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Abstract

Cantilevered piezoelectric harvesters are proposed to convert kinematic energy into
an electrical storage to supply wireless vibration sensors. Their effectiveness depends
on the application and size of the device. To avoid a typical problem of mistuning
between the scavenger resonance and frequency of vibration, a plucked harvester
based on a rotating excitation is proposed. A contactless magnetic coupling is applied
and the scavenger is preliminarily designed to fit the requirements of the back bearing

sensor of a rolling mill.

1 Motivation and goals

Vibration monitoring based on wireless distributed sensors is used in many industrial
plants to detect structural damage. In rolling mill there are severe limitations of
access and a local power supply is required [1]. Vibration energy harvesters equipped
with piezoelectric layers may effectively cope with this need [2]. Dimensions of
scavenger compatible with the system size often do not allow tuning its resonance on
the frequency of the dynamic excitation. Plucking the flexible structure through either
a relative motion or rotation of the monitored and scavenger system, respectively,
may overcome this problem [3]. A drawback is wear of materials induced by contact.
A contactless device can avoid this disadvantage and increases the vibration
persistence [4]. Interaction between two permanent magnets can be used, if one is
applied to the scavenger as a tip mass and the other is fixed. A preliminary design of
a rotating and contactless plucked energy harvester is therefore proposed and applied
to the back roll bearings of a rolling mill to evaluate its performance. Actually
vibration monitoring of cold rolling mill is usually performed by accelerometers
located at back bearings housing, i.e. at the outer part of the rolls crown (Fig.1).

Power required by sensor CMSS2200-MS, for instance, is up to 300 mW and at least
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100 mW, for an effective continuous operation. Accelerometer ADXL.346 associated
to a CC2430 RF device can be operated from 65 to 100 mW. Power requirement of
100 mW can be considered a preliminary target for this analysis. Cold rolling process
is performed through nine passes, at different strip speeds. Angular speed imposed to
the outer ring of the SKF314833B bearing spans from 178 to 857 rpm, corresponding
to a synchronous rotational frequency of 3 to 14 Hz. Nevertheless, from the second to
the eighth rolling pass, range is limited to 12-14 Hz.
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Figure 1: Picture of the outer crown of rolls of a rolling mill [1] with a sketch of the

accelerometer location on the back bearing, described on the right side [5].

2 Energy scavenging by means of a smart plucked piezoharvester

Vibration harvesting through a piezoelectric scavenger mounted on the mill cage,
nearby the back bearing, is difficult because measured acceleration is up to 2.5 mm/s’
and vibration frequency is about 3.5 kHz [1]. These inputs do not allow keeping the
volume of the energy scavenger within the constraints imposed by accessibility. A
distribution of scavengers may be constrained to the inner ring of the bearing, being
fixed in this case, and excited by the force exerted by some permanent magnets
connected to the outer and rotating ring (Fig.2). Ratio between frequency of the first
vibration mode of the cantilever scavenger and the rotational one of the bearing,
respectively, allows selecting the number of magnets to be used. Some dimensions
can be preliminarily defined by analysing the bearing, in Fig.1. According to symbols
described in Fig.2, cantilever may have up to /i,=/.+/,,=70 mm, corresponding to the
difference between the inner and outer radius of the bearing, where /,, can be up to 40
mm, being /. up to 30 mm. Width can be tentatively set at w=20 mm, by considering
the perimeter of the inner ring. Thickness of layers can be #,=0.3 mm and #=0.1 mm
[2]. Materials properties are ¥,=66 GPa (Young modulus), p,=7800 kg/m®,
£'=1800-gy F/m, k3,=0.35, d3;=—190- 10" m/V, for the PZT piezoceramic and ¥;=206

GPa and p=7800 kg/m’, for steel. Tip mass is suitably selected to tune the resonance
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of each scavenger, f,, on the target corresponding to the product of the rotational
frequency (12-14 Hz) and the number of magnets (4). In this case it is about 48-56
Hz.
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Figure 2: Sketch of the piezoelectric harvester and of the simplest proposed layout.

Total tip mass M, can be found if the first flexural mode frequency of the composite
smart beam is computed through some lumped parameters of the equivalent
monolithic structure as in [2]:
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being M the tip mass, m’ the inertial contribution of beam to the first vibration mode,
b the distance between the middle plane of piezoelectric layer and the neutral axis, C,
the capacitance of the piezoelectric layer. For M=7.8 g and m=3.9 g, and if /,,=40
mm, height is A=1.3 mm including the beam thickness, being the permanent magnet
density pngres=7500 kg/m3 . Amplitude of the minimum value of acceleration to be
applied to the tip mass can be computed by imposing that 100 mW can be achieved
by connecting in series four scavengers, providing Piyq~25 mW each one. Tip

acceleration, 4;,, and optimum value of resistive load, Ry, are [2]:
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If nondimensional damping ratio of the structure is £=0.15, R, is 211kQ. According
to the above cited relation, force required to the magnetic coupling between the two
magnets is up to £,,,,=0.56 N. This result is assured if at least the maximum value of
magnetic field B is reached when tip mass is positioned at the nominal gap g from the
magnet lying on the rotating ring. Magnetic field along the polar axis of the prismatic
permanent magnet, whose dimensions are /,, w and 4, can be analytically computed
according to [6], for any distance between the two magnets. If gap is assumed to be
2=2 mm, minimum required magnetic remanence, B, is 1.05 T. It looks compatible
with typical properties of NdFeB material, being up to 1.35 T, which assures a larger
power generation. A pure magnetic induction of current on a set of coils, with active
maximum width /,,=40 mm, regularly distributed along the average radius of the
outer ring, excited at the same angular speed, for given circuit load, R,,, [7], provides
a power generation comparable to that of the proposed solution, with four beams.
This power can be generated if each coil is suitably designed, to include a large
number of turns, thus making essential a comparison of costs, between the

electromagnetic solution and the piezoelectric device.
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