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Abstract: The railway industry is progressively embracing mechatronics solutions to improve main-
tenance operations. In this context, we present a robotic device that introduces structural dynamics
analysis in railway pantograph inspection. Specifically, an innovative macro-micro actuation extends the
bandwidth performance of actual devices, while a force control strategy proved to support the execution
of nonlinearity tests via the estimation of the Frequency Response Function for different levels of the
input force. Thereupon we show that the exploitation of nonlinearity can enhance the detection of even a

minor localized fault.
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1. INTRODUCTION

The emergence of high-speed railways is progressively leading
to the introduction of more and more sophisticated maintenance
routines, Stern (2017). In this context, strong efforts have been
focused on railway pantograph, Fig. 1 (a), a special mechanism
mounted on the roof of electrical trains to capture current from
the high-voltage line. Its main component is the pan head,
endowing proper contact strips and supported by a frame and
an elastic suspension. When the suspension spring is actuated,
an upward force is generated so as to lift the frame until the
head gets in contact with the line. The critical point with the
pantograph is that even localized and progressive damages
in both the suspension and the frame proved to affect the
energy absorption, Zhang et al. (2018), Peters (1981) as well as
introduce a risk for the safety, R.A.I.B. (2013), Conway (2008).

However, pantograph maintenance still relies on periodic human
inspections while structural dynamic tests are reserved for the
overhaul. In the standard procedure, one point of the frame
is excited by a dynamic load and both the excitation and the
consequent response are simultaneously acquired. A Frequency
Response Function (FRF) is generally estimated, being an
efficient metric to characterize the dynamics in the frequency
band of the excitation as well as a sensitive feature towards
several kinds of faults, Ewins (1984); Sohn et al. (2003); Fanning
etal. (2003); Fanning and Carden (2004). Currently, these indoor
tests are performed by means of gantry test-rigs, equipped with
heavy electro-hydraulic actuators, able to achieve an excitation
bandwidth of about 100 Hz, Deml et al. (2001); Bruni et al.
(2011); Xin et al. (2018). Nevertheless, industries advocate
for more frequent dynamic interrogations between consecutive
overhauls to further prevent failures. To this end, a number of
patents, Xie et al. (2009); Bing et al. (2018); Lu (1998), disclose
portable devices that can be on purpose installed on the train
roof in the occasion of the periodic assessment. All of these
succeed to contain weight under 20 kg by adopting a lightweight
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flexible actuation, but guarantee a limited bandwidth for force
transmission. Consequently, low-frequency tests are allowed,
averting only macroscopic faults in the suspension, with no clue
about the structural integrity.

More in general, one concern with all current routines is the
assumption of linearity, which fails because of the presence of
not negligible friction in the frame joints. Hence the estimated
FRF provides a partial description of the dynamics. Besides,
damage detection itself could be enhanced if the system’s
nonlinearity was taken into account, Worden et al. (2008). A
widely used method to deal with nonlinearity is to perform a
homogeneity test, Worden (2019), whose aim is to ascertain if
the FRFs derived from different levels of the input force overlay.
In this regard, a critical aspect is that external disturbances
generate distortion in the spectrum of the applied input force,
Peterson (1993). Thereupon results might be misleading since
one assumption of the homogeneity test is that the spectrum of
the input force is constant across the whole excitation bandwidth.
In this context, robotics solutions can significantly lead to in-
depth and more effective maintenance.

In this paper, we present arobotic device for the on-site execution
of dynamic tests on railway pantographs. Specifically, we
conceived and experimentally validated an innovative actuation
that achieves a bandwidth of 25 Hz for the transmitted force,
while complying with the threshold of 20 kg typical of actual
devices. Afterward, it is shown the need for a force control
strategy to reject spectral disturbances on the input excitation.
Subsequently, a homogeneity test was carried out to derive the
pantograph FRF for 2 levels of the input force and evident
nonlinear behavior was observed even in a limited frequency
interval. The main contribution of this work is to show that
the exploitation of nonlinearities can advantage the detection
of even a minor localized fault. Indeed, the emergence of FRF
alterations induced by a progressive loss of a bolted connection
revealed to be dependant on the input level.
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Fig. 1. (a) Railway pantograph and prototype of the inspection robot for the execution of dynamic tests. (b) Lightweight frame
architecture of the robot. (c) Detail of the actuation showing the presence of a macro-micro actuation (d) Static and dynamic
components of the force profile with the correspondent assignment between actuators.

2. MECHANICAL ARCHITECTURE

Fig. 1 (a) depicts the railway pantograph and a prototype of the
robotic device. During the execution of the dynamic test, the
pantograph is required to be set at a fixed height while a stinger-
tube transmits the dynamic excitation. The working point can
be adjusted since the stinger-tube is telescopic. The robot-body,
pictured in Fig. 1 (b), is an aluminum-alloy skeletal frame in
which a central core, hosting the actuation unit, is supported
by four legs. In particular, the device can be grounded to the
fixed base of the pantograph through quick-release clamping
mechanisms (in dark at the bottom of each leg), so mounting
operations are easy for the maintainer.

Fig. 1 (c) shows the architecture of the actuation core, which
implements the principle of parallel macro-micro actuation,
described in Morrell and Salisbury (1998). The need for a
double actuation emerges from Fig. 1 (d) which schematizes the
typical force profile necessary to excite the structure of a railway
pantograph. Specifically, the excitation is composed of a main,
high amplitude static contribution 7j and a low-amplitude high-
frequency dynamic signal. The presence of the static term arises
from the upwards pushing force generated by the suspension
which lifts the frame and pushes the pan head against the
line. During the dynamic test, the pantograph must not be in
contact with the catenary and hence the testing device is asked
to provide the term Ty to balance said upwards force and keep the
pantograph at a fixed height. Simultaneously a dynamic force is
necessary to induce the vibration regime. Therefore the need for
such a constant term has the only effect to increase the range of
force required to the actuation. In addition, these contributions
happen to be significantly different in amplitude; while the static
force settles about 90 N, an instantaneous amplitude of about 10
N is generally sufficient to excite the pantograph in the 0 - 25
Hz interval, Santamato et al. (2019).

Patents for portable devices adopt a flexible architecture in
which the entire force profile is transmitted to the pantograph
through a long steel cable, whose tension is regulated by a
rotary motor-pulley system. Despite simplicity and lightweight,
the achievable bandwidth of the excitation is unsatisfactory
for structural damage detection, because of the low stiffness

of the cable relative to the inertia of the motor-pulley. On
the other side, commonly used shakers for dynamic tests
guarantee high dynamic performances but do not generate a
static force. In our implementation, the principle of motor-
cable actuation is combined with an electromagnetic linear
motor. In this way, it is possible to advantageously attribute
each component of the excitation law to the optimal actuator.
The advantageous force/weight characteristic of the motor-cable
is exploited to cover the substantial portion of the excitation
amplitude, meaning that a so-called macro actuator provides
the mean force Ty and, consequently, a micro electromagnetic
actuator is sufficient to generate the remaining component of
the excitation law. In this architecture, the steel cable couples
the two motors. Hence the effective transmission of the force
to the structure requires that the natural frequency of the rotary
motor-cable is sufficiently above the frequency interval of the
excitation, Santamato et al. (2018).

For both motor-units, a brushless direct-drive configuration
has been adopted. The main advantage of this choice is the
absence of mechanical transmissions that introduce friction,
backlash and sensibly increase the perceived inertia. The micro-
actuator is equipped with an electromagnetic linear motor whose
permanent-magnets track is fixed to the robot frame while an
iron-less coil is constrained to a linear guide so as to move
vertically. The moving coil is provided with a mechanical
interface that hosts the telescopic tube and a Hall-effect digital
encoder. This sensor is necessary for the commutation of the
winding phases and it is also used as sensor displacement.
The end-effector is equipped with a mono-axial force sensor,
fundamental to complete the input-output measurement and to
control the actual force exerted to the structure.

3. FORCE CONTROL
3.1 Need for force control

The estimation of the Frequency Response Function (FRF) is a
well-known method to visualize the input-output properties of
complex systems and structures. Moreover, its computation from
data records is immediate. If, for example, we denote by fi,eqs(f)
and X,eqs(t) the input force and the output displacement
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respectively, the non-parametric estimate, McKelvey and Guérin
(2012), of the so-called receptance FRF is:
Xmeas (Q)) ( 1 )
Fmeas (w)

in which the capital letter stands for the discrete Fourier
transform.

FRF(w) =

FRF contains several information regarding the dynamics of
a structure, such as resonances, anti-resonances, and modal
density. One further advantage in the use of FRF data for
structural monitoring is that it negates the need for identification
exercises. Indeed, changes in a continuously or intermittently
monitored FRF can be caught by visual inspection or by
simple metrics, like the mean-square error between the FRFs.
Alterations in amplitude, damping, and frequencies are in
particular first indicators of the occurrence of damage.

What is more, the estimation of the FRF is also a method
to ascertain the nonlinearity of a system, through the so-
called homogeneity test. Linearity is ensured by repeating the
dynamic test several times but changing the input level over a
range of values. If the FRFs derived from the different levels
overlay, linearity is assumed to hold. Conversely, if the system
is nonlinear, the FRF would result altered and the exact form of
distortion could be related to the type of nonlinearity.

One concern with the homogeneity test arises from the fact that
during the dynamic test, actuator inertia, friction in the transmis-
sion and structure/exciter interaction generate distortions and
local alterations in the frequency spectrum of the applied force.
In particular, when the frequency of the input force signal passes
through the structural resonances, the force spectrum exhibits a
strong reduction, known as drop-off. For nonlinear structures,
this could bring to misleading estimates of the FRF. Therefore a
high-performance force control is required to achieve an almost
constant profile for the spectrum of the excitation.

3.2 Controller design

The control strategy was meant to drive the true applied force
Jmeas as close as possible to the desired reference law f..¢. In
particular, since we are interested in the spectral characteristics
of the force transmission, a Force Transfer Function FTF was
defined in the frequency domain as follows:

FmeaS ((.L))
—_ 2
Fror(@) @

where again the capital letter stands for the Discrete Fourier
Transform. A prior step to the design aimed to ascertain that
no internal resonances of the passive actuation affect the force
transmission in the frequency interval of the excitation. The
blue-dotted curve in Fig. 2 refers to the FT F of the macro-micro
actuator, in the form of a Bode plot, estimated by keeping fixed
the end-effector while commanding in open-loop a linear chirp
signal (with amplitude 5 N and frequency sweeping from 0.01
to 25 Hz). As expected, the force at the end-effector is affected
by inertia and friction. This is reflected by an attenuation of
the magnitude of the FTF that stays around a value of -5 dB.
Since the magnitude and the phase lag exhibit an almost flat
profile in the entire range, we can conclude that the actuator is
mechanically adequate to work in this band.

FTF(w) =

Afterward, a direct force control strategy was designed, whose
scheme is depicted in Fig. 3. In the control strategy, the static
term Ty equal to the pushing force is commanded to the
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Fig. 2. Experimental estimates of the Force Transfer Function
(Bode Plot)

macro actuator as a feed-forward contribution, since its value is
constant and known. Such a choice is also effective for narrow-
band rejection since this term is a substantial contribution
in terms of the amplitude of the overall desired force law,
schematized in Fig. 1 (d). Instead, the control action is demanded
to the micro-actuator, since it is capable of large bandwidth
performance due to its high mechanical impedance.

In a preliminary stage, since the dynamics of the overall system
was not known, we experimentally estimated the FTF in open
loop with the aim to compensate for the main disturbances, due
to the drop-off. Practically, we defined a function G,.s; which is
expressed as follows:

Gest(w) = FTF(w)|openloop 3
To refine the substantial action provided by the feed-forward,
that is rejecting all the minor dynamic disturbances, a closed-
feedback loop was designed. In particular, to achieve a better
spectral match with the desired force, the tuning of a propor-
tional gain P revealed to be sufficient. Besides, the adopted
requirement for the force-tracking aimed to obtain an under-
damped response with a 5% overshoot for a step input of 7.5
N. At the same time, a viscous term was added to widen the
proportional gain. In Fig. 3 the gain b is indeed proportional to
the speed of the actuator, estimated by applying a low-pass filter
(LPF) to the derivative of the position x;,,.,s measured by the
encoder, Chiaradia et al. (2016).

Control performance has been evaluated by comparison between
the FTF estimates in open (black line) and closed-loop (red
line), in Fig. 2. The desired dynamic force is a chirp with
amplitude 10 N and frequency linearly sweeping from 0.01 to 25
Hz. By looking at the open-loop FT'F itis evident the significant
notch-filter effects of the drop-off around the resonances, that
is at 3 Hz, 7.5 Hz and with a more narrow-band fashion in the
region between 13 and 15 Hz. Further disturbances provoke a
noticeable attenuation of the measured force with respect to the
reference since after 7 Hz, the mean value of the magnitude
of the FTF stays about -18 dB. The phase diagram exhibits
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shifts at frequencies that are consistent with the drop-offs of the
magnitude plot. By looking at the closed-loop curve, we see that
still, a distortion stands around 3 Hz. However, the magnitude
decrease is more than halved compared to the open-loop curve.
Whilst, above 7 Hz, the magnitude of the FTF is flat and about
0 dB, with negligible perturbations at the resonances, and all
the phase shifts have been canceled out. We conclude that the
control strategy mainly rejects the spectral distortions that affect
the force transmissibility in the open-loop.

Forward Pushing Force

+ Robot + Pantograph

Motor

Fig. 3. Closed-feedback loop control scheme.

4. EXPERIMENTS DESCRIPTION

For this work, we have performed two kinds of experiments:

e a homogeneity test;
o a fault detection test.

The homogeneity test was meant to ascertain the nonlinear
behavior of the pantograph in nominal conditions. To this goal,
the receptance FRFs (see Eq. 1) were estimated and compared
for two levels of the input force. Namely, force levels have
been defined by the instantaneous amplitude of the relative
chirp signal, which is 2 N (low level) and 11 N (high level).
Furthermore, we focused on the interval 0 - 8 Hz because
it combines sufficient dynamics information with the main
nonlinear effects (due to dry friction). The high repeatability of
the force-values that is guaranteed by the closed-loop enforces
this choice, despite the residual distortion around 3 Hz.

On the other side, the fault detection capabilities of our
device were investigated by simulating a localized fault. For
each scenario, a homogeneity test was executed with the
same aforementioned levels of force. As shown in Fig. 4,
the pantograph frame is composed of two parallel planar
mechanisms, which are connected through two diagonal bars.
For this paper, we simulated the progressive loss of one of the
bolt connections that joint one diagonal bar to the upper link
of the frame, shown in 4 (a). Namely, 3 levels of intensity have
been realized, that is: i) 50% of loss of preload; ii) 100% of
loss of preload; iii) complete loss of the bolt, as in 4 (b). This
kind of fault is interesting because it reproduces a real accident
scenario, as described in Conway (2008). Also, it is particularly
subtle, because, in each fault scenario, the global functionality
of the frame is still ensured, because of the presence of the twin
opposite bar.

The adopted sampling frequency is 1 kHz. In both kinds of
tests, each FRF estimation was brought out repeating several
times the forcing cycle, each with a duration of 120 s. Data
records were windowed by the Hanning function, so as to
attenuate the spectral distortions due to leakage. The FRF was
computed through the Welch’s averaged periodogram method.

In particular, an H; estimator was adopted to attenuate noise on
the output.

Fig. 4. (a) Detail of the bolted connection joining the diagonal
bar to the pantograph frame. (b) Last level of the fault
scenario, showing the complete loss of the bolt.

5. RESULTS AND DISCUSSION
5.1 Homogeneity test

Fig. 5 depicts the FRF (blue-solid line for low level, red-dotted
line for high level) in the form of Bode plot.
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Fig. 5. Frequency Response Function estimates and input-output
coherence for a safe pantograph for different levels on the
input excitation.

In order to ascertain the quality of the FRF estimates, the input-
output coherence function was estimated. The coherence y? is a
function of the frequency domain and represents the amount of
output power that is linearly correlated with the input, as defined

mn: s ( )
2 _ 1 _ Omm w
Y(w)=1 Ser@) “

where: S,,,, and Sxx stand for the estimates of the auto-power
spectral densities of the measurement noise m and output x
respectively. From Eq. 4 it emerges that the coherence is 1 only
if the noise power is zero. The lower diagram of Fig. 5 illustrates
that except for some frequency regions, the coherence stays
about 1, meaning a good input-output correlation.
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Fig. 6. Effect of a progressive loss in a bolt connection on the Frequency Response Function for low (left) and high level (right) of
excitation. (a)-(i): enlargements showing the most sensitive distortions. In particular: black solid line: safe pantograph; gray,
dotted line: 50% of loss of preload; blue dotted line: 100% of loss of preload; orange solid line: complete loss of the bolt.

From both the magnitude curves of Fig. 5, we clearly see
the presence of one global maximum, associated with a first
resonance, and a global minimum, associated with an anti-
resonance, or zero. In particular, as the input level increases,
the FRF results to be shifted towards the lower frequencies.
In detail: i) the first peak stays almost constant in amplitude,
while its frequency moves from 3 Hz to 2 Hz; ii) the zero
exhibits an amplitude decrease, with a frequency shift from
6.2 Hz to 5.5 Hz. A further effect is the alteration of the FRF
shape. It is evident the disappearance of a second resonance,
present in the low-level FRF and highlighted by a little peak, at
4 Hz. Also, the sharpness of the first resonance peak is reduced,
hinting stronger damping. To interpret this evidence, one should
consider that: i) the pantograph response is determined by the
coupling between the steel-frame mechanism and the elastic
suspension; ii) damping is due to dry friction in the mechanism
joints and to a viscous suspension damper. At low excitation
level, some frame joints stay in a stick condition and hence
the frame is isolated from the suspension damping. At high
force level, static friction breaks out allowing the mechanical
connection between the frame and the suspension which results
in the severe damping of the second resonance.

5.2 Fault detection test

The Bode plots for the 3 fault scenarios are superimposed to the
safe pantograph FRF in Fig. 6, for both low level (on the left)
and high level of force (on the right). At low force level, the
progressive loss of preload induces a slight modification: i) in
the magnitude of the first resonance peak, Fig. 6 (a); ii) of the

second resonance, about 4 Hz. Specifically, it can be observed
that both the amplitude, Fig. 6 (b) and the phase shift, Fig. 6 (f)
exhibit a progressive reduction with the increase of the damage
level. In the remaining regions, FRFs are very close. Instead, the
complete loss of the bolt provokes much more clear evidence.
Indeed: i) two resonances appear at very close frequencies, at
about 3.5 Hz, as highlighted by Fig. 6 (a) and Fig. 6 (f); ii) the
second resonance of the safe system experiences a frequency
shift, moving from 4 Hz to 4.5 Hz and assumes a magnified
sharp shape of the magnitude, Fig. 6 (c) and exhibit a phase
shift of about 60°, Fig. 6 (g).

At high force level, the progressive loss of preload gives only
one clue, in the neighborhood of the zero, Fig. 6 (e), where
it emerges a frequency shift and a progressive reduction of the
amplitude, as long as a local separation of the curves with respect
to the safe one. In addition, the relative difference between the
two scenarios is much more contained with respect to the case
of the low level of force. Instead, the loss of the bolt is still
detectable by the alteration of the second resonance, Fig. 6 (d)
and Fig. 6 (i). Furthermore, the two introduced resonances at
about 3.5 Hz have disappeared from the magnitude plot, while
survive with moderate phase shifts in Fig. 6 (h).

We can conclude that the progression of the loss of preload
is hard to be identified because it alters locally the stiffness
and the damping. In particular, the main damage hint happens
at the second resonance, supposed to be related to a frame
mode involving the bar. On the other side, the loss of the
bolt changes the structural function of the bar, which behaves
like a cantilever. Hence the two introduced new resonances are
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related to the bending modes of the cantilever. Therefore it
is advantageous to exploit the nonlinear characteristic of the
system for damage detection since the detectability of faults
itself is dependent on the input level. In particular, for all
damage scenarios, detectability is enhanced by the low level
of force. This is because the structural alterations provoked by
the damage are sensitive to the damping phenomena that are
triggered when joints switch from stick to slip condition, thus
allowing the suspension damper to modify the dynamics of the
system.

6. CONCLUSION

The introduction of robotics in the railway industry can sig-
nificantly enhance maintenance efficiency. In this paper, we
presented a robotic device meant to execute a periodic inspection
of railway pantographs. In particular, the robot drives the
structure into a dynamic test, by applying the desired force
law and acquiring the consequent response and actual input
force, thus reconstructing the Frequency Response Function. A
first advance is that the robot is endowed with an innovative
macro-micro actuation which is proved to increase the limited
bandwidth achieved by actual devices. Furthermore, we discuss
how the use of control is fundamental to delve deeper into
the identification process. In detail, force control reveals to
be necessary to ascertain the nonlinear characteristic of the
pantograph. A direct hybrid control strategy is described and
shown to sensibly contain the effect of disturbances. In the
last part, we have simulated a minor localized damage that
is the progressive loss in a bolt connection, from the partial
reduction of preload up to the complete loss of the bolt. Results
show that the preload attenuation is hard to be detected, though
around certain frequencies FRF alterations emerge and could be
correlated to the level of the damage. Instead, several clues hint
the occurrence of the bolt loss. The main contribution is that for
all the scenarios of this kind of fault, the effects of damage on the
measured FRF are heightened for low excitation levels, due to
nonlinear friction phenomena. Besides, it should be highlighted
that both the architecture and method might be extended to the
characterization of a general mechanical structure, especially
when suspension and joints nonlinearity are suspected to arise.
In future work, our approach will be to investigate a broader
class of defects in a wider frequency range.
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