Journal of Physics: Conference
Series

PAPER « OPEN ACCESS You may also like

. . . - Analysis of the power part architecture for
A simulation of the performance of a self-tuning 2‘4;"—”—h0,'t.meq?;fn:‘q.,alnhgedamlr;ﬁCQJUJ. : :
system with local yaraulic systems \A

energy harvesting cantilever beam reliability criterion

S Postnikov, A Trofimov and D Smagin

. . . - Automatic control system for the
To cite this article: J L Kaplan et al 2016 J. Phys.: Conf. Ser. 744 012083 technological process of chlorella

cultivation
Sh Rakhmanov, N Azizova, D Abdullaeva
etal

View the article online for updates and enhancements - Berformance of Control System Using
articie oriimie p . Microcontroller for Sea Water Circulation

A. Indriani, Y. Witanto, A.S. Pratama et al.

c " — - DISCOVER

how sustainability

The 3 : intersects with
Electrochemical & |
Society

Advancing solid state &
electrochemical science & technology

This content was downloaded from IP address 3.128.76.218 on 17/05/2024 at 15:28


https://doi.org/10.1088/1742-6596/744/1/012083
https://iopscience.iop.org/article/10.1088/1757-899X/868/1/012017
https://iopscience.iop.org/article/10.1088/1757-899X/868/1/012017
https://iopscience.iop.org/article/10.1088/1757-899X/868/1/012017
https://iopscience.iop.org/article/10.1088/1757-899X/868/1/012017
https://iopscience.iop.org/article/10.1088/1757-899X/883/1/012086
https://iopscience.iop.org/article/10.1088/1757-899X/883/1/012086
https://iopscience.iop.org/article/10.1088/1757-899X/883/1/012086
https://iopscience.iop.org/article/10.1088/1757-899X/307/1/012022
https://iopscience.iop.org/article/10.1088/1757-899X/307/1/012022
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvWqp2AIYHw4uM_JWjUx2ko-2PeZqWVrpU9BM0lXmcj_uSifKIRgLUBOmvwOUxZd-wZMvgJjcELGBnYhlioYJmNza0NSFAk9exaTcTGkX4RLhMTMIKGqlxBbT51TxLBxm_LdlLgN7QZV-dyOYCFA2dBw_mMiwWdYIhmKjyXFMMsWDUYXTwr1vUL1zqRyKc_V4uzNSV7lingi00_LuAZPJe_dX9JKfKiekVmGVigECnx6TpwNUykyPuh2xwFG7QROzy8hFKDYRw0hW6AXefFJAmVud75OFnc92Fa3gkz2rIvP0r3RsLye5PT-EFEYgzHrnovF0k-ySBi7Aj2rcS-uj85HGa5GFTn&sig=Cg0ArKJSzNHQqXX23iWa&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

MOVIC2016 & RASD2016 IOP Publishing
Journal of Physics: Conference Series 744 (2016) 012083 doi:10.1088/1742-6596/744/1/012083

A simulation of the performance of a self-tuning energy
harvesting cantilever beam

J L Kaplan, P Bonello and M Alalwan

School of Mechanical, Aerospace and Civil Engineering, University of Manchester,
Sackville Street, Manchester M13 9PL

philip.bonello@manchester.ac.uk

Abstract. A vibration energy harvester is typically a cantilever beam made up of one or two
layers of piezoelectric material that is clamped at one end to a vibrating host structure. The
harvester is typically tuned to the frequency of the ambient vibration to ensure maximum
power generation. One method to ensure that the system stays tuned in the presence of a
varying frequency is to attach a mass to the cantilever and apply a control system to adjust its
position along the cantilever according to the ambient frequency. This paper presents a
simulation of the performance of such a system, based on a distributed parameter
electromechanical model of the sliding-mass beam. A variety of control systems are used to
adjust the position of the movable mass during operation and are compared for their efficacy in
maintaining resonance over a varying excitation frequency. It was found that the resonance
frequency of a bimorph cantilever VEH (Vibration Energy Harvester) could be successfully
tuned over a wide frequency range. Moreover, it is also found that much of the voltage output
reduction at higher frequencies could be compensated for by a separate control system used to
adjust the capacitor load.

1. Introduction

Research on harnessing ambient vibrations for electrical energy generation largely focuses on three
conversion methods: electrostatic, electromagnetic and piezoelectric [1]. Piezoelectric harvesting has
received the most attention due to the large power density of devices based on this principle and their
ease of application [2]. As observed in [3], most vibration energy harvesters (VEHs) are designed to
be equivalent to spring-mass-damper systems (“linear resonators” [1]). In the case of the piezoelectric
vibration energy harvesters (PVEHs), the linear resonator typically takes the form of a base excited
cantilever unimorph or bimorph beam [4]. A linear harvester generates maximum power when its
resonant frequency matches the frequency of the ambient vibration [1]. This “resonant frequency” is
defined in the same way as the “tuned frequency” of the tuned vibration absorber (neutraliser) [5] i.e.
the natural frequency of the device with its base (point of attachment to the host structure) blocked.
Hence, it shall be referred to as such in the present paper. In the case of the VEH, the electrical output
per unit base acceleration is a maximum at the tuned frequency and any mistuning (i.e. difference
between excitation and tuned frequencies) will result in a significant reduction of the output. Hence, a
practical linear harvester needs a tuning mechanism to increase its functionality [1]. This mechanism
can involve either manual tuning or self-tuning. The self-tuning mechanism has been classified in [1]
as either “active” or “passive”. Active tuning requires a continuous power input even when the tuning
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condition is achieved. Passive tuning requires power only while the system is in the process of being
tuned and no power when frequency matching is completed. Since both self-tuning approaches
involve some form of active process, Zhu et al [3] classify self-tuning more precisely as either
intermittent (formerly “passive”) or continuous (formerly “active”).

The method used for tuning can be either electrical or mechanical [3]. Electrical tuning of a PVEH
changes its tuned frequency by adjusting the electrical load connected across it. Zhu et al [3] state that
the most feasible electrical tuning approach is to adjust capacitive loads since resistive loads reduce
the efficiency of power transfer and load inductances are difficult to adjust. Bonello and Rafique [4]
studied a PVEH using a distributed parameter model and showed that its tuned frequency could be
increased by around 6.6% as the load impedance increased from short to open circuit conditions. Such
a narrow tuning frequency range is typical, making electrical tuning too restrictive for many
applications.

A wider tuning range can be achieved by mechanical tuning of the PVEH, which alters its mass
and/or stiffness properties [3]. The PVEH reported by Wu et al [6] consisted of a cantilever with a
mass attachment comprising a proof mass fitted with a moveable screw. The proof mass was fixed to
the cantilever but the centre of mass of the complete mass attachment could be shifted by turning the
screw. This approach had a tuning range of 130-180 Hz but was only suitable for manual fine tuning.
Self-tuning cantilever PVEH devices have been proposed based on stiffness adjustment. The device
by Challa et al [7] enabled intermittent tuning through the application of a controllable negative
stiffness in parallel with that of the cantilever. This controllable stiffness was derived from the field of
two pairs of magnets, one pair at the free end of the cantilever and the other pair at an adjustable
distance above and below the free end. A tuning frequency range of 13-22 Hz was achieved, but the
energy consumed in the tuning process necessitated 72-88 minutes of recovery before the next tuning.
The device proposed by Roundy and Zhang [8] had two separate piezo-electric sections — one acting
as the energy harvester and the other acting as a piezo-actuator that maintained the desired stiffness
through a net external continuous power input, which was clearly not viable.

As observed by Bonello and Rafique [4], in its tuned condition the VEH is also simultaneously
functioning as a tuned vibration absorber (TVA) of the neutraliser variety [5], attenuating the vibration
at its base. This duality between the VEH and TV A means that the well-documented concepts used in
self-tuning or adaptive TVAs (ATVAs) [5] can be imported into intermittently tuned VEH technology.

The primary novel contribution of this paper is the simulation of a self-tuning PVEH cantilever
with a sliding mass. This concept is based on the sliding-mass ATV A prototype developed by the co-
author in [9], which achieved over 250% variation in the tuned frequency by sliding a mass along a
cantilever using a motor-driven screw. The feedback control system tunes the proposed PVEH by
positioning the mass along the beam according to the tuning criterion used in ATVA technology,
hitherto unused in VEHs, that is based on the phase shift between the vibration signals at two
reference points. Moreover, a separate control system is applied to the electrical load to ensure a
consistent resonant output as the mass is shifted. Since lumped-parameter (single-degree-of-freedom
approximations) of PVEHs may yield highly inaccurate results [10], the simulation shall use the
analytical modal analysis method based on the distributed parameter Euler-Bernoulli model of the
electrically coupled beam [4, 10]. In view of the sliding mass, the effective modal properties of the
present system are time-varying. However, time domain analysis is only feasible if based on invariant
modes. Hence, the secondary novel contribution of this paper is the modification of the current modal
technique in [4, 10], which is restricted to a beam with a tip mass, to include the sliding mass while
retaining the transformation based on invariant modes.

2. Theory

The theory is developed with reference to the system shown in Figure 1. It is assumed that the sliding
(moveable) mass Mp is a point mass and that there is no rotation at the clamp. The beam itself is of
uniform cross-section and has a mass per unit length of m.
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Figure 1. Cantilever harvester with sliding mass: (a) side view; (b) cross-section.

2.1. Modeling the beam with moveable mass

The time-domain analysis for real-time control requires a modal technique based on modes that are
independent of the mass position. This can be achieved by considering the mass-beam system as the
distributed parameter beam by itself acted upon by a concentrated “external” force at xp € (0, L)
which is the reaction force exerted by Mp on the beam. The electromechanical Euler-Bernoulli
bending wave equation of [4] is then modified by adding the appropriate term on the right hand side:

o*u > u , , ou  d%u )
Bax—4+Aax4at+9v(t)[5(x)—§(x—L)]+caEerat—z:—é'(x—xP)MPu(xP,t),0<xp<L (D)

where( ' ) denotes differentiation with respect to time 7, ()’ denotes differentiation with respect to x,
&(x) is the Dirac delta function, B is the bending stiffness of the composite section, A is its structural
damping equivalent, 9 is the electrical coupling factor, and c, the viscous damping coefficient of the
surrounding medium (air) per unit length. For the bimorph considered (Figure 1(b)) [4]:

_ d31Ypiezob(hpiezo+hsh) B = b Yshhgh + Y. (hpiezohgh + hz' h b + zhg )] (2 3)
= piezo piezo'‘s piezo >

9= ,
2 12 2 3

where Yjiez0, Ysn are the Young’s Moduli of the piezo and shim materials respectively. u is the

absolute lateral displacement at location x, which can be expressed in terms of the base displacement
uyp, and the displacement at location x relative to the base (i.e. the flexural deformation), uye:

u(x, t) = up(t) + uper(x, t) 4)

It is noted that in [4], the term on the right hand side of eq. (1) was not included since the point mass
was located at the tip and the modal transformation of u,e; in [4] was based on the modes describing
undamped free vibration of the complete system (clamped-free beam with tip mass) in the electrically
uncoupled condition (i.e. zero electrical load — short circuit). In the present case, u,e is expressed in
terms of the electrically uncoupled undamped clamped-free modes of the beam by itself i.e. without
the attached point mass:

Urel(x, 1) = X721 b (- (8) &)

where, omitting the tip mass from the mode-shapes in [4]:

_ 1 Ar Ar ( . Ar . A )] __ sinh A,—sin A,
¢ (x) = /mL [cosh X —Cos—x — 0y (sinh—"x —sin=—x )|, 0, = (6)

cosh A,+cos A,
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o= g

Equation (1) is transformed into modal space by applying the following steps: (i) substituting (5) into
(4); (ii) substituting the resulting expression for u into (1); (iii) multiplying both sides of (1) by ¢¢(x)
(s being an integer); (iv) integrating both sides of (1) with respect to x from O to L and applying the
orthogonality conditions of modes [4]. The transformed equations are then:

{1 + MP[¢r(xP)]Z}ﬁr(t)‘i'Zcrwrﬁr(t) + wgnr(t) + er(t) =
—iiy (&) [m f ¢y (¥)x + Mpp, (xp)] .7 = 12, .. ®)

where the electrical coupling ratio in the »th mode is:

Xr =9¢:"(L) )

¢, 1s the viscous damping ratio of the clamped-free beam by itself (i.e. without attached mass), arising
from structural and ambient damping. If the latter is neglected [4]:

A(Dl

G=Tr =0 r>1 (10a,b)

It is noted that, in the electrically uncoupled condition, the undamped natural frequency (tuned
frequency) of the system for a given value of xp is:

Wy

wtunedlshort—circuit = (1+Mp[¢,(xp)]2} (1 1)

As in previous work e.g. [4, 10] it is assumed that u, is adequately approximated by one term in the
summation of eq. (5) (that corresponding to r = 1). The equations of the electromechanical system
can then be expressed in state-space form as follows:

(12)

Nr
7?T] _ [_zfrwrﬁr_ winy— xrv(t)—iip (t)[m f: ¢r(x)dx + MP¢r(xP)] “
T | = 3
v LMy Cep)]
f&nr, 1, v)

a
dt

The third equation in (12) governs the electrical voltage output v and has mechanical coupling — its
right hand side depends on the type of electrical impedance Z(w) (Figure 1(b)). For a purely
capacitive load [11]:
. 1
f(t; nr:nrrv) = <Cpiezo
224 c

) [Xrzi(ar )] = <CL8210+ C> ANy (13)

where C is the external capacitance and Cpe,o the capacitance of one layer of piezo [4, 11]:

&53bL

Cpiezo = Mpiezo (14)
€55 being the permittivity at constant strain [4, 11]. The term a,. is defined as [11]:
ar = _Ypiezod31b2c¢r’(L) (15)
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where d34 is the piezoelectric coefficient and z. the distance from the mid-surface of one piezo layer
to the neutral surface of the composite section. For a purely resistive load R:

2

f(t: Ny, f]r' U) = [2?0:1(0(1” nr) - %] = Cpizezo [arﬁr - %] (16)

Cpiezo

It is noted that, when a control system is applied, xp in eq. (12) is a real-time varying quantity whose
value is determined by the control system used (section 2.3) according to the error signal used for
tuning (section 2.2). It is also noted that a separate control system (with separate error signal) can
additionally be applied to vary the electrical load in real time (section 2.4) to further enhance the
voltage output.

2.2. Tuning criterion

Just as in the ATVA under variable frequency harmonic excitation, the cosine of the phase shift
between the absolute acceleration signals at the base A (Figure 1(a)) and any other arbitrary point B on
the beam can be used as the error signal e(t) of the feedback control system for tuning the VEH. In
the tuned condition, these two signals are approximately in quadrature and therefore the cosine of the
phase shift is approximately zero i.e. |e(t)| is minimised. In the sliding mass ATVA of [9], the point
B was taken to be on the moving mass. However, it can be observed from the results in [9] (Figure
7(b) in reference [9]) that, when the mass gets very close to the base, the tuning condition becomes
badly conditioned (since A and B are then almost coincident). Hence, in the present work, the point B
was fixed at the tip. The tuning error signal e(t) was then continuously evaluated from i, and
iigp = (L, t) by integrating their normalised product over a sliding time interval of fixed short

duration T, according to the following formula [5, 9]:

IaB(t)
(t) = [aa(®)1%5[1gB(£)]1%5 t<To) ;
¢ B Iag(t)—Iag(t—Tc) ( )
(t>T,)

[TaA(©)=Iaa(t=T)]**[IpB (£)~1BB(t-Tc)]%3
Iaa(®) = [} iip (@il (DdT,  Iap(6) = f; ity (Dileip (DT , Igp(t) = [ il (Dilgp (DT (18a-)
where T is a dummy time variable for integration between the limits of 0 and ¢.
2.3. Tuning via real time control of mass position
The feedback control system for the mass position, in order to maintain the tuned condition, comprises

the controller and the actuator. The input to the controller is e(t) and its output is n(t), the nominal
(desired) velocity of the mass driven by the actuator, which is given by:

n(t) = F(e(t)) (19)
where F depends on the type of controller used (section 2.3.1). The actuator used in this study is a

simulated generic device. Its input is the signal n(t) and its output is the mass position xp(t),
determined as follows:

xp(t) = [ %p(D)dT + xp(0) (20)

The velocity of the mass xp in (20) is determined from n(t) and the current value of xp(t) as follows:
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n@)  (0<xp <L)&(n@)| =< |xpliim)
+xXplim (0 <xp <L) & (n(t) > [Xpliim) @1
—xXplim (0 <xp <L) & (n(t) < —|%pljim)
0 (xp =L)or(xp =0)

Xp(t) =

From eq. (21) it is seen that Xp is capped at +|Xp|;,, and reset to O if the mass is at the extremities of
the beam. In all control systems apart from the bang-bang controller (which had a prescribed fixed
speed), |xpljim Wwas set to 0.05L m/s (i.e. 5% of the beam length in one second).

2.3.1. Controllers. Four types of controllers were investigated: (i) Bang-Bang (on/off); (ii)
Proportional-Integral-Derivative (PID); (iii) Polynomial; (iv) Fuzzy logic [12]. The Bang-Bang
controller provides the most basic form of control, where:

1(6) = [%p byangbang (€() > 0). 1) = b lyang pang(e(8) < 0), 1) = 0 (e(8) = 0)  (22)

since, e(t) > 0 implies that wpeq > @, so the device needs to be tuned down by moving the mass
outwards (and vice-versa). The fixed speed used in the bang-bang controller, |xp Ibang_bang, was set to

0.006L m/s. In the case of PID control:
fote(r)dr (t<T)

n(t) = kpe(t) + k; ftt_Ti e(D)dr (t<T)

+hqé(t) (23)

where kp, ki and kg are constants and Tj a sliding time interval of fixed short duration. “P control”
refers to specific case where k; = kg = 0 and “PI control” refers to the specific case where kg = 0.
The PID is a linear controller. However, as observed in the ATVA works e.g. [9], the difference
between the forcing frequency and the tuned frequency, wyneq — @ is non-linearly related to e(t) and
therefore, non-linear controllers (e.g. based on a polynomial relationship or fuzzy logic) can be more
appropriate to minimize |e(t)|. In the case of polynomial control:

n(t) = kie(t) + ky[e(®]® + ks[e(®)]® (24)

where kq, k, and k3 are constants. In the case of fuzzy logic, the input e(t) is fuzzified i.e. converted
to input membership functions that are weighted according to e(t) and the design of the specific fuzzy
logic system used. Logical rules are defined to map these weighted inputs to weighted output
membership functions, which are then defuzzified to provide the discrete output n(t). The fuzzy logic
system used in this work is the Mamdani system [12].

2.4. Real time control of electrical load for fixed peak voltage output at all mass positions

As will be shown in the subsequent sections, the peak voltage output in the tuned condition (Wypeq =
w) decreases as the mass is moved towards the base (i.e. as w is increased with time). However, by
separately adjusting the electrical load in real time, it is possible to maintain a reasonably constant
peak voltage as the mass is shifted. The control system for the electrical load aims to keep the integral
of the square of the instantaneous voltage v over a sliding time interval of fixed short duration T, as
close as possible to a set fixed value 1. The voltage control error signal to be minimized is therefore:

Ljw@Ydr—y (t<T)

(= i w@YPdr -y (t>T,)

(25)
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In this work, the control system is applied to a capacitive load C. The separate feedback control
system comprises a controller and actuator and follows a similar approach to that already presented in
section 2.3, where e, replaces e and C replaces xp (limits may be similarly applied to C and C).

3. Simulations and discussion of results

With the exception of section 3.1, the results in this paper refer to the bimorph used by Dalzell and
Bonello [11], to which, in the present study, a point mass Mp = 0.5mye,m 18 attached, where my e,y 18
the mass of the beam on its own (see top row of Table 1).

In the case of section 3.1, the parameters of the system were taken from the work by Erturk and
Inman [10] who considered a bimorph with a tip mass (see bottom row of Table 1). It is noted that, in
the present analysis, {; is the damping ratio of the beam without any attached mass. Hence, the
second entry for {; in Table 1 is not the one used in [10] (which was 2.7%), but a value that was
deduced from the data in [10] using eqgs. (10a,b) as follows:

& — {1ltip mass — A = 51 = w, X 1ltip mass (26)

w1 w1|tip mass 2B w1|tip mass

where {1 |tip mass 18 the damping ratio quoted in [10] (2.7%) and w1 |tip mass the associated undamped
natural frequency (measured at 45.6 Hz in [10]).

Table 1. Parameters used in the simulations.

Ypiezo Ysh hpiezo hsh Ppiezo Psh L b d31 553 {1 MP

GPa GPa mm mm kg/m?® kg/m* mm mm pm/V pnF/m Mpeam
section 3.2
onward 66 72 0.267 0300 7800 2700 58 25 -190  13.555 0.79% 0.5
section 3.1
only 66 105 0.260 0.140 7800 9000 50.8 31.8 -190 13.281 7.02% 1.3974

The mathematical model of the previous section was implemented in Simulink® which used a solver
(integrator) with variable time-step size to maintain the error within a prescribed tolerance.

3.1. Validation of mass-beam model

The moveable mass beam model was validated by considering the case where xp = L and the system
parameters in the bottom row of Table 1, which correspond to the experimental set-up of [10]. It is
noted that, as xp — 0, the mass-beam system converges to a beam without attached mass (this is
evident from eq. (11) since ¢,-(0) = 0). Hence, the assumption made in eq. (5) (i.e. use of the modes
of the beam without attached mass to represent the vibrating shape of the complete system) is least
accurate when the mass Mp is at the tip of the beam. This fact, in addition to the substantial value of
the ratio Mp/myeam (= 1.3974), makes this case a reliable validation test. The first row of Figure 2
shows the magnitude of the voltage frequency response functions (FRFs — the voltage output per
harmonic base acceleration of amplitude 9.81 m/s’), measured in [10] at three different resistor loads.
Overlaid on the same axes in the first row of Figure 2 are the predictions from the specific tip-mass
model developed in [10]. The second row of Figure 2 shows the corresponding voltage FRFs obtained
from the present model. These FRFs were constructed from the amplitudes of the steady-state voltage
responses obtained by integrating eqs. (12) for harmonic inputs ii,(t) of discrete fixed frequencies
covering the frequency range. It is seen that the resonance frequency predicted by the present mass-
beam model does not deviate by more than 1.75% from the experimental measurements. Moreover,
the levels of the voltage output are also reasonably close. As reasoned above, the accuracy of the
model is expected to be higher for cases where xp < L and/or the ratio Mp/mye,y, 1S lower. Having
thus validated the model, the simulation results in the remainder of this paper shall refer to linear chirp
excitation iy, (t) of the system with the parameters in the top row of Table 1.
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3.2. Validation of tuning criterion

In all simulations in this paper, the duration of the sliding interval T, for computation of the tuning
criterion error e(t) (eq. (12)) was T. = 100A where A is the maximum step size applied by the
integrator. The chirp base excitation was applied with the mass Mp at a fixed position and the beam
shunted across a fixed capacitance load of 1.2 uF. The excitation frequency was swept from 70 Hz to
140 Hz in 400 s, covering the tuneable frequency range of the harvester (77.1 Hz to 133.5 Hz).
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Figure 3. Voltage output and error signal response to linear chirp base excitation for three different
fixed positions of Mp: xp = L (al, bl); xp = L/2 (a2, b2) ; xp = 0 (a3, b3).

Figure 3 shows the variation of the voltage output and tuning error signal e(t) with the drifting
excitation frequency for the mass fixed at three different positions: xp = L (al, bl), xp = L/2 (a2,
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b2), xp = 0 (a3, b3). In all three cases, the voltage output reached a maximum when the excitation
frequency passed through the electrically coupled resonance and, at this instant, the error signal was
approximately zero. The latter observation validates the criterion to be used for tuning the harvester.
Another important observation is the significant decline in the resonant voltage as the mass was
shifted closer to the base. In the limit (xp — 0), the voltage output per unit base acceleration
converges to that of the beam without the attached mass.

3.3. Simulation of tuning via real time control of mass position

Figure 4 shows the simulated response to linear chirp base excitation when the mass is repositioned in
real time using PID control for a fixed capacitance load of 1.2 uF. The control parameters are:
kp = 0.75L x 1071, k; = 0.75L X 107*, T; = 10*T, kq = 0.75L x 1073, The excitation frequency
is swept from 70 Hz to 140 Hz in 400 s. The mass is initially at the tip and starts to move inward
when the excitation drifts into the tuning range (~77 Hz to ~133 Hz). Beyond 133 Hz, the mass stays
fixed at the base. While the excitation frequency is within the tuning range, the control system is seen
to satisfactorily maintain the tuned condition, as evident from the error signal and the voltage output.
Figure 4(d) shows that the mass velocity xp, although volatile, is oscillating about a value slightly less
than 0, which is to be expected given that the general motion of the mass is towards the base.
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Figure 5. Comparison of the rms voltage output across a fixed electrical load using alternative
mass position control systems for different chirp sweep durations.
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Figure 5 compares the voltage output across the fixed capacitor load of 1.2 pF obtained using
alternative control systems for different chirp sweep durations ranging from 50 s to 450 s, the
frequency being swept from 77 Hz to 133 Hz in all cases. The performances of the different
controllers are seen to be not significantly different, except for very poor performance of the bang-
bang controller at the two shortest chirp lengths. This can be explained by the fact that the mass speed
prlbang_bang (eq. (22)) was the same for all chirp durations and evidently too low for the two shortest

chirp lengths. The visibly inferior performance of the polynomial controller at the four lowest chirp
durations is somewhat surprising. However, it should be noted that the controller constants were
prescribed on a trial and error basis rather than using a formal optimisation procedure. It should also
be noted that the vertical axis of Figure 5 shows root-mean-square (rms) voltage, in view of the
gradual reduction in the resonant voltage as the mass moves towards the base (see Figure 4(a)).

3.4. Simulation of real time control of electrical load for fixed peak voltage at all mass positions

By enabling real time control of the electrical load, in parallel with the tuning process, it is possible to
obtain an approximately constant peak resonant voltage at all mass positions. This is illustrated in
Figure 6, where the excitation is swept from 75 Hz to 135 Hz over 450 s. The control parameters are
as follows.

» Mass movement control: k,, = 0.75L X 107%, k; = 0.75L x 107%, T; = 10T, kg = 0.75L x 1073,
e Capacitance load control: kp =12, k;=6,T, = 10T, kq =0, T, = 0.007 and ip = 0.24.

It is noted that for the mass movement control, relative to the case in section 3.3, k; was increased by a
factor of 103 and T; reduced by the same factor — this adjustment was found to produce the best
results. The initial value of the capacitance load C was 3 uF. By comparing Figure 6(a) to Figure 4(a),
it is seen that a consistent output voltage is maintained over the tuning range. A comparison of Figure
6(b, c¢) with Figure 4(b, c) shows that the adjustment of the capacitor load (Figure 6(d)) has not
detrimentally interfered with the separate mass movement / resonance tuning process. Figure 7 shows
the standard deviation of the voltage peaks as the frequency is swept from 77 Hz to 133 Hz at different
uniform rates (according to the chirp duration) using P or PI control for the electrical load
(capacitance) and PID control for the mass position. It is seen that the standard deviation in voltage
peaks ranges from less than 0.2 V (i.e. ~2.5% of the average voltage peak of 8.1 V) at the slowest
sweep rate, to no more than 0.55 V (i.e. ~6.8% of the average peak) at the fastest sweep rate.

4. Conclusions

This paper has simulated the performance of a self-tuning sliding-mass piezoelectric vibration energy
harvesting (PVEH) cantilever device, based on the concept of the moveable-mass adaptive tuned
vibration absorber (ATVA) previously developed by the co-author. The modal transformation of the
distributed parameter beam model was developed to enable time-domain analysis for arbitrary (time
varying) position of the attached mass. The modified model was successfully validated for a specific
mass position (the beam tip) against experimental results from the literature. Simulations for the
dynamic response to chirp excitation of the base showed that the mass position can be controlled in
real-time, using the same criterion used to tune ATV As, to ensure that the resonant voltage output
condition is maintained over a wide frequency range. Moreover, a separate control system can be
applied simultaneously to the external load to ensure a consistent voltage output as the mass is
repositioned. Current efforts are directed at building and testing a prototype sliding-mass PVEH.
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