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ABSTRACT

High voltage electrical switches are crucial components to restart rapidly the electrical
network right after an earthquake. But there currently exists no automatic procedure to
check if these ceramic insulators have suffered after an earthquake, and there exists no
method to recertify a given switch. To deploy a vibration-based structural health moni-
toring method on ceramic insulators a large shake table able to generate accelerations up
to 3 g was used. The idea underlying the SHM procedure proposed here is to monitor the
apparition of cracks in the ceramic insulators at their early stage through the change of the
resonant frequency of the first mode of the structure and the non-linearity that they gen-
erate in its dynamic response. The Exponential Sine Sweep Method is used to estimate
a nonlinear model of the structure under test from only one dynamic measurement. A
classic linear damage index (DI) based on the variation of the frequency of the first mode
is compared to an original nonlinear one using the ratio of the amplitudes of the third
harmonic and the fundamental frequency. Results show that both DIs increase monoton-
ically with the number of solicitations, thus validating the use of the nonlinear DI. It is
also shown that the nonlinear DI presented here seems more sensitive than the linear one.

KEYWORDS : Structural health monitoring, ceramic materials, nonlinear approach.

1. INTRODUCTION

High voltage electrical switches, see Fig. 1(a), are crucial components to restart rapidly the electrical
network right after an earthquake. Indeed, they could be used immediately after an earthquake to
turn off the electrical network in damaged substations and to restore power in undamaged ones. Such
switches must thus fulfill strong requirements to be deployed in seismic areas such as California. Even
so, the ceramic insulators (Fig. 1(a)) constitute a very fragile part of these switches. There currently
exists no automatic procedure to check if these ceramic insulators have suffered after an earthquake,
and no automatic method to recertify a given switch. As a consequence, all of the ceramic insulators
are generally replaced after an earthquake event, even the healthy ones. Hence the electrical network
cannot restart quickly. To avoid doing so, automatic procedures able to detect damage and quantify its
amount without any human intervention are needed [1,2].

Structural health monitoring (SHM) is an emerging technology designed to automate the inspec-
tion process undertaken to assess the health condition of structures [3]. In a smart structure, SHM
systems may automatically process data and assess the condition of the structure. Several techniques
may be used depending on the structure’s material, the technology used for acting and sensing, the po-
sition, the size, and the nature of damage [4]. Among other things, we can highlight vibration-based
approaches which have the advantage of being sensitive to small flaws and of offering the capability
to monitor significant areas with few sensors [5,6]. To deploy a vibration-based structural health mon-
itoring method on ceramic insulators, these need to be equipped with sensors. In the present work,
accelerometers were chosen for sensing. The ceramic insulators were also excited at their base in
order to check their dynamic response but also to induce fatigue damage.
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Figure 1 : a) Electrical switch (161 kV / 2 kA) from Southern States with ceramic insulators (source:
http://www.southernstatesllc.com). b) A cascade of Hammerstein models.

It is assumed here that fatigue damage in ceramic insulators consists of cracks that grow before
the final breakage of the insulator. The idea underlying the SHM procedure is to monitor the growth
of theses cracks during the early stage through the diminution of the frequency of the first mode of the
structure [7] and through the non-linearities that they generate in the dynamic response [8]. This is
done by using an original vibration-based structural health monitoring approach previously developed
by the authors [9-11]. For this, we assume that a ceramic insulator can be modeled as a cascade
of Hammerstein models as shown in Fig. 1(b). The Exponential Sine Sweep Method [9, 12] is then
used to estimate a nonlinear model of the ceramic insulator from only one dynamic measurement. A
classic linear damage index based on the variation of the frequency of the first mode is then compared
to an original nonlinear one based on the amplitude of the third harmonic. Results show that both
damage indexes increase monotonically with the number of solicitations, thus validating the use of
the nonlinear DI. It is also shown that the nonlinear damage index presented here appears to be more
sensitive than the linear one.

The paper is organized as follow. The way the damage indexes are built from an estimated
nonlinear model is first described in Sec. 2. Then, the experimental procedure used to test the ceramic
insulators is presented in Sec. 3. The obtained results are finally given in Sec. 4. and a conclusion is
drawn in Sec. 5.

2. DAMAGE INDEXES BUILT FROM AN ESTIMATED NONLINEAR MODEL

2.1 Chosen nonlinear model: cascade of Hammerstein models

In a cascade of Hammerstein system, each branch is composed of one nonlinear static polynomial
element followed by a linear one £, (¢) as shown in Fig. 1(b). The relation between the input e(¢) and
the output s(7) of such a system is given by Eq. (1) where “(x)” denotes the convolution operator.

N
s(1) = ;Gzn*e”) (1) (1

Any cascade of Hammerstein models is fully represented by its kernels {/,(t) },e1..n}, Which
are only a set of linear filters. This model is thus quite simple to use and intuitive to understand.



2.2 Exponential sine sweeps

Estimating each kernel &, (t) of a cascade of Hammerstein models is not a straightforward task. A sim-
ple estimation method that has been proposed previously by the authors [9] for this purpose is briefly
recalled here. To experimentally cover the frequency range over which the system under study has
to be identified, cosines with time-varying frequencies are commonly used. When the instantaneous
frequency of e(r) = cos [¢(¢)] is increasing exponentially from f; to f> in a time interval 7', this signal

is called an “Exponential Sine Sweep”. It can be shown [9,12] that by choosing T = (Zm — %) %
with m € N*, one obtains: ‘
. T'n(k)
Vk e N*  cos[kd(t)] =cos[op(t+Ar)] with A = ———— (2)
kot) | ) In(f2/f1)

Eq. (2) states that for any exponential sine sweep of duration 7', multiplying the phase by a factor
k yields to the same signal, advanced in time by A#.
2.3 Kernel recovery in the time domain

If an exponential sine sweep is presented at the input of a cascade of Hammerstein models, by com-
bining Eq. (2) and Eq. (1) we obtain the following relation:

Mz

s(t) =) (mxe)(t+At,) with y(r chnhk 3)

n=1

where 7, (¢) is the contribution of the different kernels to the n" harmonic. In order to identify
each kernel 4, (t) separately, a signal y(z) operating as the inverse of the input signal e(¢) in the convo-
lution sense can be built as shown in [9]. After convolving the output of the cascade of Hammerstein
models s(7) given in Eq. (3) with y(¢), one obtains Eq. (4):

N
(y*s)( Z (t+Aty) 4)

Because At, o< In(n) and f, > fi, the higher the order of non-linearity n, the more advanced
is the corresponding 7,(7). Thus, if 7, is chosen long enough, the different ¥, (¢) do not overlap in
time and can be separated by simply windowing them in the time domain. Using Eq. (5), the family
{ha(t) }nep v of the kernels of the cascade of Hammerstein models under study can then be fully
extracted. Details of the computation of the matrix C are provided in [9].

[ (). ()] = Clni(e) .. ()] (5)

2.4 Damage indexes definition
2.4.1 Classic damage index

As a first approximation, the effect of the growth of the crack in the structure under study can be
modeled as a local decrease of its stiffness. Thus, as the crack grows, the overall stiffness of the
structure will decrease as well as the frequency of its first mode. Let fy be the frequency of the first
mode of the structure in the healthy case and fp the same frequency in the damaged case. These
frequencies can here be easily extracted from the estimated nonlinear model as the kernel 4 (z), or its
Fourier transform H; (f), is nothing else than the linear response of the system. After the analysis of
H,(f) in a healthy and a damaged cases, we can then define a classic linear damage index as [7]:
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2.4.2 Original nonlinear damage index

The dynamic response of a breathing crack alternates between the open and closed phases and its
behavior is not the same in each of these two phases. The dynamic response of a crack appearing in
a ceramic insulator is thus nonlinear by nature, and is expected to exhibit mainly odd harmonics for
symmetry reasons [8]. Furthermore, the amount of non-linearity generated by the crack in the dynamic
response of the structure should also be proportional to its size. For an arbitrary frequency f, the odd
harmonics contained in the dynamic response of the system can here be easily extracted from the
estimated nonlinear model as the Fourier transform of the kernels {H, (f), H3(3f), Hs(5f), H7(7f),
... } are nothing else than the amplitudes of the fundamental frequency and its odd harmonics. Let fy
be the frequency of the first mode of the structure in the healthy case and fp the same frequency in the
damaged case. By denoting R3(f) the ratio of the amplitude of the third harmonic to the amplitude of
the fundamental in the neighborhood [f — 8 f, f + & f] of the frequency f, a second original nonlinear
damage index DInr, can then be built as:

I+8f | Hz(3v)
Hy(v)

R3(fp) —R3(fu)

R3(f) = Rs(n)

f=of

dv and DInL =

(7)

3. EXPERIMENTAL PROCEDURE
3.1 The PEER shaking table

The UC Berkeley 6 axes hydraulic shake table was used for this experiment [1]. The shake table di-
mensions are 6 mx6 m. The maximum displacement is 13 cm horizontally and +5 cm vertically.
The maximum acceleration in each direction is 3 g and the maximum velocity is 1 m/sec. A hydraulic
shake table does not have a constant frequency response, and the dynamic properties of the specimen
will change this response. Furthermore, in hydraulic systems servo-valves have a nonlinear response,
clevises compliance vary in tension and compression, and minor backlash may be present. All of these
nonlinear events generate odd harmonics which can be problematic for this experiment since the dam-
age index DIy, defined in Eq. (7) relies on an estimated nonlinear model of the specimen. Oftentimes
a correction technique consists of building frequency response model of the table beforehand with a
non-destructive random excitation then invert this function to obtain a constant frequency response.
But this technique can only correct linear errors. So for harmonic signals it is preferred to use close
loop compensators which are more prone to instability but are also more powerful. An amplitude-
phase controller (APC) monitors the amplitude and phase error of the linear part and updates an error
correction. An adaptive harmonic canceler (AHC) corrects the most repeatable non-linearities in the
table response by sending signals with the same frequency and opposite polarity. It must be noted
that the correction parameters of the APC and the AHC are required to adapt to the varying frequency
of the exponential sine sweep signal. A high sweep rate may lead to control instability, hence it was
preferred to use a slow rate of loct /min.

3.2 Ceramic insulators and associated instrumentation

The ceramic insulator consists of two posts spliced in the center, manufactured by PPC insulators, as
shown in Fig. 2(b). The ceramic is tapered, with a base diameter of 172 mm and a top diameter of
137 mm (without the rain sheds). These insulators (height: 4 m, weight: 450 kg) are commonly used
on 500 kV disconnect switches, with two stacks holding the switch hinge and one stack holding the



jaw where the switch blade sits in the closed position. While fairly simple, these disconnect switches
must operate properly after an earthquake because they must be opened prior to any maintenance
work in the electric substation. Despite their brittle properties, ceramic insulators are often preferred
over fiberglass insulators because they do not require to be filled with insulating oil or SF6 gas. A
numerical analysis of the specimen was performed in order to assess the expected strain at various
levels, see Fig. 2(a). The model is linear elastic, and the boundary conditions between the various
elements were modeled as bonded. A static analysis was performed, with gravity load applied in the
horizontal direction. As expected, the maximum longitudinal stress was observed at the base, were
the specimen was expected to fail. The specimen was equipped with two strain gauges at its base and
with two 3-axis accelerometers placed at mid-height and at the top of the structure, see Fig. 2(b).

No additional mass 100lbs mass. 200lbs mass 300lbs mass Strain Gauges

(@ (b)

Figure 2 : a) Numerical analysis of the specimen subjected to gravity load along the vertical plane. b) Specimen
on the shake table, instrumented with two strain gauges at its base and with two 3-axis accelerometers placed at
mid-height and at the top of the structure.

3.3 Earthquakes used for damage generation and excitation signal

The earthquake signals used in this experiment are the signals prescribed in IEEE-693 [13]. Two dif-
ferent earthquake amplitudes were used: 1.0 g and 1.5 g. The response spectra of these earthquakes
is represented in Fig. 3(a). During the experiment, the table response always enveloped these targeted
response spectra. The specimen was subjected to a total of 15 earthquake signals. After each earth-
quake signal, an exponential sine sweep was performed sequentially in each direction of the table (x
and y-directions). This excitation signal is an exponential sine sweep with f; = 0.7 Hz, f> = 50 Hz,
T =364.4 s and an amplitude of 0.1 g. Time history signals were acquired with a sampling frequency
of fy =200 Hz. In order to induce more damage, mass was added during the test. This added mass
was always removed during the exponential sine sweeps. The different earthquake levels are sorted in
Table 3(b) based on their severity. Based on the exponential sine sweep response of the specimen, it
was decided to either increase the severity level or keep it constant. Most of the damage was observed
for the severity indexes 6 and 7. The specimen failed near its base, as expected in Sec. 3.2, during the
sixteenth earthquake.



#  Severity Signal and configuration
0 0 Healthy specimen
1 1 IEEE-693 (1 g)
2 2 IEEE-693 (1.5 g)
3 2 IEEE-693 (1.5 g)
4 2 IEEE-693 (1.5 g)
5 2 IEEE-693 (1.5 g)
6 6 2 IEEE-693 (1.5 g)
S 7 3 IEEE-693 (random waveform) (1.5 g)
g 5 8 3 IEEE-693 (random waveform) (1.5 g)
® 4} g 9 4 IEEE-693 (1 g) with 68 kg mass
e 5 10 5 IEEE-693 (1 g) with 90 kg mass
:]‘é 11 5 IEEE-693 (1 g) with 90 kg mass
8 2t . 12 6 IEEE-693 (1.5 g) with 90 kg mass
2 | | 13 6 IEEE-693 (1.5 g) with 90 kg mass
a1 14 7 IEEE-693 (1 g) with 136 kg mass
10 ] 60 ] ;)1 w13 7 IEEE-693 (1 g) with 136 kg mass
Frequency [Hz] 16 8 IEEE-693 (1.5 g) with 136 kg mass
(a) Prescribed Response Spectra - 2% damping (b) Earthquake signals performed during the test

Figure 3 : Earthquakes used for damage generation

4. RESULTS
4.1 Evolution of the estimated kernels with damage

A nonlinear model of the specimen under test up to a nonlinear order N = 4 was estimated by means of
the procedure described in Sec. 2. fed with the signals obtained in Sec. 3. from each available sensor.
The amplitude of the Fourier transform of the different kernels as a function of the severity index
defined in Tab. 3(b) is shown in Fig. 4(a) for the y-axis of the mid-height accelerometer subjected to
an exponential sine sweep in the y-direction, see Fig. 2(b).

From Fig. 4(a) it can be noted that the amplitude of the different kernels does not exhibit variation
during the damage process. This variation is mainly observed near the resonant frequency of the first
mode for H,(f) and near the corresponding harmonics for the higher level kernels. By looking at
Fig. 4(b) which is a zoomed version of Fig. 4(a) near the frequency of the first mode for H; (f) and the
frequency of the third harmonic for H3(f) it can be seen that the effects that have been qualitatively
described in Sec. 2.4 are here experimentally observed. Indeed, when considering |H; (f)|, it can be
seen that the resonant frequency of the first mode of the structure under test is decreasing with the
severity index thus validating the softening phenomenon. Furthermore, when looking at both |H; (f)]
and |H3(f)|, one can observe that the third harmonic amplitude increases while the fundamental am-
plitude decreases with the severity index validating the fact that the structure response becomes more
and more nonlinear as damage increases [8].

4.2 Damage index variations with severity index

Two damage indexes were built from the nonlinear models estimated after each earthquake. A classic
linear one DIj, based on the variation of the frequency of the first mode defined by Eq. (6), and
an original nonlinear one DIyy, based on the ratio of the amplitudes of the third harmonic and the
fundamental frequency defined by Eq. (7). For DIy, the parameter & f was set to 0.01 Hz, meaning
that the amplitude ratio is averaged in a neighborhood of 0.01 Hz near the resonant frequency and the
third harmonic. The variations of both damage indexes with the number of earthquakes are plotted in
Fig. 5 for the x-axis of the mid-height accelerometer when subjected to an exponential sine sweep in
the x-direction and for a strain gauge when subjected to an exponential sine sweep in the y-direction.
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Figure 4 : Amplitude of the Fourier transform of the different kernels of the x-axis of the mid-height accelerom-
eter subjected to an exponential sine sweep in the x-direction, see Fig. 2(b), as a function of the severity index:
a) overview b) zoom near the fundamental and the third harmonics. Colors are coding the earthquake number
given in Tab. 3(b) as partially indicated by the legend.

From Fig. 5, it can be seen that when the severity index increases, the linear damage index DI
monotonically decreases while the nonlinear one DIy, monotonically increases. This is consistent
with the theoretical expectations of Sec. 2.4. Furthermore one can notice that the trends provided by
both DIs are consistent (i.e. there is not one DI that increases greatly while the other one is not), thus
validating DInp, with respects to DIy that is already well documented in the literature and expected to
be reliable. Finally it can be seen that DIyy. varies by almost 4000 % during the damaging process
while DIy, varies by only 30 %. Thus it appears that the nonlinear damage index DIy is more sensitive
than the linear damage index DI..

5. CONCLUSION

A vibration-based structural health monitoring (SHM) procedure was tested on ceramic insulators with
a large shake table. The idea behind the SHM procedure proposed here was to monitor the growth
of cracks in the ceramic insulators at their early stages through the change of the resonant frequency
of the first mode of the structure and the non-linearities that they generate in its dynamic response.
The Exponential Sine Sweep Method was used to estimate a nonlinear model of the structure under
test from only one dynamic measurement. A classic linear damage index DI was compared to an
original nonlinear damage index DInp. This preliminary experiment showed that DInp, can quantify
damage induced by earthquakes in ceramic insulators. Its behavior is consistent with the behavior
of the classic DI.. Furthermore, since the proposed DIy appears to vary more than the DIy, future
work should focus on the ability to detect damage that cannot be detected by DIy . Future experiments
should include the use of a shaker pot able to produce higher frequencies than a shake table in order
to study the behavior of high order harmonics. In addition, the amplitude of the damage index varied
greatly based on the instrument location. The mid-height accelerometers and the base level strain
gauges were more adequate to assess damage than the top accelerometers. It is planned to investigate
the underlying cause of these differences in order to deploy the sensors more efficiently.
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