 x51)].  (13)

The sampling frequency is 3 kHz. In general, the
gear vibration signal is always accompanied by noise.

Hence studying the simulated gear vibration signal
with noise is necessary. To this end, we added white
noise to the gear vibration signal of Qin et al. [22]. Fig.
2a shows the temporal representation of the defective
gear signal simulated by Qin et al. [22], with noise.

In the case in which the signal is embedded in the
noise, the effect of the modulation is present on the
scalograms. We observe an amplitude peak at the MPP
point equal to MPP(1000, 30) = 6.27234110x107.

2.4 Case study 2: Gear Defects Simulated by McFadden
The meshing vibration signal is periodic and
simultaneously modulated in frequency and amplitude
by a periodic signal equal to the period of gear
meshing. In general, amplitude modulation is more
critical than frequency modulation [21].

Consider a pair of gears that mesh with constant
load and speed, with several different teeth. Thus,
the vibration signal X(t) of meshing without defect is
given by [20]:

x(t) = AZf: X, cos2mmZft+¢,), (14)
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where M is the range of analysis, X, the amplitude of
the harmonic [m], Z the number of teeth, f, the rotation
frequency of the tree, and ¢y, the phase.

If the gear has a fault (crack, for example), this
will affect the meshing signal’s phase and amplitude
modulation. The modulated signal is given [20], [21]
and [23] by:

y() = AZZ“OXm [1+a,(®)]x

cos[2amZ.f t+¢,+b,(0)]. (15
where

J
a,(ty=> A4, cos2-m-m-f -t+a,,), (16)
n=0

b ()= ¥ B, cosQ@-m-m-f. 1+, ). (17)
n=0

an(t) and by (t) are respectively the functions of
amplitude and frequency modulations of the meshing
signal caused by the tooth defect.

omn and Sy, are respectively the phases of agy(t)
and by, ().

To give this study a near meaning to the real
signals, we used the cinematic characteristics of

the Centre d’Etudes Techniques des Industries
Meécaniques (CETIM) test bench.

Fig. 3 shows the defective gear vibration signal of
McFadden with white noise.

The concentration of the scalogram coefficients
of the MWT (Fig. 3b) at the moments when the
amplitude peaks are at the maximum is the signature
of the presence of the defects.

The representation of the autocorrelation of a
signal modulated in amplitude is given in Figs. 3¢ and
d.

We observe a set of amplitude peaks and a
maximum peak at the MPP point of amplitude equal
to MPP(4000, 30) = 4.959990453486705%1019.

3 RESULTS AND DISCUSSION

To evaluate the efficacy of AMWT, we have examined
the proposed method on accurate signals carried out in
CETIM [4], [21] and [25]. The system under study is a
gear of two wheels (of 20 and 21 teeth). The system
operates for 11 days under identical conditions. Every
day, the system was examined, and a report about the
state of the gear system was delivered.
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The studied mechanical system is given in Fig.
4. The expertise report of the experimental system is
given in Table 1.

Table 1. The expertise report of the experimental system [25]

Day Observations
1 No anomaly (beginning of the acquisition)
2 No anomaly
3 N
4 o
5 Crack of tooth N° (1/2)
6 No evolution
7 Tooth N° (1/2) no evolution, tooth N° (15/16) start of crack
8 Evolution of crack in the tooth N° (15/16)
9 I
10 /o
11 Crack in all width of the tooth N° (15/16)
12 No anomaly (beginning of the acquisition)

3.1 Temporal and Frequency Spectrums

The representations of the temporal vibration signals
of the gear system are given in Figs. 4a, b, c and d. We
have given the temporal representation of the days: 9,
10, 11 and 12, i.e., one day before the appearance of

the defect and two days after, we arrive to detect the
defect on the 10th day.

From Figs. 4a, b, ¢ and d, we observe that the
temporal representations of vibratory signals x(t) are
approximately similar from the 1st until the 11th day.
However, on the 12th day, the behaviour of vibratory
signal x(t) is changed, which is translated by a defect
of the tooth deterioration (expertise report in Table 1).
The change in the behaviour of the signal vibratory
in temporal representation is an indication of the
presence of the defect. In consequence, the temporal
representation does not detect the presence of the
defect early stage.

To prove the method’s advantages, we have
introduced the fast Fourier transform (FFT) as a
comparative study.

The corresponding frequency spectrums of the
vibratory signals are shown in Figs. 4a’, b’, ¢’ and d’.

The side lines are very important on the 12th day
compared to other days, and this increase is due to the
presence of a defect due to the deterioration of a tooth.
Thus, the temporal and frequency representation make
it possible to diagnose a defect on the last day (12th
day) and not in the early stage why the necessity of
another approach for the early detection.
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3.2 Scalograms Representations and the Autocorrelation
of the AMWT

In this part, we apply the approach of the
autocorrelation function on scalograms obtained by
applying the MWT on vibration signal issued from
the CETIM gearbox. The representations of the
scalograms and the corresponding AMWT are given
in Fig. 5.

From Fig. 6, we observe that the AMWT
functions have a similar variation and have the same
array of magnitude from the 1st day until the 9th day
with the MPP peak amplitude of MPP(1500, 25) =
6x1019 (Table 2). These minor changes are caused by
several of phenomena, as presented in Table 1.

The MPP peak amplitude values of all days are
given in Table 2.

The MPP peak amplitude values of Table 2 are
obtained from Fig. 5. They are the maximum peak at
the centre.

Table 2. The MPP peak amplitude values

Day MPP peak amplitude

5 1500, 25) = 6.626733030945805x 1019
6 1500, 25) = 6.090234832595839 %1019
7 1500, 25) = 6.586669410632360x 1019
8 1500, 25) = 6.437468137514745%x 1019

10 1500, 25) = 10.04842673892965 %1019
11 1500, 25) = 9.084636336550063 x 1019
12 1500, 25) = 80.54631341778420x1019

( )
( )
( )
( )
9 (1500, 25) = 5.090191841432165x 1019
( )
( )
( )

On the 10t day, the autocorrelation function is
increased with an MPP peak amplitude of value MPP
(1500,25)=10.04842673892965x101°.

This augmentation in MPP peak amplitude is
the signature of the presence of the defect. This
augmentation is caused by the progress of the peeling
in the tooth N° 15/16 (Table 1).

On the 12th day, the evolution of the crack is
in the whole of the entire width of tooth N° 15/16,
and the MPP peak amplitude reaches the value of
MPP(1500,25)=80.54631341778420x1019.

Therefore, the autocorrelation function of the
AMWT scalograms can detect early the defect.

4 CONCLUSION

In this paper, we have presented a contribution in
the field of early diagnosis of gear systems to detect
the defects in gear systems in the early stage. This
contribution is a new approach to the early defect

detection of gear systems. This approach is based on
vibration analysis by the application of the AMWT.
To prove the efficiency of this approach, simulation
validation is given in the first part. Then, in the second
part, the validation is done on a real system.

We have seen that the temporal and frequency
representation cannot detect the defect in the early
stage. However, the AMWT is an effective approach
for detecting defects in gear reducers of the rotating
machine.

In future work, we will investigate the proposed
approach on a range of more representative data. Also,
detecting the defect online is very suitable, and this
aim will be the focalization of future work.
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VKkljucitev poenostavljenega modela mehanskega spoja
v numeri¢no analizo

Mitja Glavan! — Jernej Klemenc2 — Vili Malnari¢! — Domen Seruga2.*

I'TPV Automotive, Slovenija
2 Univerza v Ljubljani, Fakulteta za strojnistvo, Slovenija

Trenutni trend v avtomobilski, letalski, navti¢ni in drugih podobnih panogah je predvsem zmanjSevanje porabe
gradiva in posredno zmanj$evanje mase prevoznih sredstev. V tem pogledu se danes za konstruiranje vse pogosteje
pojavljajo tako imenovana lahka gradiva, kot so visokotrdnostno jeklo, aluminijeve zlitine, kompozitna gradiva
in magnezijeve zlitine. Vendar pa zaradi razli¢nih lastnosti teh gradiv njihovo spajanje s tradicionalnimi postopki
varjenja ni mozno. Danes je zato v uporabi veliko Stevilo alternativnih tehnologij spajanja, vsaka pa ima svoje
prednosti in slabosti. Uporaba doloc¢ene tehnologije je torej odvisna od zahtev glede trdnosti kon¢nega izdelka,
uporabljenih gradiv, moznosti integracije v proizvodne zmogljivosti in cene.

V raziskavi smo primerjali dve tehnologiji spajanja, ki predstavljata alternativo tockovnemu varjenju.
Samorezno kovicenje je tehnologija, ki zagotavlja primerljivo stati¢no trdnost in nekoliko vecjo dinami¢no trdnost
v primerjavi s tockovnim varjenjem, medtem ko je prednost zagozdnega spoja bistveno vec¢ja dinamic¢na trdnost z
izgubo znatnega deleza staticne trdnosti.

Za poenostavljeno upostevanje teh tehnologij v numeri¢nih analizah v predrazvojnih in razvojnih fazah
konstrukcijsko-razvojnega procesa je potrebno razviti ustrezne numeri¢ne modele spojev. Poznavanje natan¢nih
parametrov numeri¢nih modelov spojev prispeva k zmanjSanju razvojnih stroskov, krajsim razvojnim c¢asom
in optimizaciji geometrije izdelka pred izdelavo prvega prototipa. Spoji so bili izvedeni na jekleni plocevini
S500MC debeline 2 mm. Uporabili smo samorezne kovice premera 5 mm, pri izdelavi zagozdnega spoja pa smo
uporabili orodje premera 8§ mm. Glede na zahteve standarda DVS/EFB 3480-1 so preizkusanci imeli dve obliki za
vnasanje striznih, odlupnih in kombiniranih obremenitev. Izvedli smo fizikalne preizkuse statiéne trdnosti spojev
na preizkuSevaliséu Zwick/Roell Z150. Na vsakem obremenitvenem nivoju smo zagotovili petkratno ponovitev
preizkusa. Za izgradnjo poenostavljenega numeriénega modela z metodo konénih elementov smo uporabili
programsko okolje Simulia Abaqus. Plocevine smo modelirali z lupinskimi elementi, spoj pa z linijskimi elementi,
ki povezujejo plocevini. Pri velikosti in kakovosti mreze kon¢nih elementov smo sledili industrijskim zahtevam za
simulacije trka. Lastnosti plocevin smo popisali z bilinearno napetostno-deformacijsko krivuljo, prav tako pa je bil
linijskim elementom dodeljen bilinearen materialni model ter okrogel prerez ustreznega premera.

Vendar pa so se parametri bilinearnih elastoplasti¢nih lastnosti spoja razlikovali od dejanskih materialnih
lastnosti za jekleno plocevino S500 MC in so bolj predstavljali njegov fizi¢ni odziv pri obremenjevanju. Vse
posebnosti mehanskega spoja so bile torej integrirane in predstavljene z njegovo bilinearno znacilnostjo. Parametre
mehanskih spojev za potrebe numeri¢nih analiz smo ocenili z optimizacijsko metodo, ki zdruzuje uporabo metode
odzivne povrsine, rezultate simulacij, rezultate fizikalnih preizkusov in genetski algoritem.

Rezultate simulacij z uporabo optimalnih vrednosti parametrov numeri¢nih modelov spojev smo nato
primerljali z eksperimentalnimi opazanji za oba analizirana spoja.

Opazili smo, da je s predstavljeno metodologijo mogoce simulirati odziv analiziranih mehanskih spojev,
predstavljajo pa optimalne vrednosti parametrov spojev vedno kompromis med kakovostjo prileganja
eksperimentalnim opazanjem in mnozico analiziranih obremenitev.

Kljucne besede: kovic¢enje, mehanski spoji, samorezno kovicenje, zagozdni spoj, metoda koncnih elementov,
optimizacija parametrov, odzivna povrsina, genetski algoritem

*Naslov avtorja za dopisovanje: Univerza v Ljubljani, Fakulteta za strojniStvo, ASkerceva 6, 1000 Ljubljana, Slovenija, domen.seruga@fs.uni-lj.si SI3
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Adaptivni robot za masenje netesnosti na cevovodih:
raziskava oprijema in zmogljivosti preckanja ovir

Hongwei Yan!.* — Jian Li! — Ziming Kou2 — Yi Liu! — Pengcheng Li! — Lu Wang!
IKitajska severna univerza, Sola za strojnistvo, Kitajska
2Tehniska univerza v Taiyuanu, KolidZ za strojnistvo in transport, Kitajska

Vecina prenosnih cevovodov je zakopanih pod zemljo zaradi zascite pred zunanjimi dejavniki. Postopek odprave
netesnosti na podzemnih cevovodih vkljuCuje odkopavanje, iskanje mest netesnosti ter zapiranje in popravilo po
sekcijah. Pri tem se pojavljajo tezave z iskanjem netesnosti, omejenim prostorom za roc¢no delo itn. V pric¢ujoci
Studiji je bil raziskan adaptivni robot za masenje netesnosti na cevovodih, ki lahko opravlja naloge iskanja, masenja
in hitrega popravila poskodb. Robot hitro zamasi in popravi poskodbo, s tem pa zagotovi nemoten transport nafte
oz. plina in prepreci Sirjenje luknje. Robot mora biti zmozen stabilnega premikanja po cevovodu in preckanja ovir
do dolocene visine.

Z raziskavami trga in pregledom literature so bile dolo¢ene minimalne zahteve za projektiranje, nato pa je bil
oblikovan tridimenzionalni model robota. Nacin delovanja in sestavi oz. enote robota so bili izbrani tako, da je robot
izpolnil cilje raziskave. Z analizo sil na modelu je bilo preuceno optimalno stanje delovanja robota v cevovodu,
kakor tudi glavni dejavniki, ki vplivajo na preckanje ovir. S teoreti¢no analizo je bil preucen vpliv razli¢nih
dejavnikov na zmogljivost preckanja ovir. Preckanje je bilo analizirano s simulacijami in z eksperimentalno
verifikacijo. Opredeljeno je optimalno delovanje robota in doloc¢ena je najvecja visina ovire, ki jo ta lahko precka.

V jedru ¢lanka so podani konstrukcija robota za masSenje netesnosti z vijacnim pogonom, analiza in raziskava
dejavnikov, ki vplivajo na preckanje ovir, in najboljse stanje delovanja.

Postavljen je model preckanja ovir z geometrijsko analizo. Ugotovljena je bila pozitivna korelacija med
pogonskim kolesom in zmoznostjo preckanja ovir. Z dinamic¢no analizo in povezano mehaniko sta bili preuceni
stabilnost gibanja in zmogljivost preckanja ovir. Za uspesnejSe preckanje ovir je mogoce spremeniti velikost
pogonskega kota, ¢e pogonsko kolo ne zdrsne.

Clanek zaradi omejenega prostora analizira samo zmogljivost preckanja ovir in najboljie stanje delovanja
robota v ravnih cevovodih. Poudarjen je vpliv odklonskega kota na nacin delovanja robota. Roboti se bodo med
gibanjem po cevovodih srecevali z razlicnimi oblikami. Pogonsko kolo na eni strani tako denimo ob prehodu skozi
T-kos obvisi v zraku, kar pomembno vpliva na gibanje robota. Vplivi takih stanj pogonskih koles na gibanje in na
funkcijske odvisnosti bodo predmet prihodnjih raziskav.

Z zasnovo robota za masenje cevovodov z ve¢ neodvisnimi enotami se izboljSa prilagodljivost posameznih
komponent. Robot je primeren za zaznavanje netesnosti v cevovodih in pametno ukrepanje v nuji. V primeru
netesnosti lahko hitro zapre in popravi mesto pusc¢anja za neprekinjen tok nafte in plina, odprtina pa se ne Siri. Kot
vija¢nice pogonskega kolesa upravlja poseben krmilni modul, s ¢imer se izboljSata vodljivost gibanja in stabilnost
sistema. Zasnova adaptivnega robota za masenje podzemnih cevovodov je pomemben prispevek k raziskavam in
razvoju opreme za preprecevanje in nadzor netesnosti cevovodov.

Kljucne besede: netesnost cevovoda, robot za masenje, preckanje ovir, optimalen pogonski kot, analiza s
simulacijo
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Odkrivanje napak na zunanji steni jeklenih cevi
s tehniko testiranja z vrtinénimi tokovi, ki nastanejo
pod vplivom vrtilnega magnetnega polja (RoFEC)

Xiaokang Yin® — Zhuoyong Gu — Wei Wang — Xiaorui Zhang — Xin’an Yuan —Wei Li — Guoming Chen

Sredisce za konstrukcije na morju in varnostno tehniko, Kitajska univerza za nafto, Kitajska

Tehnika testiranja z vrtinénimi tokovi, ki nastanejo pod vplivom vrtilnega elektromagnetnega polja (RoFEC), je
v zadnjih letih pritegnila veliko pozornosti zaradi mnogih prednosti, ki jih ponuja pri kontroli cevnih konstrukcij.
Vecina objavljenih raziskav obravnava odkrivanje napak na notranji steni kovinskih cevi z vstavnimi sondami, ki
pa niso vedno primerne za iskanje napak na zunanjih stenah. V ¢lanku je opisana tehnika RoFEC za preiskave s
pomikom preizkusanca skozi instrument in njena uporabnost za odkrivanje napak na zunanji steni cevi.

Predstavljeno je osnovno nacelo delovanja tehnike ROFEC s pomikom preizkusanca skozi instrument. V
paketu COMSOL je bil zgrajen tridimenzionalni model po metodi kon¢nih elementov za analizo porazdelitve
vrtilnega elektromagnetnega polja ter preucevanje interakcij med napakami in vrtinénimi tokovi. Za karakteristi¢ni
signal je bila izbrana aksialna komponenta magnetnega polja, ki nastane zaradi napake. Pridobljena je bila iz
modelov za analizo vplivnih dejavnikov pri odkrivanju napak, kot so naklon cevi, obodni polozaj ter orientacija
in velikost napak. Zasnovan je bil sistem RoFEC s Sestimi vzbujalnimi navitji in eno tipalno tuljavo, ki je bil nato
uporabljen za kontrolo jeklene cevi z napakami v aksialni in obodni orientaciji.

Glavne raziskovalne metode so bile modeliranje s kon¢nimi elementi, analiza elektromagnetnega polja,
analiza impedancne ravnine in eksperimentalna verifikacija.

Modeli po MKE so pokazali pomemben vpliv nagiba cevi, obodnega polozaja napak ter orientacije in velikosti
napak na zmogljivost kontrole. Zgrajen je bil sistem RoFEC za verifikacijo rezultatov analize po MKE. Rezultati
eksperimentov so pokazali, da tehnika RoFEC ucinkovito odkriva aksialne in obodne napake. Pri razli¢nih
polozajih napak na obodu je mogoce uporabiti kot Lissajousovega vzorca v impedanc¢ni ravnini za doloCitev
tocnega mesta napake. Za razliko od obstojecih pristopov pri testiranju RoFEC s sondo v cevi, ki so namenjeni
kontroli cevi iz nezeleznih materialov, je opisana tehnika RoFEC namenjena cevem iz ogljikovega jekla. To
je magnetno permeabilen material, ki se ga je tezje lotiti s tehnikami na osnovi vrtin¢nih tokov. Druga velika
razlika med skoznjim in vstavnim sistemom je v enojni tipalni tuljavi. Ta je v obeh primerih samo ena, razlika
pa je v premeru. Pri vstavni sondi mora biti tuljava ¢im blizje notranji steni zaradi odprave vpliva spremenljive
oddaljenosti na meritve, medtem ko je premer tuljave pri skoznjem sistemu stvar izvedbe. Resitev s tuljavo blizu
zunanje stene cevi ni nujno optimalna.

Clanek predstavlja uporabnost tehnike RoFEC, ki je trenutno v zgodnji fazi razvoja. Instrument bo treba
Se obcutno izboljsati za odkrivanje in kvantifikacijo drobnih napak. V prihodnjih $tudijah bo mogoce razdelati
konstrukcijo sistema in druge vplivne dejavnike, npr. oddaljenost vzbujalnih navitij od preizkusanca, premer
tipalne tuljave, vrtincni tok, induciran z gibanjem, in variabilno permeabilnost zaradi izmeni¢nega magnetnega
polja.

Clanek predstavlja tehniko RoFEC za odkrivanje napak v zunanji steni jeklenih cevi, sistemati¢no analizo
vplivnih dejavnikov in razvoj sistema za kontrolo. Skoznja tehnika RoFEC je potencialno uporabna za industrijo
nafte in plina za kontrolo navitih cevi med obratovanjem.

Kljuéne besede: neporusne preiskave, vrtilno elektromagnetno polje, vrtin¢ni tok, modeliranje s konénimi
elementi, vplivni dejavniki, skoznji instrument, mesto napake
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Raziskava metode za sprotno vrednotenje zanesljivosti
v kombinaciji z diagnosticiranjem napak na primeru
podvodnega elektri¢nega bozZi¢nega drevesa

Peng Liu— Dagang Shen — Jinfeng Cao*

Tehniska univerza v Cingdau, Sola za strojniitvo in avtomobilsko tehniko, Kitajska

Podvodna elektricna bozi¢na drevesa (glava vrtine, XT) so pomemben del opreme in na nekaterih podrocjih tudi
edina resitev za pridobivanje nafte in plina na morju. Morski ekosistemi so krhki in v primeru razlitja nafte lahko
nastopijo nepovracljive posledice. Za varno pridobivanje nafte in plina na morju so zato nujni stroga analiza in
ukrepi za zagotavljanje zanesljivosti Se pred prevzemom tovrstne opreme v obratovanje.

V ¢lanku je podan predlog za sprotno vrednotenje zanesljivosti mehanskega podsistema elektriénih bozi¢nih
dreves skupaj z diagnosticiranjem napak s staticnim Bayesovim omrezjem. Metoda zagotavlja identifikacijo
vrste napak na komponentah in sprotno vrednotenje zanesljivosti mehanskega podsistema pri razlicnih stopnjah
odpovedi komponent. Z analizo obcutljivosti ocene zanesljivosti mehanskega sistema na osnovi skupnih informacij
je podan tudi vpliv dogodkov posameznih komponent na zanesljivost sistema.

Rezultati so pokazali, da interval casovnih rezin le malo vpliva na vrednotenje zanesljivosti mehanskega
podsistema bozi¢nega drevesa, saj je trend zanesljivosti ne glede na interval prakticno enak. Varnostne
odpovedi imajo dolo¢en vpliv na postopno upadanje zanesljivosti mehanskega podsistema. Ta se po 5000 urah
neprekinjenega obratovanja zmanj$a na 95 %. Cas razkritja varnostne odpovedi je imel ve&ji vpliv na rezultate
vrednotenja zanesljivosti mehanskega podsistema in zato je priporoceno izvajanje te metode za identifikacijo
in diagnostiko napak ter sprotno vrednotenje zanesljivosti mehanskega sistema na vsakih 1000 h. Analiza
obcutljivosti je pokazala, da imajo pri daljSem Casu obratovanja sistema vecji vpliv na zanesljivost sistema
komponente v proizvodni zanki, medtem ko je bil vpliv komponent v zanki za vbrizgavanje kemikalij manjsi.
Verjetnost odpovedi komponent v proizvodni zanki zato terja vecjo pozornost med dolgotrajnim obratovanjem.

Prispevek clanka je metoda za integracijo vrednotenja zanesljivosti s sprotno diagnostiko napak ob
uporabi dinami¢nih Bayesovih omrezij. Metoda omogoca identifikacijo vrst napak na komponentah in sprotno
vrednotenje zanesljivosti mehanskega podsistema pri razli¢nih stopnjah odpovedi komponent na morju. S tem
je odpravljena tezava zaradi nenatancnosti rezultatov vrednotenja, ki je povezana z upostevanjem zgolj stopnje
degradacije komponent ali uporabo zgolj senzorskih podatkov. Predlagana metoda je pomembno teoreti¢no orodje
za vzdrzevanje mehanskega podsistema elektri¢nih bozi¢nih dreves in jo bo v prihodnje mogoce razsiriti za
vrednotenje zanesljivosti vseh podvodnih proizvodnih sistemov.

Kljucne besede: elektricno boZzi¢no drevo, analiza zanesljivosti, Bayesovo omreZje, diagnostika napak,
vrednotenje zanesljivosti, analiza obcutljivosti
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Zgodnje odkrivanje okvar na zobniskih prenosnikih
z Morletovo val¢no transformacijo

Mouloud Ayad!.2 — Kamel Saoudi!2 — Mohamed Rezki! — Mourad Benziane!-2 — Abderrazak Arabi3
1 Univerza v Bouiri, Fakulteta za znanost in aplikativne vede, Alzirija

2 Univerza v Bouiri, Laboratorij LPM3E, Alzirija
3 Univerza v Sétifu, Laboratorij LIS, Alzirija

Pricujoci ¢lanek predstavlja prispevek na podro¢ju zgodnjega diagnosticiranja okvar na zobniskih prenosnikih.

Nadzor nad industrijskimi sistemi je danes klju¢nega pomena, z napovedovanjem okvar pa se je mogoce
izogniti $tevilnim tezavam. Ce napake niso odkrite v dovolj zgodnji fazi, se degradiranje sistema nadaljuje, kar
lahko privede do velike gospodarske $kode. Okvare v industrijskih sistemih vplivajo na vedenje in na lastnosti
signalov vibracij. Take spremembe so znamenje za prisotnost okvar. Izziv predstavlja zgodnje odkrivanje vzorcev
sprememb, saj so signali vibracij mo¢no obremenjeni s Sumom, nestacionarni in nelinearni.

Podan je predlog metode za iskanje vzorcev okvar z analizo signalov vibracij na osnovi avtokorelacije
Morletovih valénih transformacij (AMWT). Pristop je bil najprej uporabljen na simuliranih signalih in nato Se na
realnih signalih iz eksperimentalnega zobniskega prenosnika. Najprej je opisano teoreti¢no ozadje metode AMWT,
temu pa sledi njena validacija s simulacijami. Kon¢no so podani rezultati in validacija pristopa na realnem sistemu.

Ucinkovitost metode AMWT je bila ovrednotena s signali realnega zobniskega prenosnika, ki ga sestavljata
zobnika z 20 in 21 zobmi. Sistem je obratoval 11 dni v nespremenjenih pogojih, vsak dan pa je bil pregledan in
izdelano je bilo porocilo o stanju sistema.

Signali vibracij v ¢asovni domeni in pripadajoci frekvencni spektri prvih 11 dni ne nakazujejo prisotnosti
okvar. Od prvega do enajstega dne so si signali vibracij v ¢asovni domeni podobni, dvanajsti dan pa je prislo
do spremembe zaradi poSkodbe na zobu. Iz signalov v Casovni in frekvencni domeni je bilo okvaro mogoce
diagnosticirati Sele zadnji (dvanajsti) dan, zato je za zgodnje odkrivanje okvar potreben drugacen pristop.

Morletova val¢na transformacija ima od prvega do devetega dne na skalogramih podobno variabilnost in
amplitudo. Deseti dan pa je nastopilo povecanje avtokorelacijske funkcije, ki je znamenje za prisotnost okvare.
Avtokorelacijska funkcija na skalogramih AMWT je zato uporabna za zgodnje odkrivanje napak.

Prispevek in novost ¢lanka je v uporabi avtokorelacije na Morletovi val¢ni transformaciji. Glede na objavljeno
literaturo gre za nov pristop.

Kljucne besede: avtokorelacija Morletovih valénih transformacij, zgodnje diagnosticiranje napak, zobniski
prenosniki, analiza vibracij, skalogrami

*Naslov avtorja za dopisovanje: Univerza v Bouiri, 1000, Bouira, AlZirija, m.ayad@univ-bouira.dz SI7



Guide for Authors

All manuscripts must be in English. Pages should be numbered sequentially. The manuscript
should be composed in accordance with the Article Template given above. The suggested
length of contributions is 10 to 20 pages. Longer contributions will only be accepted if
authors provide justification in a cover letter. For full instructions see the Information for
Authors section on the journal’s website: http://en.sv-jme.eu .

SUBMISSION:

Submission to SV-JME is made with the implicit understanding that neither the
manuscript nor the essence of its content has been published previously either in whole or
in part and that it is not being considered for publication elsewhere. All the listed authors
should have agreed on the content and the corresponding (submitting) author is responsible
for having ensured that this agreement has been reached. The acceptance of an article is
based entirely on its scientific merit, as judged by peer review. Scientific articles comprising
simulations only will not be accepted for publication; simulations must be accompanied by
experimental results carried out to confirm or deny the accuracy of the simulation. Every
manuscript submitted to the SV-JME undergoes a peer-review process.

The authors are kindly invited to submit the paper through our web site: http://ojs.sv-
jme.eu. The Author is able to track the submission through the editorial process - as well as
participate in the copyediting and proofreading of submissions accepted for publication - by
logging in, and using the username and password provided.

SUBMISSION CONTENT:

The typical submission material consists of:

- A manuscript (A PDF file, with title, all authors with affiliations, abstract, keywords,
highlights, inserted figures and tables and references),
- Supplementary files:

« amanuscript in a WORD file format

« acover letter (please see instructions for composing the cover letter)

« a ZIP file containing figures in high resolution in one of the graphical formats

(please see instructions for preparing the figure files)

« possible appendicies (optional), cover materials, video materials, etc.

Incomplete or improperly prepared submissions will be rejected with explanatory
comments provided. In this case we will kindly ask the authors to carefully read the
Information for Authors and to resubmit their manuscripts taking into consideration our
comments.

COVER LETTER INSTRUCTIONS:

Please add a cover letter stating the following information about the submitted paper:

1. Paper title, list of authors and their affiliations. One corresponding author should be
provided.

2. Type of paper: original scientific paper (1.01), review scientific paper (1.02) or short
scientific paper (1.03).

3. A declaration that neither the manuscript nor the essence of its content has been pub-
lished in whole or in part previously and that it is not being considered for publication
elsewhere.

4. State the value of the paper or its practical, theoretical and scientific implications. What
is new in the paper with respect to the state-of-the-art in the published papers? Do not
repeat the content of your abstract for this purpose.

5. We kindly ask you to suggest at least two reviewers for your paper and give us their
names, their full affiliation and contact information, and their scientific research inter-
est. The suggested reviewers should have at least two relevant references (with an impact
factor) to the scientific field concerned; they should not be from the same country as the
authors and should have no close connection with the authors.

FORMAT OF THE MANUSCRIPT:

The manuscript should be composed in accordance with the Article Template. The
manuscript should be written in the following format:

- A Title that adequately describes the content of the manuscript.

- Alist of Authors and their affiliations.

- An Abstract that should not exceed 250 words. The Abstract should state the principal
objectives and the scope of the investigation, as well as the methodology employed. It
should summarize the results and state the principal conclusions.

- 4to 6 significant key words should follow the abstract to aid indexing.

- 4 to 6 highlights; a short collection of bullet points that convey the core findings and
provide readers with a quick textual overview of the article. These four to six bullet
points should describe the essence of the research (e.g. results or conclusions) and high-
light what is distinctive about it.

- An Introduction that should provide a review of recent literature and sufficient back-
ground information to allow the results of the article to be understood and evaluated.

- A Methods section detailing the theoretical or experimental methods used.

- An Experimental section that should provide details of the experimental set-up and the
methods used to obtain the results.

- A Results section that should clearly and concisely present the data, using figures and
tables where appropriate.

- A Discussion section that should describe the relationships and generalizations shown
by the results and discuss the significance of the results, making comparisons with pre-
viously published work. (It may be appropriate to combine the Results and Discussion
sections into a single section to improve clarity.)

- A Conclusions section that should present one or more conclusions drawn from the
results and subsequent discussion and should not duplicate the Abstract.

- Acknowledgement (optional) of collaboration or preparation assistance may be includ-
ed. Please note the source of funding for the research.

- Nomenclature (optional). Papers with many symbols should have a nomenclature that
defines all symbols with units, inserted above the references. If one is used, it must con-
tain all the symbols used in the manuscript and the definitions should not be repeated
in the text. In all cases, identify the symbols used if they are not widely recognized in the
profession. Define acronyms in the text, not in the nomenclature.

- References must be cited consecutively in the text using square brackets [1] and col-
lected together in a reference list at the end of the manuscript.

- Appendix(-icies) if any.

SPECIAL NOTES
Units: The SI system of units for nomenclature, symbols and abbreviations should be
followed closely. Symbols for physical quantities in the text should be written in italics (e.g.

v, T, n, etc.). Symbols for units that consist of letters should be in plain text (e.g. ms*, K, min,
mm, etc.). Please also see: http://physics.nist.gov/cuu/pdf/sp811.pdf .

Abbreviations should be spelt out in full on first appearance followed by the
abbreviation in parentheses, e.g. variable time geometry (VTG). The meaning of symbols
and units belonging to symbols should be explained in each case or cited in a nomenclature
section at the end of the manuscript before the References.

Figures (figures, graphs, illustrations digital images, photographs) must be cited in
consecutive numerical order in the text and referred to in both the text and the captions
as Fig. 1, Fig. 2, etc. Figures should be prepared without borders and on white grounding
and should be sent separately in their original formats. If a figure is composed of several
parts, please mark each part with a), b), c), etc. and provide an explanation for each part
in Figure caption. The caption should be self-explanatory. Letters and numbers should be
readable (Arial or Times New Roman, min 6 pt with equal sizes and fonts in all figures).
Graphics (submitted as supplementary files) may be exported in resolution good enough
for printing (min. 300 dpi) in any common format, e.g. TIFE, BMP or JPG, PDF and should
be named Figl.jpg, Fig2.tif, etc. However, graphs and line drawings should be prepared as
vector images, e.g. CDR, Al Multi-curve graphs should have individual curves marked
with a symbol or otherwise provide distinguishing differences using, for example, different
thicknesses or dashing.

Tables should carry separate titles and must be numbered in consecutive numerical
order in the text and referred to in both the text and the captions as Table 1, Table 2, etc. In
addition to the physical quantities, such as ¢ (in italics), the units [s] (normal text) should
be added in square brackets. Tables should not duplicate data found elsewhere in the
manuscript. Tables should be prepared using a table editor and not inserted as a graphic.

REFERENCES:

A reference list must be included using the following information as a guide. Only cited
text references are to be included. Each reference is to be referred to in the text by a number
enclosed in a square bracket (i.e. [3] or [2] to [4] for more references; do not combine more
than 3 references, explain each). No reference to the author is necessary.

References must be numbered and ordered according to where they are first mentioned
in the paper, not alphabetically. All references must be complete and accurate. Please add
DOI code when available. Examples follow.

Journal Papers:

Surname 1, Initials, Surname 2, Initials (year). Title. Journal, volume, number, pages, DOI

code.

[1] Hackenschmidt, R., Alber-Laukant, B., Rieg, E (2010). Simulating nonlinear materials
under centrifugal forces by using intelligent cross-linked simulations. Strojniski vest-
nik - Journal of Mechanical Engineering, vol. 57, no. 7-8, p. 531-538, DOI:10.5545/sv-
jme.2011.013.

Journal titles should not be abbreviated. Note that journal title is set in italics.

Books:

Surname 1, Initials, Surname 2, Initials (year). Title. Publisher, place of publication.

[2] Groover, M.P. (2007). Fundamentals of Modern Manufacturing. John Wiley & Sons,
Hoboken.

Note that the title of the book is italicized.

Chapters in Books:

Surname 1, Initials, Surname 2, Initials (year). Chapter title. Editor(s) of book, book title.
Publisher, place of publication, pages.

[3] Carbone, G., Ceccarelli, M. (2005). Legged robotic systems. Kordi¢, V., Lazinica, A.,
Merdan, M. (Eds.), Cutting Edge Robotics. Pro literatur Verlag, Mammendorf, p. 553-
576.

Proceedings Papers:

Surname 1, Initials, Surname 2, Initials (year). Paper title. Proceedings title, pages.

[4] Stefani¢, N., Martinéevi¢-Mikié, S., Tosanovié, N. (2009). Applied lean system in process
industry. MOTSP Conference Proceedings, p. 422-427.

Standards:

Standard-Code (year). Title. Organisation. Place.

[5] ISO/DIS 16000-6.2:2002. Indoor Air - Part 6: Determination of Volatile Organic Com-
pounds in Indoor and Chamber Air by Active Sampling on TENAX TA Sorbent, Thermal
Desorption and Gas Chromatography using MSD/FID. International Organization for
Standardization. Geneva.

WWW pages:

Surname, Initials or Company name. Title, from http://address, date of access.

[6] Rockwell Automation. Arena, from http://www.arenasimulation.com, accessed on 2009-
09-07.

EXTENDED ABSTRACT:

When the paper is accepted for publishing, the authors will be requested to send an
extended abstract (approx. one A4 page or 3500 to 4000 characters or approx. 600 words).
The instruction for composing the extended abstract are published on-line: http://www.sv-
jme.eu/information-for-authors/ .

COPYRIGHT:

Authors submitting a manuscript do so on the understanding that the work has not
been published before, is not being considered for publication elsewhere and has been read
and approved by all authors. The submission of the manuscript by the authors means that
the authors automatically agree to publish the paper uder CC-BY 4.0 Int. or CC-BY-NC
4.0 Int. when the manuscript is accepted for publication. All accepted manuscripts must
be accompanied by a Copyright Agreement, which should be sent to the editor. The work
should be original work by the authors and not be published elsewhere in any language
without the written consent of the publisher. The proof will be sent to the author showing
the final layout of the article. Proof correction must be minimal and executed quickly. Thus
it is essential that manuscripts are accurate when submitted. Authors can track the status of
their accepted articles on https://en.sv-jme.eu/.

PUBLICATION FEE:

Authors will be asked to pay a publication fee for each article prior to the article
appearing in the journal. However, this fee only needs to be paid after the article has been
accepted for publishing. The fee is 380 EUR (for articles with maximum of 6 pages), 470
EUR (for articles with maximum of 10 pages), plus 50 EUR for each additional page. The
additional cost for a color page is 90.00 EUR (only for a journal hard copy; optional upon
author’s request). These fees do not include tax.

Strojniski vestnik -Journal of Mechanical Engineering
Askerceva 6, 1000 Ljubljana, Slovenia, e-mail: info@sv-jme.eu



14

27

39

56

Papers

9"770039"248001

ISSN 0039-24a80






