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Abstract The crimping process is mainly determined
by the initial tolerance field of the fitting-rod assembly and
the hardness of the fittings. The initial tolerance field of the
fitting-rod assembly results in a higher crimping pressure
as the tolerance field increases. The greater the hardness of
the fittings, the higher the crimping pressure. In practice,
due to the above mentioned factors, it is impossible to set
an optimum crimping pressure to ensure a correct
fitting-rod assembly. The article presents a system for
monitoring the acoustic emissions during the crimping
process of composite insulators. The system achieves an
automatic classification of the type of crimping, a database
of the acoustic emission graph recordings, the storage of
the values as TDMS files, and generates automatic reports
of the crimping process. This method was successfully
tested.
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1. Introduction

The efficiency of electric power systems depends on the
reliability of power networks and equipment. The
transmission of electric energy from power stations to end
users has been carried out in recent years using extra high
voltage power lines. Electric power transmission systems
rely on key components such as insulators, which are used
to support the conductors at high voltage. They must be
capable of withstanding not only regular voltages and
overvoltages, such as lightning and switching events, but
also various effects of the environment, such as rain, snow
and pollution. Composite insulators are designed to fulfill
long-term structural roles in power transmission and
substation applications. The main parts of these insulators
are: a glass reinforced polymer (GRP) composite rod, and
two metal end-fittings which are attached by mechanical
crimping or adhesive bonding to the ends of the rod
during assembly. Due to the high mechanical

strength-to-weight ratio, the improved damage tolerance,
flexibility, and ease of installation, composite insulators
are more advantageous than their porcelain counterparts.
However, considering that they are relatively recent
products, their design is still in the development stage, and
their structural integrity and expected life until failure are
matters under consideration for both utilities and
manufacturers since [1-3].

Damage to composite materials during the crimping
operation can occur due to several factors, and can result
in serious impairment of their load carrying capacity.
Serious damage can occur due to even apparently minor
impact events, especially in thin-walled structures. Costly
and extremely time-consuming inspections are often
necessary to ensure the safety of the structure. Undetected
damage can become critical and result in catastrophic
failures of structures. For this reason, aircraft and

aerospace structures are equipped with damage
monitoring systems to improve their safety and
significantly reduce maintenance costs. Composite

materials and structures are characterized by inherent
material defects and manufacturing anomalies, therefore
the successful application of non-destructive testing (NDT)
techniques for damage detection and monitoring is
necessary when the composites are manufactured for large
scale production; in order to meet the requirements
regarding the applicability of their physics, some of the
techniques often have to be adjusted especially for
composites [4-10].

The Acoustic Emission (AE) is a phenomenon which
occurs naturally in materials. It refers to the transient
elastic waves resulting from a sudden strain energy release
generated by microstructural changes. In case of damage
like cracking, dislocation motion or the formation or
collapse of internal voids caused by loading, the energy
will be discharged as vibrations travelling through the
material, detectable at its surface by suitable sensitive
transducers. As opposed to other methods used for
damage detection, AE utilizes information supplied by the
process at the same time that it occurs. For that reason, the
AE technique is distinct from all the other NDT
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techniques, since it is a continuous monitoring technique
rather than a tool for non-destructive inspection; in fact,
acoustic emissions can be collected after the structure is
loaded, and eventually damaged [11-18].

The paper is organized as follows: Section 2 describes
the crimping process for the composite insulators. Section
3 presents the structure of the acoustic signals monitoring
system for the crimping process. The experimental results
are presented in Section 4 and the paper includes a section
of conclusions at the end, which describe the main aspects
and benefits of the developed acoustic signal monitoring
system for the crimping process.

2. Crimping Process for the Composite
Insulators

Composite insulators consist of the following
components: a glass reinforced polymer (GRP) rod, two
metal end fittings attached to the rod during assembly and
a series of electrically insulating rubber sheds (Figure 1).

Endfitting  Connection zone

End fitting

Insulator trunk  Sheds
Figure 1.

!
Core
Composite insulator

The insulator assembly is required to withstand tensile
forces according to certain specifications of the insulator.
The end fittings perform the main task of providing a
mechanical connection and transferring loads from the
high voltage conductor to the GRP-rod (at the line end),
and from the GRP rod to the tower (at the tower end).
Modern GRP have several advantages, in contrast to
conventional materials. Compression type joints are the
state-of-art in composite insulators technology due to their
reliability, low cost and reproducibility. The force of
compression applied during crimping and the friction
coefficient between the fitting and the rod greatly
influence the coupling between the GRP rod and the metal
end fitting in the insulators. As a result of excessive
straining from the crimping process, breaking can occur in
the core. The factors leading to a gradual progression of
the cracks during operation are the complex mechanical
(static and cyclic) stress as well as the chemical and
electrical environment associated with high voltage
applications. The performance of over-crimped composite
insulators in service can be seriously affected by humidity
and corona discharges [4].

Cracking failures in high voltage composite suspension

insulators in service are caused by the combined effect of
the mechanical, electrical and environmental stress. By
contrast, deformation caused by under-crimping will
result in a loose joint. In order to determine the
mechanical strength of a composite insulator with crimped
end-fittings, the GRP rod is pulled out of the end-fittings.

By using a hydraulic press, the die set is driven in radial
direction, towards the end fitting. The standard crimping
process is carried out as follows: first, the crimping
pressure increases up to the preset value; next, the
pressure is maintained at this value for a preset holding
time; the final step consists in releasing the pressure.

The compression applied during manufacturing, the
friction properties of the rod/fitting interface and the
geometry of the fitting are the parameters which affect the
strength of the insulator. The geometry of the fitting
influences the strength of the insulator according to three
factors. The first factor is the length of the fitting: a
greater insulator strength is obviously achieved in the case
of long fittings, as opposed to short ones. The second
important factor relates to the gap between the internal
surface of the fitting and the rod surface before applying
the crimping process. The internal surface of the fitting
represents the third factor: in order to obtain the same
insulator  strength  properties, greater stress-strain
compression is required to be applied to the fitting and the
rod surface in the case of smooth surfaces in comparison
with rough surfaces (for example threaded surfaces). The
insulator strength also depends on a third factor, namely
the material of the fitting. In order to achieve the
mechanical connection between the GRP rod and fitting in
crimped composite insulators, the material of the fitting
undergoes plastic deformation during crimping, therefore
the insulator strength could be significantly affected by
the ductility of the fitting. For the same level of
compression applied to the fitting, the internal stress
distributions in the GRP rod and thus the insulator
strength can vary according to the different elasto-plastic
properties of the fitting materials. The properties of the
materials and tolerances of the components are the two
main factors affecting the crimping process, for the same
load and for the same joint. The acoustic emission
technology is wused by the composite insulators
manufacturers to monitor the crimping process of the end
fittings. Acoustic emissions may be defined as transient
elastic waves which are generated by the rapid release of
energy within the material. The sounds of fiber glass
breaking and cracks expanding can be detected by using
the AE equipment. This AE monitoring method is used
only to determine the occurrence of cracks [13].

The crimping process is mainly determined by the
initial tolerance field of the fitting-rod assembly and the
hardness of the fittings. The initial tolerance field of the
fitting-rod assembly results in a higher crimping pressure
as the tolerance field increases. The greater the hardness
of the fittings, the higher the crimping pressure. In
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practice, due to these mentioned factors, it is impossible to
set an optimum crimping pressure to ensure a correct
fitting-rod assembly. The end assemblies (fittings) are
fastened to the insulator rod through controlled pressure
crimping in the dies of a special crimping press with
automatically tracked and controlled parameters (pressure,
time and travel) [4].

The fastening of the metal end fittings to the glass fiber
reinforced epoxy resin rod is important and is carried out
through crimping (carried out by means of a hydraulic
press). Through crimping, the metal in the end fittings is
compressed symmetrically radially without damaging the
fibers of the rod or the resin matrix. Excess compression
can crush the rod and destroy the coupling between the
rod and the end fittings, therefore reducing the mechanical
strength of the insulator. Insufficient compression may
cause slipping between the rod and the end fittings.

The interface between the rod and the end fittings is
critical for the long-term functionality of the insulator in
service. Figure 2 shows the possible failures of the
interface between the rod and the end fittings caused by
the insulator tensile stress [5].

(a)

(b)

|

(c)

Figure 2. a) ‘“‘Pull-out”

¢) Delamination

(preferred), b) Separation failure,

A “pull-out” failure indicates that cracking has occurred
due to the excessive strain of the end fitting during the
crimping process. On the other hand, a separation failure is
indicative of excessive pressure during the crimping
process. These failures can be detected by measuring the
acoustic emissions which occur during the process.

In general, the tolerance field for the fittings is of 0 ~ 0.2
mm and the tolerance field of the fiberglass rod is of 0 +
(-0.2) mm. In order to achieve optimum technology,
gauges were achieved in order to check and sort the end
fittings and fiberglass rods. By using these gauges, these

semi-products are sorted so that the initial fitting-rod travel
is the smallest possible.

Composite insulators are crimped in the following two
ways [4-6]:

® Standard crimping (higher compression force at the
end of the rod) as shown in Figure 3;

Crimping Stress

GRP Rod

Figure 3. Normal stress condition

® Reverse crimping as opposed to standard crimping
(lower compression force at the end of the rod) as

shown in Figure 4.
7/Crimping Stress

GRP Rod

Figure 4. Reversed stress condition

The acoustic emissions generated during the crimping
process of the fittings to the rod of the composite insulator
are detected by using the acoustic sensor mounted on the
die of the crimping press (see Figure 5). The electrical
signal is filtered and amplified. The hydraulic installation
of the crimping press sends an electric signal of pressure
via a pressure transducer to the equipment for acoustic
emission monitoring and for crimping pressure control.
The data are sent by the equipment to the computer
running the software. Another function of the monitoring
equipment is to limit the crimping pressure achieved by
the hydraulic installation.

“Pull-out” failures and separation failures which are
indicative of the excessive straining of the end-fitting, i.e.
excessive pressure during the crimping process can be
detected by using the achieved system, by measuring the
acoustic emission during the process (against a
configurable admissible threshold of acoustic emissions),
and for this reason this is a non-destructive testing method
with obvious benefits.
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Figure 5. Block diagram of the automated system for composite
insulator crimping

3. The acoustic Signal Monitoring
System for Crimping Process

The monitoring system for the crimping process is
based on the virtual instrumentation (VI) concept.

A virtual instrument consists of a PC host equipped
with powerful application software, cost-effective
hardware such as plug-in boards, and driver software,
which together perform the functions of traditional
instruments. Virtual instruments represent a fundamental
shift from traditional hardware-centered instrumentation
systems to software-centered systems that exploit the
computing power, productivity, display, and connectivity
capabilities of popular PC host.

LabVIEW is an integral part of virtual instrumentation

because it provides an ecasy-to-use development
environment application designed specifically with the
needs of engineers and scientists in mind. LabVIEW
offers powerful features that enable connection to a wide
variety of hardware and other software.

3.1. Hardware Description

The functional model of the acoustic emission
monitoring and crimping pressure control system has the
following hardware structure:

® Acquisition board — model NI USB-6009;

Signal conditioner— model ASCO-PH3 — Vallen;
Acoustic sensor — model VS900-M Vallen;
Industrial miniPC— model HCP SG1;

Industrial touchscreen display — model IDS-3210;
Acoustic signals generator and multivibrator.

The DAQ NI USB-6009 has the following
specifications: 8 analog inputs (14-bit, 48 kS/s); 2 static
analog outputs (12-bit); 12 digital I/O; 32-bit counter;
bus-powered for high mobility; built-in  signal
connectivity; compatible with LabVIEW,
LabWindows™/CVI, and Measurement Studio for Visual
Studio .NET.

The ASCO-PH3 (see Figure 6) conditions the AE
signal so that it can be recorded and evaluated by using a
low-cost PC plug-in data acquisition card and a minimum
of software that shows voltage over time. With
ASCO-PH3 the integration of AE measurements into an
industrial application becomes straightforward and very
cost effective. The ASCO-PH3 forms a very useful
addition to the mechanical testing machine [19].

Qutput Filter
Filter — Low Pass Output ASL
Module
Log- Peak
[ Pre J — Output APK
Bnsor: g=—=(FIEAMP Conv. Stretcher P
(BNC)
Input Reset
— Com- | | puser || Opto I Output Optacoupler +
— | parator coupler Output Optocoupler -
Input Threshold

Figure 6. Block diagram of the acoustic signal conditioner
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The AE signal delivered by the piezo-electrical AE
sensor VS900-M is fed-in over a BNC-connector and
amplified by a low noise preamplifier. A filter module
rejects unnecessary frequency components. The high
frequency signal is rectified and the logarithm is obtained.
This signal is smoothened by a low pass filter and
submitted at the Output ASL (average signal level). In
parallel, the logarithm signal is processed by a
peak-stretcher which holds even very low peak values for
a defined period of time and is submitted at the Output
APK (AE peak amplitude). The log signal is compared
against a threshold fed-in as analogue voltage and when
the signal exceeds the selected threshold, a pulse is
generated, and fed over an optocoupler.

APK and ASL are derived from the same logarithmic
output, but APK represents the peak amplitude and ASL
represents the average amplitude.

The VS900-M is a passive piezoelectric AE-sensor that
has a wide frequency response. Its response is
characterized by two peaks at 190 kHz and 350 kHz with
accompanying anti-resonances at 200 kHz and 400 kHz.
The benefits of the VS900-M consist in high sensitivity
over a wide frequency range with compromises regarding
the flatness of response. It combines a good response in
the standard frequency - and high frequency range.

3.2. Software Description

Software is the most important component of a virtual
instrument. LabVIEW graphical programming is a
powerful and versatile analysis and instrumentation
software system for measurement and automation.

LabVIEW is designed to facilitate data collection and
analysis, and provides many display options. With data
collection, analysis and display combined into a flexible
programming environment, the PC host functions as a
dedicated measurement device. LabVIEW contains a
comprehensive set of VIs and functions for data
acquisition, analysis, display, and storage [20-21].

The software architecture of the acoustic emission
monitoring system is presented in Figure 7.

The application software for acoustic emission
monitoring system is based on state machines. A state
machine 1is programming architecture capable of
implementing any algorithm which can be explicitly
described by a state diagram or flowchart.

The main software modules of the application perform
the data acquisition and filtering of the acquired signal in
order to reduce noise and the filtered data are written in the
MySQL Server using the Database Write Module.

The following modules are used for viewing the instant
evolution of the acquired values, for achieving automatic
reports, and storing the evolution as TDMS files
(Technical data Management Streaming): Acoustic
Emission Analysis, TDMS Read/Write Module and
Automatic Report Software Module.

APPLICATION PROGRAMS

! i
| ACOUSTIC | [ |
' EMISSION I | AUTOMATIC REPORT |
| ANALYSIS | | SOFTWARE MODULE |
| | i
I

SOFTWARE MODULE

[
| DATABASE

I TomsFiLES | :

I READ } | CLIENT WRITE |

| SOFTWARE MODULE | | SOFTWARE |

_____________ ] | MODULE |
T —

1 A

Jom e e s Sl | |yti—— |

, SCANNING ‘ | DATABASE |

| * | /GLIENT READ |

| WRITE TDMS FILES | SOFTWARE |

| SOFTWARE MODULE | | MODULE |

A

MySQL SERVER
DATABASE

5.0. WINDOWS 10

HOST PC FOR ACOUSTIC EMISSION
SOFTWARE APPLICATION

Figure 7. The software architecture of the acoustic emission
monitoring system

The criterion for the classification of the probe is given
by (1) and the software implementation is presented in
Figure 8:

()

N 2
I=min| 3.(x(1)=a,(i))
i=

Where:

Ns — number of samples of acoustic signals of the
crimping process;

y — acoustic signal of the probe;

ak — acoustic signal patterns (k=1 - rated crimping, k=2
- over crimping, k=3 - under crimping).

Figure 9 shows the software block diagram of the
Acoustic Emission Analysis Module. The MySQL
database structure and the software block diagram for read
and write database are presented in Figure 10.

The block diagram of the automatic report software is
presented in Figure 11.

The time evolution of the acoustic signals ASL and
APK for the crimping process is presented for 9 seconds
in Figure 12. By eliminating the initialization and
synchronization times of the crimping process it is
observed that the duration of the actual crimping process
is 1.5 seconds.
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Figure 8. The software block diagram for the automated classification of the crimping process probe
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4. Experimental Results

The SERA insulator crimping machine PE 180TC
model (see Figure 13) performs a uniform compression of
the metal fittings on the fiberglass rod through 8 dies
moving evenly in radial direction. The dies are
hydraulically operated, the compression force being
adjusted according to the diameter and length of the end
fittings. The maximum crimping pressure is adjusted by
using the pressure switch HYDAC EDS 300.

Figure 13. Crimping machine SERA model PE 180TC

Enclosure unit
DAQ Board NI-USB 6009
Acoustic signal conditioner
ASCO-PH3 Vallen

Industrial PC

Acoustic sensor
VS900-M Vallen

Figure 14. Monitoring system for acoustic emission

The acoustic emission monitoring system is shown in
Figure 14.

*  The main technical features of the SERA crimping
machine PE 180TC model:

*  Compression force: 240 tf;

e  Compression diameters 10, 12, 15, 18, 21, 24, 27,
30, 33, 39, 45, 48, 51, 57, 66, 70 and 73 mm;

*  Length of dies: 38 mm,;

*  Supply voltage 400 V;

*  Electric motor output: 5.5 kW.

The crimping tests were carried out on end fittings with
@ 32 mm outer diameter, 16 mm @ inner diameter and 38
mm compression length. After the crimping process, the
insulators were tested at 70% of the specific mechanical
load, indicating the fact that, in the case of
over-compression, the values of the acoustic emissions
recorded during the crimping process show cracks in the
insulator fiberglass rod.

Following the tests carried out with the system and the
technology described above, graphs were achieved,
representing the time evolution of the acoustic emission
signals during the crimping process in the following cases:
rated compression, over-compression, and
under-compression. In the case of rated compression
crimping, the product passes the tensile test, in the case of
over-compression crimping, the fiberglass rod breaks
during the tensile test, and in the case of
under-compression crimping, the fiberglass rod detaches
from the end of the fitting during the tensile test.

For the cases of rated crimping, over crimping and
under crimping, the patterns of the acoustic emissions
during the crimping process were obtained for 1.5 seconds,
as shown in Figures 15, 16 and 17.

During the crimping process, for each insulator, the
acoustic signals are recorded in the database and the
automatic classification of the crimping quality is
achieved according to the data presented in section 3.

For the crimping of an insulator with the acoustic
fingerprint shown in Figure 18, the software application
automatically categorizes it as a normal type of crimping.
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Figure 15. Pattern waveform graph for acoustic signals ASL an APK - Normal crimping

Figure 16. Pattern waveform graph for acoustic signals ASL an APK - Over crimping
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Figure 17. Pattern waveform graph for acoustic signals ASL an APK - Under crimping
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Figure 18. Probe acoustic signals ASL and APK

5. Conclusions

The acoustic emission monitoring system is flexible,
allowing for fast implementation of additional functions in
order to adapt to the crimping of different composite
insulators featuring different technical parameters.

By measuring the acoustic emissions during the process
and comparing them to a configurable admissible
threshold of acoustic emissions, “pull-out” and separation
failures are prevented, which are indicative of the
excessive straining of the composite insulator end-fitting.
The system achieves an automatic classification of the

type of crimping, ensures the recording of the acoustic
emission graph in a database, the storage of the values as
TDMS files and generates automatic reports of the
crimping process.
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