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Abstract. In this paper, a self-tunable energy harvester based on pendulum oscillations with a
mechanical motion rectifier (MMR) system, which can convert vibration into electrical energy, is
proposed. The harvester is composed of a pendulum excited by a slider-crank mechanism. The
pendulum system is designed to automatically adjust its own natural frequency to match that of
the imposed base excitation. Frequency adjustment in a proposed pendulum-type energy harvester
is achieved by varying the length of the pendulum rod through changing the position of pendulum
mass which mounted at its tip. The pendulum mass is driven by a ball screw through a stepper
motor which controls the length of the pendulum automatically in accordance with the frequency
of the external motion. The base motion frequency is detected by an infrared sensor. An ultrasonic
distance sensor is used to detect the length of the pendulum rod and feeds this information to a
microcontroller to obtain the corresponding natural frequency from a lookup table. The
microcontroller calculates the frequency difference between natural frequency and excitation
frequency and converts this value into a length difference through another lookup table. The
microcontroller then gives instructions to drive a stepper motor through a sequence of steps to
achieve the target length and keeps the device in resonance state to harvest maximum power
during operation. Different time detection intervals were studied to investigate their effect on the
tuning process. This study showed that the longer time intervals increase the detection accuracy
for the calculation of low excitation frequency. The amount of energy consumed during the tuning
process to adjust the pendulum length is presented. In this context, the consumed energy is only
needed until the resonance of the device matches the excitation frequency. The harvester system
was studied numerically and experimentally. Based on the findings of this work, the natural
frequency of the harvester is successfully tuned below 0.7 Hz, when the length of pendulum rod
is changed from 550 mm to 900 mm, generating power from 1.78 W to 4.1 W at an optimal load
resistance value of 10 Q and 3 Q respectively at maximum excitation amplitude of 120 mm.
Therefore, the proposed pendulum system can be used as an efficient harvester for producing
power in low-frequency applications (< 1 Hz).

Keywords: energy harvesting, pendulum, reciprocating motion, MMR system, frequency
detection, self-tunable harvester, tuning algorithm, detection error.

Nomenclature

0 Pendulum angular velocity, rad/s
Ein Energy consumed by the actuator, J
tact Actuation time, s

Vet Actuator velocity, mm s!

x- Acceleration of base excitation, m/s?
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Xf Final position of pendulum mass, mm
X; Initial position of pendulum mass, mm
Wy, Pendulum natural frequency, Hz

Al Pendulum length difference, mm

A Excitation amplitude, mm

a Crank length, mm

b Connecting rod length, mm

Ce Generator constant, Nms/rad

Ct Viscous friction coefficient, Nms/rad
fres Frequency resolution, Hz

i Generator current, A

Iin Input current to the actuator, A

] Inertia of motor, kgm?

l Pendulum length, mm

L, Armature inductance, H

my Pendulum bob mass, kg

m, Pendulum rod mass, kg

N Measured number of pulses with IR sensor
o(t) Pendulum angular displacement, degrees
p Power, W

T Bearing diameter, mm

R, Armature resistance,

R, Electrical load resistance, Q

t Time, s

T¢ Viscous friction torque, Nm

Tint Detection time interval, s

T Generator torque, Nm

U Modulus of rigidity, GPa

v Generator volt, V

Vems Electromotive force constant, Vs/rad
Vin Input voltage to the actuator, V

z Generator gear ratio

1) Logarithmic decrement

4 Damping ratio

p Material density, kg/m?

W Excitation frequency, Hz

Wete Detection frequency, Hz

E Electromotive force, N

x(t) Base excitation displacement, mm

1. Introduction

Energy harvesting is a process in which energy is collected from ambient sources, such as the
dynamic motion of structures [1], sea waves [2], human motion [3, 4], and converting it to useful
power which can be stored for powering electronic devices. There are many ways to convert the
energy from ambient vibrations into electricity such as electrostatic [5], piezoelectric [6-8], and
electromagnetic harvesters [9, 10]. If the harvester is designed to have a fixed resonance
frequency, this will limit the bandwidth of the device [11]. In many applications, the ambient
frequency fluctuates due to fabrication inconsistencies, which leads to a reduction in energy
generation [12]. There are different techniques to address this problem, such as widening the
bandwidth of the harvester and tuning the resonance frequency of a single generator periodically
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so that it matches the frequency of the ambient vibration. Bandwidth can be widened by designing
the harvester to adjust its natural frequencies [13, 14] and with devices having multiple oscillators
[15-17]. Moreover, several studies [18-24] have considered nonlinear behavior to increase the
power generation over a wider frequency range.

Other research has focused on tuning the system’s natural frequency [25]. The resonance
frequency of a cantilever structure can be tuned by applying an axial force by adjusting the
distance between two permanent magnets [26, 27]. Another approach is to change the location of
the proof mass mounted on the cantilever [14, 28]. Autonomous frequency tuning refers to the
ability of the harvester to self-adjust its properties according to the given environmental conditions
[29]. In this context, Refs. [30, 31] achieved the resonance frequency matching by straining the
structure automatically. Natural frequencies can also be adjusted automatically through changing
the rotary inertia of a cantilever-type energy harvester [32]. Other work [33] employed nonlinear
magnetic forces to achieve a wide range of frequency tunability of the harvester. A nonlinear
inertia coupling property of the X-structure harvester is used to tune the ultralow-frequency range
by changing the structure parameters [34]. Other research on adjusting the frequency through
changing the dimensions of the structure include [35, 36].

A review of the aforementioned research reveals that cantilever devices have been
predominantly used in energy harvesting applications. These devices are known to possess natural
frequencies that are higher than those encountered in large structures, such as buildings and
bridges, which typically have resonances within 1 to 3 Hz. This has prompted research into the
use of mechanical pendulums for energy harvesting, which can be designed to offer low natural
frequencies with higher energy density [21, 22, 37, 38]. While pendulums have been proposed for
energy harvesting, the design of self-tunable pendulum devices has been granted less attention.

This paper aims to develop a novel energy harvester based on pendulum oscillations to harvest
low-frequency vibration energy from horizontal excitations. The proposed design is capable of
altering the harvester resonance frequency by changing the length of the pendulum automatically
to match the excitation frequency. The device is equipped with a mechanical motion rectifier
(MMR) to convert the bidirectional movement of the pendulum into a unidirectional rotary
motion. MMRs have been previously used [39-42] to improve the performance of energy
harvesters.

The proposed energy harvester is relatively large and heavy, and it can be driven at frequencies
less than 1 Hz, making it an ideal candidate for operation in structural applications, which have
low frequency [< 1 Hz] such as bridges [43, 44]. The proposed energy harvester is designed to
self-adjust its natural frequency according to the operating conditions. Frequency adjustment is
attained through changing the pendulum length to tune the device to operate across a variable
frequency range. An infrared sensor is used to find out the frequency of pendulum oscillation and
an ultrasonic distance sensor is used to identify the position of the pendulum mass. A
microcontroller is used to drive a stepper motor to maintain the system in a resonance state.

The remainder of this article is organized into three sections. Section 2 outlines the design and
modeling of the electromechanical system to simulate the dynamics of a base excited pendulum
and to predict the output voltage as a function of the design parameters. Section 3 presents an
experimental validation of the harvested power, the proposed tuning algorithm, and the energy
consumed by actuator during tuning operation, whereas Section 4 is dedicated to conclusions.

2. Design and modeling

Fig. 1 shows a schematic illustration of the proposed energy harvester system. The concept
depends on harvesting energy from pendulum oscillations. The pendulum consists of a bob of
mass my and a rod of length [ has a mass m,.. The pendulum rod is composed of a ball screw
connected to the stepper motor to allow the variation of pendulum length and change the bob
position by a control unit. Through this way, the natural frequency of the pendulum system can
be adjusted according to the excitation frequency. The angle is positively measured anticlockwise
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from the hanging position 6. The gear-motor is used to drive the crank-rod system into
low-frequency reciprocating motion to the slider.

A reciprocating motion provided by a crank-rod system [45] constitutes the imposed base
excited motion x(t) to the pendulum device. A crankshaft rotates at a constant frequency w,
following a circumferential trajectory. Such excitation gives to the pendulum system the following
displacement [45]:

x(t) = (a + b) — acos(wt) — [b% — (asin(wt))z]%, (1)

where a is the crank rod length, b is the connecting rod length. If the length of the crank is small
in comparison to the length of the connecting rod, the motion becomes close to sinusoidal [46].

The DC generator coupled to the pendulum axis to extract electricity from pendulum
oscillations. The MMR system is used to drive the generator shaft in the unidirectional rotational
motion through two one-way bearings.

- Gear motor.

- Crank rod (a).

- Connecting rod (b).
Slider.

- Pendulum bob (my).
- Pendulum rod (/, m,.).
MMR system.

- DC generator.

Fig. 1. Schematic pendulum-shaker system

The governing differential equation of the proposed design can be set up by using Lagrange’s
equation [47].
The kinetic energy T of the system is given as:

T =0.5m, [(x2 + 2x%61cos(0) + 621%cos?(0) + ézlzsinz(Q))]

+0.5 m, [( + %Blcos(6) + 0.256%1*cos?(6) + 0.256%12sin?(8) ). @
The potential energy of the system V is given as:

V = [-mgyglcos(8) — 0.5 m,.gl cos(8)]. ?3)
Lagrangian L of the system is written as:

L=T-V, ‘ _ ‘ (4)

L = 0.5m x> + mgxBlcos(6) + 0.5 mg021? + 0.5m, %2 + 0.5 m,x61cos () 5)
+ 0.125 m,.02%1? + gl(my + 0.5m,.) cos(6).
The second-order ordinary differential equation given by:

(2mg + 0.5m,)16 + (2my4 + m,) gsin(6) + Ty = —(2my +m,) cos(8)x(t), (6)
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where Ty is the viscous friction force. The viscous damping force in pendulum joint opposing the
swing of the pendulum can be expressed as [37, 48]:

Tf = Ctg, (7)

where c; is a damping coefficient of the pendulum joint. Now, entering the second derivative of
Eq. (1) and Eq. (7) into Eq. (6), the proposed form of the equation governing the pendulum model:

.. c.0 (2mg +m.)g (2mg +m,)
0+ sin(@) + ————
(2myg +0.5m, )l  (2mg + 0.5m,)l (2mg + 0.5m,)1
aw?[cos( wt)(b? — a?sin? (wt))l's + a3sin*(wt) — ab?sin?(wt) + ab?cos?(wt)] (3)
[b2 — a?sin?(wt)]*5
* cos(0) = 0.

2.1. Mechanical-electrical coupling model

The electromotive force (EMF) generated by the DC generator is proportional to the input
speed on the generator shaft [49] thus:

E = c,z0, )

where c, is the constant for the internal loss coefficient in the motor, z is the gear ratio, 6 is an
angular velocity of a pendulum.

The proposed form of the governing equation which combining mechanical and electrical
damping is given by Eq. (10):

.. Cel c.0 (2myg+m.)g . (2mg +m,.)
0+ + sin(@) + ————M—
(2myg +0.5m, )l  (2mg+ 0.5m,)l  (2my + 0.5m,)l (2mg + 0.5m,)l
aw?[cos(wt)(b? — a?sin? (a)t))l's + a3sin*(wt) — ab?sin?(wt) + ab?cos?(wt)]  (10)
[b? — a?sin?(wt)]1>
* cos(0) = 0.

The voltage/current relationship is given by [50]:

di

i(Re + R,) — c.z6 + L, i

0, (11)
where i — current, R, — armature resistance, L, — armature inductance, R; — load resistance.
The harvested power is given by [51]:

VZ

P=—.
Ry,

(12)

2.2. Numerical investigation

In this section, the key parameters including the change of the pendulum length and hence its
natural frequency are studied to analyze their effects on the dynamic response of the energy
harvester and the power output by solving Eq. (10) using numerical analysis based on a state-space
representation. The power output will be discussed in detail in Sec 3.1. Values of parameters
chosen for this simulation are my; = 7 kg, m,, = 3 kg, A = 120 mm, and b = 700 mm. A series of
free vibrations tests were undertaken to evaluate the viscous damping coefficient required in this
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simulation. The relation of the logarithmic decrement (8) is used to calculate the damping ratio
(¢) and get the corresponding values of viscous damping coefficient (c;) based on the variation of
the pendulum length. The range of the viscous damping coefficients c; is (0.5-0.8) Nms /rad
according to the variation of the pendulum length in the range (550-900) mm respectively. As a
sample Fig. 2(a) demonstrates the beating response of the pendulum angular displacement at
pendulum length is 750 mm when the pendulum is excited with a frequency close to its natural
frequency and with constant amplitude for 120 mm, whereas Fig. 2(b) shows the resonance
response of the pendulum angular displacement at pendulum length 600 mm and 120 mm
amplitude of excitation.

1(8)?) =750 mm, g = 0.58 Hz, »,=0.6 Hz ¢,=0.64 Nms/rad ;; 1=600 mm, » =0.67 Hz, »,=0.67Hz ¢~0.53 Nms/rad
. 60 . ;?45
Z240 B 30
2920 2%
R
£ £20 % 2-15
EE 2F
= A60 2R

-80 -60

-100 -75

0 20 Time[s] 40 60 0 20 Timels] 40 60
a) Beating phenomena b) Resonance response

Fig. 2. Time history plots of the pendulum angular displacement
3. Experimental setup

The purpose of this section is to document the experimental work carried out to validate the
mechanical and electrical model presented in Section 2. Moreover, the automatic tuning technique
to modify the tuning pendulum length according to the changing excitation frequencies through a
complete control circuit is discussed. The energy consumed by the actuator and the time to recover
the expended energy in performing the tuning are also discussed.

As shown in Fig. 3, the whole pendulum set is mounted on crank-slider mechanism and the
rotary motion of the crankshaft is produced by an electrical gear- motor of 0.75 HP. The velocity
of gear- motor controlled by inverter IC5 (svol5ic5) [52]. Table 1 shows the dimensions and
material properties used in experimental study.

Table 1. Physical properties and dimensions of the energy harvester

Parameter Value

l (550-900) mm
a (50,70, and 120) mm
b 700 mm

my 7kg

my 3 kg
U 210 GPa
p 7800 kg/m?

The amplitude of excitation can be changed manually by a set of screws [50, 70, and 120] mm.
The pendulum rod is attached to the stepper motor shaft to allow the testing of different lengths
of the tuning pendulum arm. The practical limits of a pendulum length are 550 mm to 900 mm,
thus natural frequency can be varied from 0.47 to 0.68 Hz.
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> &
s N5
DC Power Supply

Pendulum
System

Slider- Crank
Mechanism

Fig. 3. Experimental setup

The tuning pendulum arm is attached to a shaft, which is in turn mounted on two ball bearings
(bearing diameter, 1, = 12 mm) to the supporting frame. A four-phase stepper motor (NEMA 23)
with a maximum torque 3 N.m is attached at the pendulum’s tip and enables automatic adjustment
of the pendulum length.

One-way output rotation
to generator
N

-

One-way bearings
fitted in sprocket
and gear

Sprocket wheel

Engaged
a) 3D MMR drawing

One-way output rotation

Two ways input rotation from
to generator

pendulum motion
b) 2D theory concept for MMR system
Fig. 4. Working principle of MMR

The rotary motion of the pendulum is collected and then transmitted to a mechanical motion
rectifier. The MMR is a device that translates bi-directional rotational motion into unidirectional
rotational motion to improve the amount of power that can be harvested from the pendulum
rotation. As shown in Fig. 4, the proposed MMR contains a pair of spaced-shafts having two rotary
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elements sprocket wheel and gear. The sprocket and the gear are engaged with two one —way
bearings which allowing each shaft to rotate in one direction and slip on the other direction
producing a generator shaft to rotate in one direction only.

3.1. Harvested power

An external resistance load in the range from 1 Q to 2 kQ is connected to analyze these effects
on the output power. The load resistance should be selected to maximize the harvested power. The
amount of electrical energy harvested was measured with a digital storage oscilloscope (Model
TBS1064, Tektronix). These electrical loads are connected to DC generator, (80805 0X024.57)
[53], to compare harvester performance in different working conditions. Electrical parameters of
generator used for the experimental study and the simulations are given in Table 2. As an example
of the result for DC voltage with the pendulum length of 750 mm, excitation frequency of 0.58 Hz
and resistance load 110 Q is shown in Fig. 5.

Table 2. Electrical parameters of DC generator

i Generator current 145A
v Generator volt 12V
Vems | Electromotive force constant | 0. 43 Vs/rad
L, Coil inductance 0.023 H

R, Coil resistance 35Q

] Inertia of motor 0.083 kg m?

Ce Damping constant 0.006 Nms/rad

N Speed 106 rpm

z Gear ratio 1:24

A=70 mm
6
=
g 4
S
s
) 2
a
0
0 10 20 30 40 50 60
Time [s]

Fig. 5. Experimental result of DC voltage

The result shows, the backlash in the gear system of MMR leads to a slight reduction in the
output voltage. In this section, the performance of pendulum- energy harvester is studied and the
optimum working conditions are determined to optimize the electrical power output. The key
parameters including, pendulum length, excitation amplitude, and electrical load resistance are
studied individually to analyze the effects on the performance of the energy harvester and the
power output. As a sample Fig. 6 shows the experimental and numerical result of the output
voltage and power as a function of resistance load of the pendulum length 750 mm for excitation
frequencies are 0.47 and 0.58 Hz at 70 mm excitation amplitude. As shown in Fig. 6, the peak
power value occurred when the pendulum system is excited near to the resonance frequency
(0.58 Hz) across a resistor of 10 Q. As shown in Fig. 6, the numerical predictions are shown to
compare favorably with the experimental results.

Table 3 shows how the amplitude of base excitation affects the peak value of the harvested
power at various pendulum length when the pendulum system is excited at the resonance state.
The results obtained that the harvested power increases with the increase in excitation amplitude
and observe that there is a linear relationship between the output voltage and the excitation
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vibration amplitude [54].

12 . . 3
_ —&— Numerical X Experimental = —0— Numerical Experimental
= 10 Z2.5
©=0.58 Hz =
8 ° S £ 2
k. e &
i .
= w=0.47 Hz 3 1.5
— |
8 2 é‘os )
0 0 v =
0 500 1000 1500 2000 1 10 100 1000
Resistance [Q] Resistance [Q]
a) Output voltage and power
10 2.5
_ ®=0.58 Hz EEN
=58 o—o *r— '
g ,’T e 3 HE Z
%EG ge® o o ° =047z ® é %15
SE4 TE 1 .
T - L
‘3% 2 § =—&—Numerical ~ ® Experimental £305¢ ®
z $
cz \ ] 22, o
0 500 1000 1500 2000 1 10 100 L0
Resistance [Q] Resistance [Q]
b) Output voltage and power per acceleration
Fig. 6. Numerical and experimental output voltage and power versus load resistance
(at excitation amplitude A = 70 mm, pendulum length [ = 750 mm)
Table 3. The variation of the experimental peak value
of the harvested power according to excitation amplitude
Amplitude of base Pendulum Input excitation Peak output Optimal
excitation [mm] length [mm)] frequency [Hz] power [W] resistance [Q]
550 0.68 0.88 10
70 750 0.58 1.71 10
900 0.47 2.4 6
550 0.68 1.78 10
120 750 0.58 242 6
900 0.47 4.1 3

3.2. Frequency tuning

After getting a relation between tuning pendulum length (I) and the resonance frequency of
the pendulum system, the tuning pendulum length is adjusted concerning to the base excitation
frequency to keep the device in resonance state and harvest maximum power during operation, as
illustrated in a flowchart in Fig. 7.

The tuning procedure in Fig. 7 starts by positioning the tuning pendulum arm to its zero degrees
when the tuning system is switched ON. First, the control algorithm detects the pendulum mass
position using the HC-SR04 ultrasonic distance sensor which attached in a fixed plate (as shown
in Fig. 3) to transmit ultrasonic waves into the air and detects the reflected wave from the movable
plate, which attached to the pendulum mass, and then get the corresponding natural frequency.

Thereafter, the IR sensor starts to detect the excitation frequency by sensing the pendulum
oscillations and the microcontroller used to count the pulses during the interval time to calculate
the vibration frequency. If the detected frequency is out of the domain, the system ignores the
reading to avoid error pulsations in the frequency reading and keep the system response smoother.
If the frequency is in tunable range, the microcontroller calculates the frequency difference and
then gets the corresponding pendulum length difference from a lookup table determination. After
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that, the microcontroller calculates the necessary number of motor steps to achieve the target
length and keep the harvester system in the resonance state. A stepper motor driver (TB6600) is
used to take pulse signals from the microcontroller and converts them to motor motion.

System ON ‘

X

Measure current length of pendulum by ultrasonic sensor and get corresponding natural frequency from a lookup table ‘

¥

Count pendulum oscillations by IR sensor ‘

¥

Calculate excitation frequency ‘

Is the
frequency in
the tuning
domain?

Microcontroller calculate the frequency difference between natural frequency and excitation frequency

R 2

Get corresponding pendulum length difference (A) from a Look-up-table determination

&2

Convert pendulum length difference to motor steps

R 5

Rotate stepper motor to selected A/

Fig. 7. Algorithm for the frequency tuning
3.2.1. Frequency detection

In this section, we will show the detailed analysis for calculating the excitation frequency. The
infrared sensor is used to send a voltage pulse to the microcontroller every time its infrared ray is
obstructed. The microcontroller counts the pulses during the detection interval Ty, to calculate
the excitation frequency. As the pendulum rod oscillates in a sinusoidal pattern, each pair of pulses
indicates a signal oscillation of the pendulum, which leads the detected frequency to be
calculated as:

N
Wete = 2T. ’ (13)
int

where N is the number of pulses measured during the detection interval T;,;. When the time
interval for calculating excitation frequency is changed, the resolution of the controller will also
change. The resolution of the controller is the smallest segment size that the microcontroller can
recognize, which can be defined in the proposed harvester as:

1

=— 14
fres = 57— (14)

where f,.s is the frequency resolution, the dynamic response of the pendulum’s angular
displacement at four different detection intervals is now studied. Fig. 8 shows four experimental
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cases where the system was excited at a frequency w which is altered between 0.47 and 0.68 Hz.
The pendulum angular displacements response is recorded for a different time interval detection
Tine of 5, 10, 15, and 20 seconds to calculate their experimental frequency measurements @ gete-

The frequency resolution corresponding to these intervals (according to Eq. (14)) are 0.025,
0.0333, 0.05, and 0.1 [Hz]. In the first of the experiment, the tuning pendulum rod was placed at
its equilibrium position and the ultrasonic distance sensor is measured the position of pendulum
mass and its natural frequency. If the detected frequency wq.¢e Was subject to a tunable frequency
range, the system will adjust pendulum length automatically to tune with w.

80 1 =0.47 Hz, 0aee= 0.4 Hz
60 Ti=5s, fres= 0.1 Hz

40

-40 ) Out of resonance

Pendulum Angular
Displacement O [deg]
=3
'

0 10 20 30 40 50 60 70 80
Time [s]
a) Pendulum angular displacement response at 5 seconds
80
©=0.5 Hz, 0eer= 0.5 Hz T= =
60 o| Bt Tu=10 fres= 005 Ha ©=0.47 Hz aer=0.45 Hz

40

Pendulum Angular
Displacement O [deg]
N
o S
J

-60 In resonance Out of resonance

0 10 20 30 40 50 60 70 80
Time [s]
b) Pendulum angular displacement response at 10 seconds

80
60 ®=0.52 Hz, Wderer= 0.533 Hz Tin=15's, fres= 0.0333 Hz ©=0.47 Hz ®dere2=0.467 Hz

40

Hi

-60
In resonance Out of resonance

Pendulum Angular
Displacement O [deg]
w
=

0 10 20 30 40 50 60 70 80 90 100
Time [s]
¢) Pendulum angular displacement response at 15 seconds
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As shown in Fig. 8, the longer time detection intervals T;,; leads to an accurate detection of
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the input frequency. This enables to decrease the value of deviation between the input frequency
and the detected frequency, as in case d when the excitation frequency is changed manually to
0.47 Hz as compared to cases a, b, and c.

If the system is excited up to 0.47 Hz (at 0.5 Hz), as in case b, the deviation value reaches to
zero which leads to accurate detection of the input frequency. Small deviation value has occurred
as compared case d to case ¢ when the system is excited at 0.52 Hz. Through the previous study,
the detection time interval is selected to be 20 seconds to increase the detection accuracy at
frequencies less than 0.5 Hz.

3.2.2. Frequency tuning control scheme
Fig. 9 illustrates the autonomous operation of the system and its capability of self-adjusting its
natural frequency to match that of the incoming vibration to produce more power. The DC voltage

and the pendulum angular displacement waveforms are measured by connecting one channel of
the DC generator and connecting another channel with a rotary potentiometer 20 kQ [55].
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Fig. 9. Time history plots for tuning operation

For the scenario shown, the base excitation action starts at t = 0 by the slider-crank
mechanism. At the beginning, the energy harvester is switched ON with its pendulum rod is
initially positioned at 700 mm and at excitation amplitude of 120 mm. As shown in Fig. 9, the
energy harvester is first excited at 0.68 Hz, the IR sensor takes 20 s to count pendulum oscillations
and calculate output frequency by the microcontroller. At the same moment, the ultrasonic
distance sensor measures the current length of the pendulum and gets the corresponding natural
frequency from a lookup table. After the detection interval of 20 s, the microcontroller drives the
stepper motor to adjust the length automatically through a sequence of steps. After 55 s, the

1320 JOURNAL OF VIBROENGINEERING. SEPTEMBER 2020, VOLUME 22, ISSUE 6



DESIGN OF A SELF-TUNABLE, VARIABLE-LENGTH PENDULUM FOR HARVESTING ENERGY FROM ROTATIONAL MOTION.
SUZZAN ABBAS HASSAN, TAREK OSMAN, ALY KHATTAB, MUSTAFA ARAFA, MOHAMMED ALI ABDELNABY

pendulum system is in resonance state, which leads to an increase in the output voltage. Then, the
excitation frequency is changed manually to 0.47 Hz using the inverter. As a result, the output
voltage decays as the system is out of resonance. After that, the IR sensor counts the new
pendulum oscillations and the new output frequency is calculated. The ultrasonic distance sensor
measures the new current length, and then the stepper motor takes the command from the
microcontroller to adjust pendulum length automatically to match the harvester’s natural
frequency with that of the incoming vibrations.

3.3. Power output versus frequency

Fig. 10 shows the output power versus frequency as obtained experimentally for three cases
where the pendulum length is not adjusted (hence the harvester is tuned to a single frequency), as
compared to the case where the device adjusts its length continuously to achieve resonance. When
the pendulum length is not altered, the device produces maximum power at resonance, which
occurs frequencies of 0.47, 0.58, and 0.68 Hz corresponding to pendulum lengths of 900, 750, and
550 mm, respectively. The output power drops significantly away from these frequencies. For the
variable-length pendulum, maximum power is attained across a broader frequency band (with
optimal resistive loading at each frequency) and ranges from 1.78 W to 4.1 W for an excitation
amplitude of 120 mm. The power —frequency curves (illustrated with circles) for the untuned
device to various resonance frequencies are shown. The thick green line (illustrated with triangles)
indicates the maximum power output of the device if it were to be tuned to resonance.

n

—©— Harvested power of the untuned device at ».=0.47 Hz
4.5 ;:2;2:{; Harvested power of the tuned device in tunable
Ri=6Q range from 0.47 Hz to 0.68 Hz
1=840 mm Harvested power of the untuned device at @» =0.58 Hz

—o— Harvested power of the untuned device at .=0.68 Hz

— 3.5

=2 & —o&— Harvested power of the untuned device at »,=0.52 Hz
5 3 ooarm )

3 P=41W \

[ 2.5 Ri=3Q \@ ©=0.68 Hz

? o~ =900 mm P=1.78 W

z Ri=10Q

o 2 1=550mm

£ p
= .
=

0.47 0.52 0.57 0.62 0.67
Frequency Vector [Hz]
Fig. 10. The experimental harvested power versus resonant frequencies
of the pendulum system at an excitation amplitude 120 mm

3.4. Energy consumed by the actuator

The energy required by the actuator to adjust the pendulum length is estimated experimentally
as shown in Fig. 11. The energy used to drive the actuator is depend on the distance through which
the pendulum mass has to be displaced to the desired position. The velocity of the actuator to drive
the pendulum bob mass when subjected to a 2.5 A and 3.2 V, input to actuator, is determine to be
5 mm/s through several experiments. The time required to displace the pendulum mass to the
desired location is given as:

tact = ) (15)
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where x¢ and x; are the final and initial positions of the pendulum mass and v, is the velocity

of the actuator. Upon evaluating the time required, the total electrical energy E;,, consumed by the
actuator can be given as:

Ein = tactVinlin (16)

where V;,, is the input voltage to the motor and [;;, is the electrical current in the motor.

40 350
e A ctuator Time = ®= Energy consumed

300

R ———
[———1
250

200

Energy [J]

150
100

50

0.47 0.52 0.57 0.62 0.67
Frequency Vector [Hz|

Fig. 11. Energy consumed by the actuator and the time taken for the device to recover the energy

The amount of electrical energy consumed was found to be 232 J-304 J when tuned from the
initial untuned resonance frequency (0.6 Hz which corresponding to pendulum length 700 mm) to
0.68 Hz and 0.47 Hz, respectively.

4. Conclusions

In this work, a self —tunable pendulum shaker energy harvesting system, capable of adjusting
its resonance frequency to the excitation frequency, was modeled, developed and tested. The
frequency adjustment of the system has been demonstrated experimentally by changing the length
of the pendulum rod automatically through a complete control circuit to achieve a state of
resonance. Additionally, the effect of time detection intervals on the accuracy of tuning operation
is studied experimentally. The resonance frequency was successfully tuned in the range below
0.7 Hz by varying the pendulum length from 550 mm to 900 mm automatically with a response
time of 20 seconds. The total energy consumed by the actuator is evaluated experimentally based
on the distance traveled to adjust the pendulum length for resonance frequency tuning. The system
was studied numerically and experimentally and was able to follow the applied frequency if it was
changed arbitrarily. Experimental measurements showed that a device can generate the maximum
output power of 4.1 W which corresponding to 3 Q when the pendulum length reaches to 900 mm
at a tuned resonance frequency of 0.47 Hz and excitation amplitude 120 mm. The benefit of using
the control unit is to expand the bandwidth from (0.47-0.68) Hz.
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