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Abstract

Generating energy from ambient vibration is a method of harvesting green energy. Harvesting energy
in this manner is similar to that of solar and wind energy harvesting. The vibration energy generator
discussed in this dissertation illustrates a thorough example of a method to harvest green energy and
the required components for the design of a vibration energy generator. Through the investigation of
the design, and further analysis and experimental evaluation, the technical behaviour of an

electromagnetic vibration energy generator is predicted and determined.

The design of a vibration energy harvester is considered in literature - more specifically, the design of
an electromagnetic vibration generator. Multitudes of concepts have been published and compared in
studies. For the mechanical system in this study, the design of the vibration energy generator is

obtained through the use of a subwoofer (loudspeaker).

The mechanical system is studied to determine the typical mechanical properties under varying
electrical load. The parameters, for this study, were determined by different methods with aid of

mathematical models for characterization and verification.

The electrical components were simply measured and implemented into mathematical models. The
electrical properties together with the mechanical properties are incorporated for analysis of the

generator in context of the mechanical and electrical response.

The generator design is analysed in the form of mathematical models. Two mathematical models
predict the usable electrical power to be harvested at specific load conditions. The usable electrical
power is determined from both a mechanical and an electrical perspective. To evaluate the
mathematical models, measurements were made to record the usable electrical power from the
systems. The measured values under varying electrical loads are compared to the predicted values

from the mechanical and electrical models respectively.

To arrive at a design for a vibration energy generator it is essential to address certain design
considerations proactively for each specific application, as harmonic tuning and optimal electrical load
choice have intricate effects on both the mechanical and electrical systems for performance of the
system to produce usable power. Furthermore, it is shown that a loudspeaker can be used as a

vibration energy generator. However, changes will be required for use as a vibration energy generator.

Keywords: Generator, Finite Element Analysis, Vibration energy generator, Base excitation,

Loudspeaker, Coupling factor, Magnetic induction, electromagnetic harvester.



Samevatting

Die opwekking van energie uit omgewingsvibrasie is 'n metode om groen energie te oes, soortgelyk
aan dié van son- en windenergie tegnologie. Die vibrasie-kragopwekker, met die nodige koponente,
wat in hierdie artikel bespreek word, is 'n uitstekende voorbeeld van 'n metode om groen energie te
oes. Die ontwerp word ondersoek en met verdere analise en eksperimentele evaluering word die

tegniese werksverrigting van ‘n elektromagnetiese vibrasie-energieopwekker bepaal.

Die ontwerp van 'n vibrasie-energie oes-eenheid word in literatuur bespreek, met spesifieke fokus op
die ontwerp van 'n elektromagnetiese vibrasie-kragopwekker. Menige konsepte is in studies
gepubliseer en vergelyk wat vir hierdie studie bestudeer is. In hierdie studie is die ontwerp van die
vibrasie-energieopwekker vervolgens gebaseer op die gebruik van 'n luidspreker (“subwoofer”) vir die

meganiese stelsel.

Die meganiese stelsel word bestudeer om die tipiese meganiese eienskappe onder wisselende
elektriese ladings te bepaal. Die parameters, vir die studie, is volgens verskillende metodes bepaal met
behulp van wiskundige modelle vir karakterisering en verifikasie, en daarna vergelyk met
vervaardigingspesifikasies. Die elektriese komponente is eenvoudig gemeet en geimplementeer in
wiskundige modelle en met die meganiese komponente geinkorporeer vir die analise van die opwekker

in die konteks van meganiese en elektriese reaksies

Die generatorontwerp word geanaliseer deur middel van wiskundige modelle. Twee wiskundige
modelle voorspel die bruikbare elektriese krag wat tydens spesifieke vragtoestande geoes word. Die
elektriese drywing word bepaal uit beide die meganiese perspektief en die elektriese perspektief. Om
die wiskundige modelle te evalueer, is metings geneem om die bruikbare elektriese krag van die stelsel
op te teken. Die meetwaardes onder verskillende laste word onderskeidelik met die voorspelde

waardes van die meganiese en elektriese modelle vergelyk.

Om 'n ontwerp vir 'n vibrasie-kragopwekker te bepaal, is dit noodsaaklik om sekere ontwerpoorwegings
proaktief, vir elke spesifieke toepassing, aan te spreek. Dit is aangesien harmoniese resonansie en
optimale elektriese ladingskeuse ingewikkelde effekte op beide die meganiese en elektriese stelsels
het vir werkverrigting vir bruikbare krag. Verder word aangetoon dat 'n luidspreker as 'n vibrasie-
kragopwekker gebruik kan word. Veranderinge sal egter voordelig wees vir gebruik as 'n vibrasie-

kragopwekker

Sleutelwoorde: Generator, eindige elementanalise, vibrasie-energie-generator, basis-opwekking,

luidspreker, koppelfaktor, magnetiese induksie, elektromagnetiese oes-eenheid.
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Chapter 1 Introduction and literature review

1.1 Aim and relevance
1.1.1 Aim

The aim of the dissertation is the design, analysis and experimental evaluation of a vibration energy
generator, as captured in the title, with three specific tasks as outlined below and as described in the

detailed problem statement as formulated in Chapter 1.

¢ Design: Identify the structures and features that constitute a typical vibration energy generator.

¢ Analysis: Through mathematical models, analyse the typical behaviour of a vibration energy
generator.

e Experimental evaluation: Use experimental methods to evaluate the mathematical models used
for analysis of a vibration energy generator.

1.1.2 Relevance

This dissertation is relevant and of importance with regards to two primary aspects and it will have
worldwide implications. First implication is the modern socio-political drive toward green energy
solutions. Second is the possible commercial application, and financial reward for this type of technology
in the foreseeable future. The anticipated application is underpinned by the transition to sustainable
energy. More so, this technology provides an alternative source of energy. Most obvious use of the
vibration energy generator is applicable in the category of digital technology, more specifically in the

internet of things (I0T) as listed by the International Renewable Energy Agency (IRENA, 2019).
1.2 Literature review

1.2.1 Introduction

Vibration energy harvesters transform vibration energy into usable electrical energy. Alternatively, a
machine that produces electrical energy is referred to as an electrical generator. Extensive research
has been documented in literature to understand the design, analysis and dynamic behaviour of a
vibration energy harvester as an electrical generator. The available literature review is structured
according to, the function and application, mechanical and electrical design and analysis, and
experimental evaluation of a vibration energy generator. Furthermore, the literature review includes
typical instrumentation used in relevant experimentation and analysis. Lastly, literature contains details
regarding the design and characterization of a loudspeaker that could be used as a vibration energy

generator.



1.2.2 Function and application

An electrical vibration generator, also known as a vibration energy harvester, is a mechanism that
converts vibration energy into electrical energy (Wei & Jing, 2017). Utilizing relative motion, electrical
energy is produced using transducers, of which the most common are electromagnetic, electrostatic
and piezoelectric transducers (Mitcheson et al., 2008). These transducers primarily determine the

function and application.

MEMS (micro-electro-mechanical systems) is the most prominent application for vibration energy
harvesters, as is typically used in wireless sensor networking. Other portable electronic devices can be
identified to replace their batteries by use of a feasibility study as proposed by Mitcheson et al. (2004).
Four factors determine the feasibility: typical power consumption, usage pattern, device size and motion
of the device (Mitcheson et al., 2008).

Comparatively the different transducers have varying attributes and application. Piezoelectric material
is expensive and fragile. However, due to its simple structure, the material is easily installed and can be
manufactured in very small sizes. The piezoelectric material is better suited for high frequency
applications (Cepnik et al., 2013). An example of the application of the piezoelectric transducer is in
intelligent tyre sensor modules. Singh et al. (2012) assessed the feasibility of a battery-less power

supply unit in the realisation of an intelligent tyre concept.

Electrostatic transducers are compatible with MEMS and do not require smart, and expensive materials.
As an example, Ichikawa & Hijikata (2019) illustrates the possibility of an electrostatic generator in a
mouthguard to power sensors that monitor healthcare-related parameters. Disappointedly, electrostatic
generators have a small energy density compared to other transducers such as the electromagnetic
transducer. Furthermore, electrostatic transducers require an external voltage source which is another

downside to using electrostatic transducers in a vibration energy generator (Wei & Jing, 2017).

The electromagnetic transducer shows comparatively high energy densities and low cost of
manufacturing. The electromagnetic transducer structure becomes complex when downsizing for limited
space. Furthermore, the electromagnetic transducer can be affected by electromagnetics which makes
it difficult to integrate with MEMS (Poulin et al., 2004; Wang et al., 2015). An example where this type
of transducer is used, is reported by Shahhaidar et al. (2015). The transducer is used in an application

of an electromagnetic harvester and biosensor to continually measure the respirator function of a subject.

1.2.3 Mechanical design features and analysis

1.2.3.1 Mechanical components
The mechanical design pertains to the mechanical structures with dynamic properties such as springs

and viscous damper components. The mechanical components enable relative motion required for
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energy harvesting. The mechanical components, mass, stiffness and damping are prevalent in the
designs discussed in the survey by Naifar et al. (2017). In their survey, the different electromagnetic
harvesters are grouped in four different architectures: cantilever spring, linear mechanical spring, spiral
spring and magnetic spring (Naifar et al., 2017). The mechanical components are representative of
structures that consist of different shapes, sizes and materials (De Silva, 2000; Den Hartog, 1985; Inman
& Singh, 2014; Kelly, 2012; Rao, 2011). The variety in designs are clear in the classification approach
by Cepnik et al. (2013). Who attempts to group several energy harvesters. The challenge to design an
electromagnetic vibration energy harvester is to compete with other transducers in downsizing. More
specifically, there are limits as to the required architecture for an effective coupling coefficient and the

viability of manufacturing (Mitcheson et al., 2008).

The mechanical structures reported in study aforementioned are primarily of the single degree of
freedom. However, a study by Tang and Zuo (2011) investigates the benefits of a dual-mass structure
analytically. The results of the study suggest conditions for operating at optimum harvesting rates and

that harvesting power improves significantly with use of a dual-mass structure.

1.2.3.2 Natural frequency and resonance

Since the mechanical structures have the dynamic components described above, an important
mechanical design criteria to consider is operation at resonance (Ashraf et al., 2013; Liu et al., 2021;
Tang & Zuo, 2011; Yildirim et al., 2017). Maximum power is harvested when the excitation frequency is
the same as the natural frequency. The natural frequency is the undamped natural frequency (Stephen,
2006). Yildirim et al. (2017) propose resonance tuning techniques - either effectively changing the mass

in the system or alternatively changing the effective stiffness. In accordance with the equation

0, = & (1.1)

Cammarano et al. (2010) shows that it is possible to tune a vibration energy harvester with a generalised
electrical load, instead of using the proposed method of tuning by Yildirim et al. (2017). It is not

necessary to change the mechanical system mass or stiffness (Cammarano et al., 2010).

Due to the nature of materials and the consideration to operate at resonance, it is important to
understand amplitude dependency. Amplitude dependency is a phenomenon commonly seen in rubber
mounts (Austrell & Olsson, 2012). It describes the dynamic properties that are dependent upon the
operating amplitude (Lin et al., 2005; Nel & Van Wyngaardt, 2014). These dynamic properties are
directly related to the operation condition of resonance for maximum power as discussed by French
(1971). The importance of operation at resonance with consideration of amplitude dependency is

enforced by the experimentally validated electromagnetic energy harvester by Elvin and Elvin (2011).
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1.2.3.3 Power

The power absorbed by a dynamic mechanical system is discussed at length in the book Vibrations and
waves by A.P. French. French (1971) shows the calculation for average power of an oscillating body
and illustrates that the maximum power is at resonance, dissipated through the damping element only.
Stephen (2006) demonstrates theory on calculating the power consumed by a mechanical dynamic

system in a variety of applications, as in the case of a single degree of freedom base excited system.

1.2.3.4 Damping

Damping is the phenomenon by which vibrational energy is dissipated, commonly in the form of heat,
sound, fluid motion, friction at contacting surfaces, or other mechanisms (Rao, 2011; Schmitz & Smith,
2012). The response of a free vibrating system gradually decreases due to the dissipation of energy.
To accurately predict the vibration response of a dynamic system, a suitable damping model must
represent the associated energy dissipation. To address damping is difficult, with most uncertainty in
vibration analysis and structural dynamics, because its physical origins have a large variety and
complexity (Inman & Singh, 2014; Kelly, 2012).

The common models to represent the damping in practical systems are viscous damping, Coulomb or
dry friction damping, material or solid or hysteretic damping. The damping force that is associated with
the decaying motion is represented by a damper and is assumed to have neither mass nor elasticity.
Furthermore, the damping force is only perceived given the relative velocity between the two ends of
the damper component (Rao, 2011; Schmitz & Smith, 2012; Inman & Singh, 2014; Kelly, 2012).

Viscous damping is typically encountered when a mechanical system vibrates in a fluid medium. The
damping force is proportional to the velocity of the vibrating body. Coulomb damping is due to dry sliding
or friction between two surfaces. The damping force, in the case of Coulomb damping, is constant in
magnitude but always in the opposing direction of motion. Material damping occurs due to material
deformation. Material damping energy is dissipated due to the damping force and is represented by the
area within the hysteresis loop that is inherent to the phenomenon. Other forms of damping such as
aerodynamic drag, radiation damping and anelastic damping exist, gives rise to non-linear terms in the
governing differential equations. Dynamic systems with these forms of damping present can be
approximated with an equivalent viscous damping coefficient as proposed by Kelly (2012), Rao (2011)
and De Silva (2000).

Methods to measure damping to be represented as an equivalent damping coefficient in the governing
equations are generally grouped into either time-response methods or frequency-response methods.
The time-response methods include the logarithmic decrement method, step-response method and the
hysteresis loop method. The frequency-response method includes the magnification factor method,

bandwidth method and the Nyquist plot that is normally used in modal analysis (De Silva, 2000).
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The methods of measuring damping as an equivalent damping coefficient are open to uncertainty. For
example with the logarithmic decrement method, the damping estimate uncertainty is dependent on the
standard uncertainties in the measurement of the peak points in the decaying time single (Schmitz &
Smith, 2012). In practice, to apply the aforementioned techniques, the approximation of equivalent

viscous damping for a dynamic system has certain disadvantages.

The comparison of equivalent viscous damping and nonlinear damping in discrete and continuous
vibrating systems was investigated by Bandstra (1981). Bandstra (1981) reports four basic concerns,
starting with the equivalent viscous method that underpredicts both the steady state amplitude and
dissipated energy per cycle in forced vibration. Secondly, the decay in transient vibrations have different
shapes in comparison to the equivalent viscous damping, Coulomb damping, displacement squared
and solid damping. Thirdly, the damped natural frequency is different on the two cases of equivalent
and nonlinear damping, albeit with a small difference. Fourthly, the frequency at which a correlation
between the equivalent viscous damping and nonlinear damping is evaluated plays a significant role.
The correlation becomes less accurate the closer the forcing frequency is to the natural frequency due

to the dynamic amplification where damping is of importance (Bandstra, 1981).

The justification to use an equivalent viscous damping model is shown in the accurate approximation to
the actual nonlinear solution at sufficiently small amounts of damping. The significant small amount of
damping is in the range of 10-20 percent equivalent viscous damping. Fairly accurate solutions can be
obtained by the equivalent viscous damping method for values below 10 percent. Bandstra (1981)
advises a conscious decision with reasons grounded in physical reality when choosing a method for
damping representation. However, the use of linear models is chosen for reasons of simplicity, cost and
understanding and it is accepted in practice in most applications pertaining to damping models. This

supports the assertion by Kelly (2012) and Rao (2011) in using the equivalent viscous damping method.

The effect of varying amount of damping on the response and phase of a base excited system is
illustrated in Figure 1-1 and Figure 1-2. The figures are reproduced using equations proposed by Rao
(2011) showing displacement transmissibility T; and phase angle changes ¢. The frequency ratio in

Figure 1-1 refers to the simple ratio of the operating frequency to the natural frequency of the system.
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1.2.4 Electrical design features and analysis

In the study of the electrical design of the generator, the concept of electromagnetism and induction is
important. The application of electromagnetism and induction is shown in context with linear cyclic
motion of a conductor within a magnetic field. The architectures of such a conductor are considered in
the discussion of a study completed by Spreemann et al. (2008) (discussed later in this paper). The
typical model used for analysis is shown with the electrical components. In the model the cyclic induced

voltage is shown, achieved through electromagnetic induction.

1.2.4.1 Magnetic material and magnets

Magnetic fields can be created by electric current, flow of electrons, i.e. solenoids, through a wire or by
the resultant orbital magnetic dipole moment and spin magnetic dipole moment of electrons in an atom.
If all magnetic dipole moments combine vectorially in a material sample to produce a magnetic field,
then the material is deemed to be magnetic. Magnetic material is grouped into three general types of
magnetism: diamagnetism, paramagnetism and ferromagnetism (Askeland & Wright, 2016; Smith et al.,
2011; Walker et al., 2014).

Permanent magnets are generally made from materials that exhibit ferromagnetism and ferrimagnetism.
Commercially available permanent magnets are made from materials which are typically named
Ferrite/Ceramic, Neodymium, ALNICO and Samarium Cobalt, each with different manufacturing
processes and magnetic properties (First4magnets, 2021; HSMAG, 2021a-e; Integrated Magnetics,
2021; Magnetshop, 2021).

Ceramic/ferrite magnets are composed of strontium carbonate and iron oxide. Ceramic/ferrite magnets
are manufactured with powder technology techniques and a sintering process (Eclipse Magnetics,
2021a; HSMAG, 2021b; Stanford Magnets, 2021a). Neodymium magnets are comprised of neodymium,
which is a member of the rare earth family elements, mixed with primarily iron and boron. The
neodymium magnets are also manufactured by a sintering process (Eclipse Magnetics, 2021c; HSMAG,
2021d; Stanford Magnets, 2021d). ALNICO is the acronym for the three primary elements used in the
manufacturing of ALNICO magnets. These elements are aluminium, nickel, and cobalt. ALNICO is either
manufactured using a casting or a sintering process (Eclipse magnetics, 2021b; HSMAG, 2021e;
Stanford magnets, 2021b). The Samarium cobalt magnet was the first rare earth magnet, it was three
times stronger than any other magnet at the time, consisting of samarium and cobalt, with traces of iron,
copper, and other elements (Eclipse Magnetics, 2021b; First4magnets, 2021; HSMAG, 2021a; HSMAG,
2021c; Integrated Magnetics, 2021; Magnetshop, 2021; Stanford Magnets, 2021b; Askeland & Wright,
2016; Smith et al., 2011).



Each magnet type has advantages and disadvantages in application with regards to operating
temperatures and operating conditions. Permanent magnets do lose their magnetisation over time, but
the loss is so slow that it is rightly named a permanent magnet. A permanent magnet that is exposed to
a polar opposite magnetic field could, however, lose its magnetisation. The coercivity of the material is
its ability to withstand demagnetisation in this manner. Permanent magnets exposed to temperatures
above the Curie temperature will also lose its magnetisation. Each magnetic material has different
coercivity and Curie temperatures. Thus, environmental conditions are criteria for the application of
magnets. Due to the different elements and manufacturing processes, the cost by magnets differ by
magnetic strength, weight and the type of material used. The magnets are manufactured in a variety of
shapes and dimensions. The commercial availability of magnets can be viewed in the referenced

websites.

1.2.4.2 Electromagnetism and induction

Hans Christian Oersted coined the terms electromagnetic and electromagnetism in the articles he wrote
during 1820 and 1821. These articles were preceded by the article published in July 1820 (Karwatka,
2011), "Experiments on the Effect of the Electric Conflict on the Magnetic Needle" in which he described
his discovery that electric current flowing in a wire had an effect on a magnetic needle (Mitolo & Araneo,

2019). This lead to the discovery of electromagnetic induction by Michael Faraday.

Michael Faraday was known as an exceptional experimental scientist. It was during an experiment that
he observed electromagnetic induction in a secondary coil in the transient conditions when switching
the current on and off. He devised an experiment consisting of two coils that can be moved in such a
way to vary the magnetic flux through the secondary coil in a controlled manner to successfully illustrate

electromagnetic induction (James, 1991; Mitolo & Araneo, 2019).

Faraday's equation is described in typical physics text books (Walker et al., 2014):

dd
$=—7r (1.2)
o = fﬁ-d/f (1.3)

where ¢ is the electromagnetic force or more plainly the voltage developed in the loop, and @ is the
magnetic flux through the loop enclosed in an area A. It is better described in the integral of Equation 1-
2.B represents the magnetic field in unit Tesla. The unit Tesla, is named after Nikola Tesla for his
exceptional contributions to the field of electricity and magnetics. Nikola Tesla was the first to invent an
induction motor. Rightly so, understanding electromagnetic induction leads to the coupling between the
mechanical and electrical systems (Walker et al., 2014) The magnetic coupling is addressed simply in

coil induction that follows..



1.2.4.3 Coil induction

The coupling of an energy harvester is obtained from Faraday's law as it pertains to linear cyclic motion
of a conductor in a magnetic field. The coupling coefficient is a term that defines the interaction or the
interchange of energy from mechanical energy to electrical energy. A simplified example is a conducting
loop moving in a uniform magnetic field as illustrated in Figure 1-3. The induced electromotive force ¢
measured in volts is given by the product of the magnetic field strength B in unit Tesla, length of
conducting wire L in unit meter and the velocity v in unit meter per second of the conducting loop in the

magnetic field as in Equation 1-4 (John, 2012).

& =BLv (1.4)

Assuming the loop is closed, it forms an electrical circuit which allows current to flow. This current flow
is referred to as the induced current. The induced current creates a magnetic field that acts against the
uniform field and can be seen as a force such that it opposes the direction of motion (Walker et al.,
2014).

Velocity
v [m/s]

\

Magnetic field Density
(1

Figure 1-3 lllustration of induction.

The coupling factor is primarily determined by the architecture of the coil and magnetic field. Preceding
the study of Challa et al. (2013), Spreemann et al. (2008) investigated the comparative performance in
voltage output and power output of different architectures of a conducting wire loop in a magnetic field.
It was shown for the variety of architectures that two different optima exist for voltage and power output,
respectively. More generally with correct architectural choice under optimized conditions, one could
increase the generated voltage two-fold and the power output three-fold. This study of Spreemann et al.

(2008) primarily focused on the orientation of the magnetic field to the coil and the relative motion of the
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two. The study completed by Spreemann et al. (2008), however, only address the architecture in terms
of electrical goals. Practically the coil and magnetic field requires a mechanical system that can act

dynamically with vibrations for harvesting (Spreemann et al., 2008).

The wide variety of architecture types addressed in the review done by Cepnik et al. (2013) shows a
design of mostly a moving magnet or a moving coil. The advantages and disadvantages of the different
designs are not clearly discussed in terms of a moving magnet or moving coil. The advantages and
disadvantages only become prevalent when looking at design considerations like component size,
fabrication and wire bonding (Cepnik et al., 2013).

1.2.4.4 Performance metrics

To determine the architectural design success of an energy harvester, different performance metrics or
figures of merit have been developed. The ratio of electrical power output to mechanical power input,
equals power efficiency. However, this method neglects that the input mechanical power is dependent
on the design of the device. The potential mechanical power available from the source cannot be used
instead because this is effectively limitless. This is evident as the harvester has negligible effect on the
source. Mitcheson et al., (2004) mention other metrics than efficiency that have been developed, Cao
et al. (2007) looks at power density, Beeby et al. (2007) propose a normalized power density and

Roundy (2005) proposes a measure of effectiveness.

After discussion of the advantages and disadvantages of each method, Mitcheson et al. (2008) propose
an alternative definition for harvester effectiveness and the ratio of useful power output to maximum
possible power output. Together with the variant of volume figure of merit FoMv, different designs with
proof mass density and geometry can be compared as a function of their overall size. Mitcheson et al.
(2008) conclude that larger devices achieve highest values of effectiveness using the alternative

harvester effectiveness metric (Mitcheson et al., 2008).

Challa et al. (2013) show the importance of the coupling strength in a study that is validated
experimentally. The dimensionless design parameter is shown to determine the performance of power
generation in electrodynamic vibration energy harvesters, proposing that a high coupling strength is the

best for maximum device efficiency (Wang et al., 2016).

Given the discussion on efficiency, Challa et al. (2013) and Hendijanizadeh et al. (2013) use a device
efficiency defined by real electrical power to the load divided by the mechanical power absorbed by the
harvester, which is highly dependent on the coupling of the system. They show the maximum efficiency
for a linear vibration harvester to be 50%. Hendijanizadeh et al. (2013) go on to compare linear and
rotation devices, showing that rotational devices could achieve efficiencies above 50% in favourable

conditions. Furthermore, the studies show that the maximum output power is not at the maximum



efficiency point for linear devices. However, for rotational systems the maximum power is at the

maximum efficiency point (Challa et al., 2013; Hendijanizadeh et al., 2013).

1.2.4.5 Electrical circuit and components

A method for modelling the equivalent electrical circuit of a generator is represented in Figure 1-4. The
equivalent circuit contains an inductor L., DC (direct current) resistance R, and a load resistor R; (Joyce
et al., 2014; Von Biren & Troster, 2007). Several of the experimentally evaluated vibration harvesters
only report a load resistor of a purely resistive component. The resistive load component is used to

evaluate the power extracted from the vibration source (Wang et al., 2015).

Vinduced

Iinduced

D

Figure 1-4 Equivalent electrical circuit of a generator.

Further study in complex electrical circuits lead to Arroyo and Badel (2011) who proposes a circuit
named SMFE (synchronous magnetic flux extraction). With this circuit it is predicted to harvest 2.5 times
more energy. The SMFE is a harvesting technique that is adapted for electromagnetic generators. The
SMFE was adapted from the SECE (synchronous electric charge extraction) technique used for

piezoelectric generators (Arroyo & Badel, 2011).

Another example of a complex circuit for microgeneration was studied by Dayal et al. (2011), who
utilised a single-stage AC-DC converter for power processing. Implementing the converter not only
boosts the low AC (alternating current) voltage to a nominal DC (direct current) voltage that is mostly
required by electronic equipment, but the simple converter allows for a compact system as well (Dayal
et al., 2011).

Different load resistors have been implemented in the experimental design of a vibration energy
harvester. For example, Joyce et al. (2014) used a 48 Q load resistor and Von Buren and Troster (2007)
used a 10 k0 resistor. However, Ashraf et al. (2013) report that matching the load impedance with the

equivalent impedance of the coil and mechanical impedance, delivers maximum power to the load.
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Yildirim et al. (2017) support the impedance matching technique for the performance enhancements to
harvest from ambient vibrations. Furthermore, the concept of impedance matching is well known in

general electric theory (Nilsson & Riedel, 2020).

1.2.4.6 Inductance

Models developed for vibration energy harvesters mostly neglect the effects of coil reactance. It is
motivated by the low operating frequencies and that the reactance is relatively small compared to the
contributing resistance of the coil (Dayal et al., 2011; Elvin & Elvin, 2011; Hendijanizadeh et al., 2013;
John, 2012; Khan & Izhar, 2016; Mitcheson et al., 2004; Nilsson & Riedel, 2020; Spreemann et al., 2008;
Xuezheng et al., 2013). In the case that it is not negligible, Cammarano et al. (2010) proposes to
counteract the effects of the coil inductance by inserting a capacitor in series (Cammarano et al., 2010).
Other models calculate the inductance of a coil by using Equation 1-5 and 1-6 where p, is the air
permeability, N the number of wire turns, r, the radius of the coil and h. the height of the coil (Poulin et
al., 2004; Wei & Jing, 2017).

Le = uoN?*mrg /he (1.5)

Furthermore, the operating frequency w, is used to calculate the coil impedance:

R
Z, = /Rg + (w,L)? £ arctan (——) (1.6)
wOLC

1.2.5 Experimental evaluation examples

Several experimental values of power harvested from a vibration source was reported, of which the
most relevant is highlighted in this section. Salim et al. (2016) measured 710 uW at 34 — 40 Hz in a low
frequency hybrid harvester with ring magnets. Using a magnet and coil array, Zhang and Kim (2014)
measured 263 mW at 65 HZ. In a second paper looking at flexible coils and a magnetic spring, Zhang
et al. (2015) report a power output of 4.3 mW at 5.5 Hz. In the application to monitor wind turbine blades
Joyce et al. (2014) produced 80 mW at 2.5 Hz. In a study to determine the role of coupling strength,
Challa et al. (2013) recorded 1.06 mW at 28.1 Hz. Liu et al. (2021) harvested 18 W at 2 Hz in the
application of an energy harvesting backpack. During the survey of low frequency excited vibration

energy harvesters, Naifer et al. (2017) showed that power harvested is mostly in the mW range.

1.2.6 Instrumentation

Vibrations were first discovered in the form of sound, that was created by musical instruments, as long
ago as 4000 BCE (Before Common Era). Later, Galileo discussed vibrating bodies in Discourses
Concerning Two New Sciences in 1638. In his publication, Galileo discusses frequency dependency of
the vibration from a simple pendulum and the phenomenon of sympathetic vibrations known as

resonance in modern time (Rao, 2011).
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Since the time of Galileo and his predecessors the definition of a vibration has taken a specific form: A
vibration or oscillation is any motion that is repetitive within a time interval. In the repetitive motion there
is an alternating transfer of energy between kinetic and potential energy. Some energy is dissipated if
there is damping present in the system (Inman & Singh, 2014, Kelly, 2012).

The effects of vibrations can be visible, tangible, and audible, and sometimes detected by the human
senses. However, more often, the vibration cannot be detected or quantified, nor can the severity be
determined by human senses. Instrumentation for vibration measurement offer improvement to
measure vibrations and overcome the human limitation. The instrumentation mainly consists of different
types of transducers as well as FFT (fast Fourier transform) data collectors and real-time spectrum
analysers (Nel & Wyngaardt, 2014, De Silva, 2000; Den Hartog, 1985).

The use of instrumentation varies greatly, depending on the application. To illustrate this remark, Yu et
al. (2011) uses four PCB Piezotronics pressure transducers and an MTI Instruments laser displacement
sensor, to monitor the dynamic characteristics of a loudspeaker. All measurements taken by the

transducer and laser were recorded directly using a computer acquisition card (Yu et al., 2011).

More so, Verma and Li (2003) presents a laboratory technique to measure resonant frequencies,
vibrations and noise, in a paper, for measurement of vibration and radiated acoustic noise of electrical
machines. The technique proposed by Verma and Li (2003) uses accelerometers, microphones and

search coils in accordance with ISO and IEEE standards.

Rahman and Kok (2011) make use of the 3-dimensional wireless accelerometer node G-Link in harmony
with the ADXL 321 accelerometer. However, the latter was merely used for calibration purposes. The
G-Link was used in the search for useful ambient vibration sources in a variety of locations such as

moving vehicles and household electronics (Rahman & Kok, 2011).

Van Niekerk et al. (2000) studied the vibration levels humans are exposed to in the South African mining
industry. They studied hand-transmitted vibrations and whole-body vibrations. To measure the whole-
body vibrations of a seated operator a seat pad with tri-axial accelerometer was employed as defined
in ISO 2631-1 (Van Niekerk et al., 2000).

Nel and Wyngaardt (2014) designed a dynamic vibration absorber for a motor pump that was very close
to pure resonance. Utilising a CTC acceleration meter coupled to a diagnostics instrument 2200 FFT,
Nel and Wyngaardt (2014a) were able to measure time and frequency domain signals (Nel & Wyngaardt,
2014a).

No matter the variety of instrumentation, the measurement scheme can be compared to the basic
vibration measurement scheme as proposed in Rao (2011). The measurement scheme is a flow chart

that starts with the motion of the vibrating body that is converted to an electrical signal via the vibration
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transducer. The small output signal from the transducer is amplified by a signal conversion instrument.
The amplified signal can then be displayed or recorded after which the data can then be analysed (Rao,
2011).

1.2.7 Loudspeaker design and analysis

Loudspeakers are commercially available electromagnetic motors that are used to produce sound. The
motion is reciprocal, driven by an amplifier that supplies the current. This is the opposite side of the coin
in respect to electromagnetic induction used for energy harvesting. By mechanically exciting the speaker
diaphragm, a voltage will be generated across the terminals of the coil on the basis of Faraday’s law as
described earlier (Dickason, 2007; Eargle, 2002; Kinsler et al., 1982).

There are a few different architectural configurations used in a loudspeaker design. Only a specific
design is addressed in this study. A schematic drawing of the cross section of the speaker used in this

study is shown and labelled in Figure 1-5.

The dynamic system of the speaker is represented by the Aramid fibre interlaced IMPP cone together
with the copper coil wrapped around the aluminium voice coil former as the effective moving mass. The

meta-aramid fibre spider is the effective stiffness element that supports the moving mass.

The electromagnetic coupling is created by the magnetic field inside the air gap where the voice coil
would translate to-and-fro. The magnetic field and air gap is formed by the top plate and yoke saturated

with magnetic flux from the permanent ring magnets (Marinescu et al., 2016).

The industry has developed the Thiele small parameters for performance comparison between products.
The relevant Thiele small parameters for this study are tabulated below with their respective units of

measure.

Table 1-1 Thiele small parameters

Parameter Symbol Units
Voice coil DC resistance R, Q
Voice coil Inductance L. mH
Force factor/ coupling factor BL Tm
Moving mass M6 kg
Free-air resonance F; Hz
Compliance of driver Cins m/N
Mechanical resistance R Ns/m
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Figure 1-5 Labelled dissection of a loudspeaker

Loudspeakers have been extensively studied to optimise the parameters to produce maximum energy
transfer from electrical to sound energy. Klippel (2018) reports several methods and design criteria to
maximize the efficiency in active loudspeakers systems. Specific attention is drawn to the gap-coil
topology. This pertains to the gap depth, coil height and coil material. The design to optimise the
magnetic circuit can be done with finite element analysis (Marinescu et al., 2016).

The measurement of the Thiele small parameters is thoroughly discussed in the Loudspeaker design
cookbook by Dickason (2007). Several alternative methods are proposed by different authors (Anderson
& Leishman, 2003; Moreno, 1991; Tsai et al., 2013). The measuring instruments include laser velocity
transducers and a signal analyser or a plane wave tube with relevant equipment to measure the

response of the diaphragm of the loudspeaker and pressure change on either side of the diaphragm.

The plane wave tube technique can be used to characterise a loudspeaker for the application of a linear
alternator as a thermoacoustic electrical generator. The characterised loudspeaker can be used in the
application of an electricity generator and a linear model is useful to predict the behaviour of such an

electrical generator (Yu et al., 2011).
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1.2.8 Plane wave tube

Anderson et al discusses the use of the plane wave tube, as apparatus, for an acoustical measurement
method. The method derives the parameters of a loudspeaker. Further ASTM and AES standards are
available for the use of a plane wave tube. The method requires the use of an impedance tube, the use
of the two-microphone method and a digital frequency analysis system. The AES freely documents the

design practice with regards to usable bandwidth, tube assembly and measurement practice. (Audio

Engineering Society, Inc. ,1991; ASTM-E1050, 2019)

Due to the lack of equipment the two-microphone method is replaced by an accelerometer that is
mounted on the diaphragm. This reduces the possibility to determine many parameters. In the
determination for mechanical resistance R, a known pressure difference across the diaphragm is
required. The known pressure difference is related to the force acting on the system. The force acting
on the system is required to complete the calculation. Some parameter can still be determined without
the pressure measurements obtained by the two-microphone method. The coupling factor BL, the
natural frequency F,; and the compliance of the driver C,,; are parameters that can be determined

utilizing only the accelerometer.
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1.3 Problem statement

In order to arrive at the design of a vibration energy generator, an investigation must be done to
understand the technical behaviour thereof. Firstly, an electrical approach should reveal the relevant
electrical alternating properties including the power generated. This should be done for the generator
subjected to different cyclic loading conditions. A mathematical model for this electrical approach should
be developed and implemented in a computer program to allow for predictions to be made for usable
power. This should be done for certain input characteristics provided. In addition, a Finite Element Model
should be constructed to also allow predictions for certain input characteristics. The results obtained
from the computer program based on the mathematical model should be compared to corresponding
data obtained from the Finite Element Model. These theoretical models should be experimentally

evaluated.

Secondly a mechanical approach should reveal the relevant mechanical properties including the power
transmitted to the different mechanical components and the power consumed. This should be done for
the generator subjected to different cyclic loading conditions. These conditions are influenced by the
different forced frequencies where structural resonance at the generator is also included. The different
properties of the mechanical components must be characterised using a feasible experimental
procedure. A mathematical model for this mechanical approach should be developed and implemented
in a computer program to allow the construction of these power signals. This should be done for the
different loading conditions and measured mechanical component characteristics provided. The
different electrical power magnitudes should then be compared to the corresponding mechanical power

magnitudes.

1.4 Study demarcation
1.4.1 Mechanical

The study is demarcated with certain boundaries with regards to the mechanical systems present. The
boundaries of concern are that of linear versus nonlinear vibrations and model development of the

excitation system and generator system.

Linear vibrations are assumed for ease of calculation as the analytical tools and mathematical models
are well developed and known. The assumption will remain relevant within the parameters as proposed
by Banstra (1981), who refers specifically to a mathematical model for damping as discussed in

paragraph 1.2.3.4.

The dynamic response of the excitation system is only of concern for a controlled vibration source on
which the evaluation of the generator system can be performed. The excitation system is designed with

a shaker bench test principle in mind. The operation frequency of the generator system is far above the
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bounce mode of the excitation system and far below any structural modes. The displacement
transmissibility curve in Figure 1-1 is used to illustrate a principle, that greater the frequency ratio, the
less the displacement transmitted. This permits the systems to be modelled as two separate single
degree models. One with a fixed base and an the other with an oscillating base. Therefore, a two
degrees of freedom model is not considered for the excitation system and generator system together.
This ensures that this study focuses on the generator system as a vibration energy generator that is

placed on any suitable vibration source.

1.4.2 Electrical

The demarcation of the electrical system and the model thereof is primarily to validate the usable power
values predicted by the model of the mechanical system. Therefore, no part of the mechanical system

will be modelled in the electrical model even though possible through equivalent circuitry.

Furthermore, the plausible assumption that inductance is negligible is supported by literature and
preliminary calculation shown in Chapter 4 during characterization. If inductance of the coil is not

negligible, a fix with capacitor is plausible as proposed by Cammarano et al. (2010) to maintain simplicity.

1.5 Conclusion

The important aspect of Faraday's law and typical electrical concepts was introduced as it pertains to
the design and analysis of a vibration energy generator through an electrical perspective. The
mechanical aspects of resonance and amplitude dependency were reviewed as it pertains to the design
and analysis of a vibration energy generator through a mechanical perspective. In combination, the
parameters and properties of a loudspeaker is shown to be sufficient to utilise the loudspeaker as a

vibration energy generator.
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Chapter 2 Mathematical models

2.1 Introduction

Mathematical models are required for the analysis of a vibration energy generator. The mathematical
models depict the behaviour of a vibration energy generator in a controllable environment. The models
are representative of two separate systems, the generator system and the excitation system. The
models of the generator system are grouped according to an electrical and mechanical perspective of
analysis. This leads to two sub-systems in the generator system - a mechanical system in a generator
and an electrical system in a generator. Both the mechanical system and the electrical system are
modelled to reveal analytical properties and the relevant power values, including usable power. The
excitation system is modelled to address the controllable environment and the predictability thereof for
a safe experimental setup. Furthermore, characterization procedures are modelled to determine specific

parameters used in the mathematical models describing the systems.

2.2 Mechanical system in the generator

2.2.1 Mechanical model

Following the analytical examples found in literature, the mechanical system is modelled as a single
degree of freedom, base excited model as depicted in Figure 2-1. The rigid body with mass mg, in
Figure 2-1 is representative of the equivalent mass that is oscillating in the generator system that can
store kinetic energy. The cumulative mass of the moving coil and a fraction of the support structures,
such as the spider and surround, equate to the equivalent mass that is moving (Rao, 2011). The rigid
body in Figure 2-1 is supported by a spring element and a viscous damper element. The spring element
is representative of the supporting structures that contribute to the equivalent stiffness coefficient kg, in
the generator system that can store potential energy. The structures that contribute to the equivalent
stiffness coefficient include the spider, the surround and the magnetic field. The viscous damper element
is representative of the supporting structures and effects that contribute to the equivalent viscous
damping coefficient ¢4, in the generator system that dissipates energy. The structures that contribute to
the viscous damping coefficient include the surround, the spider and circuitry through forms such as
heat, sound and friction. The spring element and viscous damper element are connected to an

oscillating base (Kelly, 2012)

The vertical displacement from a static equilibrium point at time ¢ of the rigid body with mass m,, and
the oscillating base are depicted by x,and x,;, respectively. The velocity and acceleration of the rigid
body and oscillating base are x4, X, and x;, ¥;, respectively. It follows that the relative displacement

and relative velocity are x, and x, with amplitude X, and X,..
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Xq(t)

xp(t)

Figure 2-1 Mechanical model

With reference to Figure 2-1 and according to Newton’s second law for equilibrium of dynamic forces,

the equation of motion for the generator system is

Mge¥y + Cge(tg — %p) + kge(xg —xp) =0 (2.1)

with X, as the steady state displacement amplitude of the base and w, the forced frequency. The

response of the base is written as
xp (t) = Xp sin(w,t) (2.2)
The equation of motion for the generator system can be written such that
MgeXy + Cgedg + kgeXg = kgeXp sin(wot) + CgewoXp cos(wyt) (2.3)
Each grouped term represents the dynamic force, F,,, F., F;, and F;,, respectively. It can be shown that

xq(t) = Xgysin (wt — ¢) (2.4)

where the steady state amplitude of the generator X, is given by

Xy _ k2o + (cgew,) ] (2.5)
Xb (kge mge“’O) + (Cge“’O)

and the phase angle ¢ between displacement vectors X, and X, is

¢ =tan~! [ MgeCoes ] (2.6)
kge (kge mge“%) + (Cge‘%)
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The displacement amplitudes X, and X, can be written

i
_ g
X, = o (2.7)
and
i
Xy =—2 (2.8)
wO

where X'g and X, are the corresponding acceleration amplitudes. The critical damping coefficient is

Ceg = 2 /kgemge (2.9)

The damping ratio {, is the ratio between the equivalent damping coefficient ¢, and the critical damping
coefficient ¢, of the generator system:
C
(g =2 (2.10)

= o
The natural frequency of the system can be defined as

k
W, = ge (2.11)
Mg,
and
_%n
fa = o (2.12)

2.2.2 Usable power

Power can be defined as the change in work done dW over change in time dt, such that the mechanical

power P (Walker et al., 2014) is expressed as

aw
p= 2.13
pr (2.13)
leading to an expression of force F and velocity x
P =Fx (2.14)

The equation of motion in Equation 2-1 is representative of force in each component as described in
paragraph 2.2.1 (Kelly, 2012). Multiplying each term by the velocity of the rigid body x, gives the

expression of instantaneous power at time p(t) for each component:
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Mgegky + Cge(g — %p)Xg + kge(xg — xp)%g =0 (2.15)

with

Xy = (kg — %p) + %p (2.16)

Rearranging leads to an expression that is representative of the instantaneous power in each

component (Stephen, 2006).

Moty + Coe (g — %p)" + kge (g — x5) (g — %) (2.17)
= kge(xb — xg)fcb + Cge(xb - xg)xb

such that the instantaneous power at the rigid body mass p,,, the power at the spring element p,, the

power at the damping element p. and the power supplied p;,, can be written as

Pm () + pc(8) + i (t) = pin(£) (2.18)

The total power dissipated by an oscillating body is equivalent to the power dissipated in the damping
element (French, 1971). Thus

P = MyeXgy (2.19)
P = Coeltg =) (2.20)

Pk = kge(xg — xp) (%5 — %) (2.21)

Pin = kge(xp — x4)%p + Cge(Fp — %4)%p (2.22)

The amplitude values of the power values are By, Py, P, and P;,,. The damping ratio {, in Equation 2-10
can be separated into mechanical and electrical contribution. The mechanical damping ratio ..
incorporates mechanical components and the electrical damping ratio {,;. incorporates electrical

components and is written

cg = Cmec t Cete (2.23)
leading to an expression for the average consumed power p.,, through substitution (Stephen, 2006).
1
Poon = = % |P, x <@> + P, x <@>] (2.24)
2 Cg g

The first term in Equation 2-24 is representative of the electrical power in the circuit. Given the nature

of the electrical circuit as described in paragraph 2.3.1 and the use of Kirchhoff’'s laws, the average
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usable power that is dissipated over a load resistor is equivalent to usable power B,,,, (Stephen, 2006).
The variable r is the ratio of the load resistor to the total resistance in the circuit, as discussed in

paragraph 2.3.2:

1
Pom ==X

: (2.25)

P. X (@) X (r)
Cg
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2.3 Electrical system in a generator
2.3.1 Electrical model

With aid of literature and acceptable assumptions as discussed in the demarcation section, the simple
electrical system is modelled to reveal electrical properties. The electrical system is the circuitry that is
in motion within the magnetic field. The circuitry consists of the moving coil with electrical impedance
Z., and the load resistor with electrical resistance R; coupled in series. Electrical switches are
incorporated to change between the different load configurations with varying electrical resistance R;.
The schematics of the electrical circuity is included in Chapter 4. Figure 2-2 illustrates a single

configuration for the electrical model.

Figure 2-2 Electrical model

The relative velocity between the moving coil and the magnetic field, x,. is the same relative velocity x,
between the rigid body mass of the generator and the oscillating excitation system. The relative velocity
X, induces a voltage represented in Figure 2.2 as a voltage source Vg according to Faraday's law as
discussed in paragraph 1.2.4.3. The moving coil interacts with the magnetic field such that a coupling
factor BL is apparent. The coupling factor BL is a grouped parameter of the magnetic field strength B in
unit Tesla and L the length of wire in unit meter that is in the magnetic field B. The induced voltage V;

is determined by

Vs = BLXy (2.26)
The closed condition with any of the variable load resistors R; allows current I to flow when the circuitry
is excited by a voltage source V;. The application of Kirchhoff’s voltage law gives the following equation

describing the current that flows in the circuitry as

V, = 1.Z, (2.27)
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and the potential difference across the load resistor as

V; = LR, (2.28)

The total impedance of the circuit

Z, =Z.+R, (2.29)

is given by the sum of the coil impedance Z,. and load resistance R, respectively. The coil impedance

R
Z. = ’RCZ + (wyL)? £ arctan (a) z ) (2.30)
o-c

where w, is the operating frequency and L. is the inductance of the coil.

is given by the expression

2.3.2 Usable power

The average electrical power in the electrical circuit is given by the use of the root mean square (RMS)

amplitude values of the induced current I and induced voltage V;

P, = V,Iscos (6, — 6;) (2.31)
where 6,, — 6; is the power factor angle, which is the phase angle between the induced current I and

induced voltage V; , and the power factor pf is

pf = cos (8, — 6;) (2.32)
The average usable electrical power is given by

Pie = I112(Ry) (2.33)
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2.4 Excitation system and model

To effectively introduce base excitation for the generator system, a mechanical structure is conceived
by aid of Figure 2-3. Similar to a shaker apparatus the excitation system model is a single degree of
freedom structure mounted upon a fixed base. The excitation system response x;,(t) defined in Chapter
2.1 is the steady state response of a rigid body mass m,, in Figure 2-3. The base consists of a steel
structure with excitation motors firmly attached. The structure is considered to be very stiff in order to
assume a rigid body. The rigid body (including the excitation motors), part of the loudspeaker that is not
considered to be part of the generator system, and contributing mass of the coils springs have the
equivalent mass m,,. The excitation system is supported by numerous coil springs. The coil springs
establish the support of the excitation system and is represented in Figure 2-3 as the spring element
with equivalent stiffness coefficient k,,. The viscous damper element represents the damping
characteristics in the excitation system with equivalent damping coefficient c¢,.. The dynamic elements

are attached to a fixed base as shown in Figure 2-3.

F,(t) i (t)

Cpe |::| kbe

AN

Figure 2-3 Excitation model

Two excitation motors that are mounted symmetrically on the excitation system produce a resultant
force F,(t). With Newton's second law and the conservation of equilibrium of the dynamic forces, the

equation of motion for the excitation system is

mbejéb + Cbexb + kbexb = Fe Sln(t) (234)
The steady state response amplitude X, of the excitation system is given by
Fe

Xb =
\[(kbe - Tnbewoz)2 + Cl%ewo2

(2.35)
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The magnitude of the resultant excitation force F, with a rotational speed of the motors defined as w,

and the unbalanced mass m,, at the radial position r, is

F, = myn,w,?sin (w,t) (2.36)

2.5 Characterization models

2.5.1 Freeresponse decay analysis

The mathematical model described below is used to determine the dynamic properties of the generator
system with no electrical load attached. The generator system mounted to a fixed base is observed
schematically in Figure 2-4. The figure is representative of the loudspeaker being mounted to the floor.
Inducing a free vibration response of the vertical mode allows characterization of the dynamic properties
of the generator system. The periodic time of the damped free vibration is described with the variable

T4. The damped frequency wy is calculated as follows:

21
Wy = a (2.37)
Mg,
Fo xg(t)
Cge kge

AU

Figure 2-4 Fixed base generator
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Figure 2-5 Free decay response

Two acceleration amplitudes X'gl and Xgn+1 corresponding to time t; and t,,; is noted in the time
domain of the measured signal. The variable n is an integer for the complete cycles between the
respective acceleration amplitudes. The acceleration ratio is expressed in terms of the periodic time 7, ,

damping ratio {,,.., number of cycles n and the natural frequency w,:

X
g1 = enfmecwnfd (238)

Xgn+1

The natural or resonant frequency w,, is

Wgq
(2.39)

Wy = ——
" Vl_(rznec

Solving Equations 2-38 and 2-39 simultaneously gives the natural frequency w,,, the equivalent stiffness

coefficient k4., equivalent damping coefficient ¢, and the damping ratio ;.-

kge = Mgewh (2.40)

Critical damping coefficient c., is expressed with the equivalent moving mass of the generator m,, and

the equivalent stiffness k4, in Equation 2-41. The equivalent damping coefficient is then described by

the damping ratio {,,.. in Equation 2-42.
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Ceg = 2 /mgekge (2.41)

Cge = SmecCeqg (2.42)

The average response between the peaks is

_ (Xgl + Xgn+1)

Xavg = (2.43)

2w?
2.5.2 In situ analysis

Figure 2-1 in paragraph 2.2.1 is representative of the generator system, which is used to characterise
the dynamic properties of the generator in situ as installed on the excitation system. The acceleration
response amplitude of the generator system Xg, excitation system X,, and the phase angle ¢ are used

to solve Equations 2-5 and 2-6 simultaneously. This determines the dynamic properties of the generator

kge, cge and the natural frequency f,.

2.5.3 Frequency Sweep

Utilizing Equation 2-40 and associated Figure 2-4 to obtain the equivalent stiffness coefficient k ., entails

a frequency sweep of the system. Through incrementally changing the frequency, maximum response
and frequency is obtained, the natural frequency f, is then determined. Equation 2-40 can be solved

using the equivalent mass mg, to determine the equivalent stiffness coefficient k.

2.5.4 Electrical damping

The generator system moved to a fixed base setup and a disassociated force F,(t) acting on the rigid
body similar to that of the free decay response model in Figure 2-5. However, the force is continuously
acting and creates a steady state response in the generator. With Newton's second law and the
conservation of equilibrium of the dynamic forces, the equation of motion for the generator system

becomes

MgeXy + CgeXg + kgexy = Fo sin(t) (2.44)
The response with no electrical load connected is given by
Fy

J(kge — mgeouoz)2 + Chow,?

After a switch is flipped the response of the generator is given by

X =
gbefore

(2.45)
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Fo

Xgafter - 2 ) (246)
\/(kge - mgewoz) + CGewo?
The damping in the generator system is given by
C
(g =—" (2.47)
Ccg
With electrical load and response ngefore the damping is given by
Zg = Cete T $mec (2.48)
With no electrical load and response Xgaﬁer the damping is
(g = (mec (2.49)

The response before X, and after Xgafter the addition of a variable load resistor is used to solve

before
Equation 2-45 and 2-46 sequentially for associated damping values ¢,, assuming stiffness and
mechanical damping ,,,..femain constant. The difference in the damping values give the approximate

value of electrical damping (-

2.5.5 Coupling factor parameter

A potential difference Vg is generated across the generator coil when it is in motion x,- within a magnetic
field BL. The Equation 2-26 is utilised in characterization of the coupling factor BL , by disregarding the

load resistor such that the representing Figure 2-2, is an open circuit.

2.6 Conclusion

Mathematical models have successfully been developed with aid of basic literature principles to predict
mechanical and electrical cyclic properties and usable power. Other models were developed to
characterise dynamic properties and the coupling factor for the respective mechanical and electrical
systems. These models will be incorporated into computer programs for simulation purposes within the
MATLAB environment. The mathematical models are then addressed in computer implementation

described in Chapter 3.
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Chapter 3 Computer implementation

3.1 Introduction

The mathematical models described in Chapter 2 were successively implemented into computer
programs within the MATLAB software environment. This implementation is elaborated on in Chapter 3.
Each model is addressed in the same manner by stipulating the relevant Input and Output parameters
with the required intermediate steps such as logical computations and numerical iterations. The
implementation of Finite Element Analysis within the FEMM4.2 software environment for the simulation

of the coupling factor was done similarly.

3.2 Mechanical system

3.2.1 Mechanical response and usable power

The flow chart in Figure 3-1 describes the computer program Pred_mec.m which was used to predict
the response (acceleration, velocity and displacement) of the mechanical system and the usable power.
The program is included in Annexure A. The second order differential Equation 2-1 was converted to
two first-order differential equations. These equations were then implemented in the MATLAB
environment and solved by numerical integration with the built-in MATLAB algorithm namely ode.23m.
The input data and associated variables are listed below, connected to the output data and variables

through a list of equation used as a transitional step.

Input Routine
Moving mass: myge Executing program Pred_mec.m solves Equation 2-3 as
Dynamic properties: two separate single order differential equations using
kge:Cg: Cmac: {ote ode45.m. Then passes calculated response variables to
Base excitation: X, Equation 2-3 and Equation 2-17 which determines the
Excitation frequency: w, associated dynamic forces and power at each
| Resistance ratio: r component. Finally, the usable power is determined

solving Equation 2-25.

Mechanical response: X,(t), kg (t), x4 (1) Dynamic forces: Fy, F., By, Fip, Fep

Output

Relative response: x,.(t), x.(t), X.(t) Power: p,,, (t), pi(t), pe (), pin ()
Phase angle: ¢ Usable power: B,

Figure 3-1 Pred_mec.m flowchart - Mechanical system
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3.3 Electrical system

3.3.1 Electrical response and usable power

The flow chart in Figure 3-2 describes the computer program Pred_elec.m which was used to predict
the response (voltage and current) of the electrical system and the usable power. The model was
implemented into the MATLAB environment for consecutive execution of Equation 2-26 to Equation 2-
33. The three shapes below contain the input variables and the output variables separated by the routine

that the program follows in Figure 3-2.

4 Input \ 4 Routine \

Relative velocity: %,.(t) The MATLAB program Pred_elec.m executes Equations 2-
Coil impedance: Z,. » 26 to Equation 2-33 procedurally. Certain outputs are
passed as inputs to the next equation to finally solve for

Load resistance: R,

Coupling factor: BL usable power.
- '\ ‘ /
s
Qutput
Induced voltage: V, Induced current: I Usable power: P,,
Load voltage: V, Total impedance: Z,

Figure 3-2 Pred_elec.m flowchart - Electrical System

3.4 Excitation system

3.4.1 Excitation response

The flow chart in Figure 3-3 describes the computer program, step base.m, which was used to
approximate the response (acceleration, velocity and displacement) of the excitation system. The
second order differential Equation 2-34 is converted to two first-order differential equations. These
equations were then implemented in the MATLAB environment and solved by numerical integration with
the built-in algorithm namely ode.45m. Within the three rectangles are the details of input variables,

routine and output variables.
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Input ([ Routine
Excitation system mass: m, Equation 2-34 is converted to two single order
Dynamic properties: kyq, Cpe » differential equations and solved with ode45.m.
Excitation force: F, within the program step_base.m.

Qutput

Excitation system response: &3 (t), x5 (t), x(t)

Excitation force frequency: w,

Figure 3-3 step_base.m flowchart - Excitation System

3.5 Characterization

3.5.1 Plane wave tube sweep

The stiffness coefficient kg4, is approximated through characterization utilising Equation 2-40. The
equation is implemented into the MATLAB program step_1.m to successively calculate values and
create graphed data. The equation within the MATLAB environment is not depicted within a flow chart

due to its simplicity.
3.5.2 Plane wave tube with variable load

The damping {.;. associated with the variable load configurations are approximated through the model
and procedure described in paragraph 2.5.4. The model is iterated to obtain the approximate damping
values ¢, for each associated electrical load. The model is implemented into step_2.m MATLAB

program for fast iterations. Furthermore, the program is illustrated in a flow chart in Figure 3-4.

Input . Routine

Response before Xp.frore The force F, is approximated through
Response after X .., preliminary measurements. Through
Stiffness coefficient k,, incremental step in {; and iterative calculation

Mechanical damping {mec to match response after the damping values are

Moving mass: mg, obtained by execution of step_2.m program.

\ 4

Output
Electrical damping: (.

Figure 3-4 step_2.m flowchart
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3.5.3 Freeresponse decay analysis

The mathematical model described in paragraph 2.5.1 was implemented in a MATLAB environment to
compute the equivalent stiffness and damping coefficients of the generator system. The mathematical
logic is depicted within the flow chart in Figure 3-5, where the Equations 2-38 and 2-39 are solved
simultaneously. The input data used is two consecutive acceleration amplitudes, periodic time, mass

and number of cycles between these amplitudes.

Input ' Routine

Acceleration amplitudes: MATALB algorithm findpeaks is used fo pass
X1, Xgn+1 # values to solve Equations 2-37 and 2-43.
Periodic time: 7, Equation 2-38 and 2-39 is solved
Number of cycles: n simultaneously and the step 3.mis iterated for
Generator mass: my, next set of Acceleration amplitudes.

OQutput

Dynamic properties: kg., {mec, Cge Natural frequency: f,

Figure 3-5 step_3.m flowchart

3.5.4 In situ characterization

The flow chart for the in situ characterization model to predict the dynamic properties of the generator
system is depicted in Figure 3-6. The mathematical model described in paragraph 2.5.2 is converted to
MATLAB code step 5.m to be executable on demand. The Equations 2-5 and 2-6 are solved
simultaneously, for which the input data used is the generator system and excitation system acceleration

response amplitudes, that are associated with the phase angle and excitation frequency.

Input Routine

excitation system amplitude: X), Solve Equations 2-5 and 2-6 simultaneously.

generator system amplitude: X, - The MATLAB program is sfep_5.mis iterated for

Phase angle: ¢ each instance of electrical load configuration.

Output |

Dynamic properties: kg, (g, Cge Natural frequency: f,

Excitation frequency: w,

Figure 3-6 step_5.m flowchart
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3.5.5 Coupling factor characterization

The Equation 2-26 as stipulated in paragraph 2.5.5 was implemented within a MATLAB environment.
The input data used is the response of the generator system and the induced voltage. The program
allows for quick successive calculation for different instances. The MATLAB program step_BL.m is not

described a in flow chart due to its simplicity.

3.5.6 Finite element analysis

The computer implementation to determine the coupling factor using Finite Element Analysis (FEA) is
achieved through the use of FEMM4.2, a free software package. The methodology of implementation is
illustrated in the flow diagram in Figure 3-7. The input data used are the dimensions, properties of the
magnetic circuit, the material properties and properties of the coil such as dimensions, material and

number of turns in the coil.

Input Routine
Magnetic circuit dimensions With aid of FEMM4 .2, a 2-dimensional magnetic
Magnetic circuit materials - circuit is drawn with the generator coil in the air
Coil dimension gap. Static magnetic simulation is run.
Coil material

L

Output
Coupling factor: BL

Figure 3-7 Finite element analysis

3.6 Conclusion

All mathematical models developed in Chapter 1 could be successfully implemented into MATLAB. The
input and output parameters of each model are clearly illustrated in each flow chart. Furthermore, the
use of specific parameters for FEA analysis is illustrated in a flow diagram to determine the coupling
factor. The code pertaining to the model input and output parameters is attached in Appendix A. These
codes are used in Chapter 4 and 5 for experimental characterization and experimental evaluation,

respectively.
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Chapter 4 Experimental characterization

4.1 Introduction

The properties of the vibration energy generator system at varying load conditions and the properties of
the excitation system have to be characterised, since the characterised values are required as input
parameters. The input parameters are used to successfully make predictions for usable power and
ensure a safe experimental setup. The parameters to be characterised are specific to each model and

clearly depicted in Chapter 3.

Firstly, the available instrumentation is presented in this chapter. Then, dynamic properties used in the
generator mechanical models are systematically determined through consecutive experiments referred
to as steps in MATLAB programs. This is followed by the characterization procedures for parameters
used in the generator electrical models. Lastly, the characterised properties of the excitation system are
set forth.

4.2 Measuring Instrumentation

4.2.1 Mechanical measurements

The successful measurement of the mechanical response of the excitation and generator system
requires transducers, a real time FFT analyser and a data recorder. The two different transducers
utilized were the Dytran sensor and PCB sensor. Signals from the transducers were analysed and
recorded by the diagnostic instrument 2200 FFT analyser. All three of these instruments with respective
connectors are captured in Figure 4-1 and Figure 4-2. The 100 mV /G Dytran sensor was specifically
used at the mechanical generator system to reduce the effect on dynamic properties due to the added
mass. The sensor is but 2% of the equivalent mass of the generator, weighing only 4 g. The response
of the excitation system was measured using a 100 mV /G PCB accelerometer sensor. The instrument

data sheets are included in the Appendix B.

Figure 4-1 DI 2200 and PCB sensor Figure 4-2 Dytran sensor
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4.2.2 Electrical measurements

The electrical response of the generator system and the relevant electrical properties are measured
using either the multimeter illustrated in Figure 4-3 or the DI 2200 instrument with electrical probes. The
multimeter displays only rms or peak amplitude values, however, it can also measure current, voltage
and resistance.

Figure 4-3 Multimeter

4.2.3 Mass scaling

The instrument used to weigh the components of the dynamic systems was the PRW 30 digital scale.
Included in Figure 4-4 is a picture of the mass scale with a moving mass component on the measuring
platform. The magnetic components were measured using a simple hand-held scale to reduce the

effects of magnetic fields on measured values.

Figure 4-4 PRW 30 digital scale
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4.3 Generator mechanical system
4.3.1 Mass properties

Due to the nature of the chosen vibration energy generator, components were carefully removed from
the dissected speaker and measured individually. The total mass of each component was extrapolated
from the measured value by simply doubling the measured values. The extrapolated data was controlled
by comparing the sum of the components to the total mass of a complete loudspeaker. There is only a

3% discrepancy when comparing the extrapolated total to the total of a complete speaker.

Table 4-1 lists the components that contribute to the equivalent mass of the generator. The equivalent

mass of the generator my, is equated to 0.1779 kg . It compares well with the manufacturing

specification reported in Appendix C. The manufacturing specification of Mms is 0.166 g giving only a

6% difference in characterization of the mass.

Table 4-1 Loudspeaker component mass

Measured mass

Component
g]
Half speaker 2940
Structure 28439
Generator 88.3
Diaphragm 58.7
Coil and spider 30.6
Spider 2.8
Coil 27.3
Connection 30.9
Dytran sensor 4

White dotted lines on Figure 4-5 show the approximate separation by part for contribution of mass. Only
a 1/3 of a spring mass contributes to the moving mass in a coil spring (Rao, 2011; Ruby, 2000). This
definition is applied to the spider even though it is not a coil spring. The spider can be seen as infinitely

numerous coil springs attached all around the voice coil.

Table 4-2 Equivalent moving mass

Equivalent mass

my, [g]

Equivalent generator mass 177.9

Component
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Figure 4-5 Dissected loudspeaker

4.3.2 Dynamic properties

4.3.2.1 Plane wave tube sweep

A preliminary experiment to determine the dynamic properties of a loudspeaker was completed. The
preliminary experiment is a frequency sweep that utilised the plane wave tube apparatus. The plane
wave tube is the experimental apparatus shown in Figure 4-6. With the aid of step_1.m MATLAB
program the preliminary values for natural frequency f;, of the generator and the stiffness coefficient k.

of the generator system are determined and graphed.

Also depicted in Figure 4-6 is a laptop that produces the sinusoidal signal that is relayed to an amplifier.
The amplifier is visible to the far right in Figure 4-6. The amplifier drives a loudspeaker mounted, facing
inward to the tube, on the right. The driven loudspeaker excites the designated loudspeaker that is to
be characterised. The designated loudspeaker is mounted on the left of the tube. The DI 2200
instrument is visible to the left of the plane wave tube apparatus. The white box below the DI 2200

instrument is the switch box with variable resistors.
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Figure 4-6 Plane wave tube apparatus

The volume on the laptop allowed steady increments to gauge the extent of amplitude dependency on
the designated speaker. With the volume setting fixed, the frequency sweep was completed over a
range that is expected. Through the frequency sweep the maximum amplitude of the response was

noted. The maximum response of the generator was recorded at incremental volume settings.
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Figure 4-7 Step 1 generator natural frequency
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As per example the maximum response X,, = 2.97 mm was noted at a frequency f, = 38 Hz While the
moving mass my, = 0.1779 kg remained constant at all instances. The natural frequency f, = 38 Hz
and the equivalent stiffness coefficient k,, = 10141.5 N/m is determined with Equation 2-40. The
MATLAB program step_1.m was iteratively executed for all measured instances. The resultant stiffness
coefficients and natural frequencies for each instance of a volume setting is graphed against the

measured response in Figure 4-7 and Figure 4-8 respectively.

The X and Y-axis are placed in this specific manner in order to have a better view of the extent of the
amplitude dependency (Nel & Van Wyngaardt, 2014). This graph orientation is used by Nel et al In the
study of amplitude dependency. Depending on the scale of the Y-axis, the severity of amplitude
dependency may differ. However, it is clear that some amplitude dependency is present in the generator
system for mechanical properties at relatively small displacements as seen in Figure 4-7 and Figure 4-
8. The use of these values for prediction is not viable as the air cushion within the plane wave tube is
foreseen to have an effect on the accuracy of calculated values. It was could also be the reason for the
visible amplitude dependency. Therefore, the free decay response analysis was completed and is

reported later on.
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Figure 4-8 Generator stiffness coefficient step_1
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4.3.2.2 Plane wave tube with variable load
The plane wave tube experimental apparatus was utilised to determine the effect of an electrical resistor
on the mechanical system. Furthermore, it assisted in choosing suitable resistors for the variable load

conditions for evaluation purposes.

For the characterization below, purely resistive values varied from 0.5 Q to 46 Q in this setup. The
process of experimentation was started with a specific load resistor connected in series to the vibration
generator. The coils were then connected in parallel. An electrical switch was present to toggle between
a closed circuit (load condition) and an open circuit (unloaded condition). The frequency and volume
setting as excitation for all load conditions was held constant. The response X p.rore Of the moving
mass in the unloaded condition is recorded with the open circuit. The switch is toggled and the response

Xg after Of the moving mass is recorded in the loaded condition.

The dynamic properties of the mechanical system, stiffness coefficient k,, and damping (. is
assumed to remain constant. This assumption is contradictory to literature in paragraph 1.2.3. Literature
shows that the natural frequency and consequently the stiffness coefficient of the system will change
with addition of a resistive load. To determine the extent of error in the application of the assumption
would require a frequency sweep for each electrical load resistance. The specific frequency sweep for
each load resistor would show the change in natural frequency and stiffness coefficient. This is
impractical as the resistors quickly overheat during such an experiment even though 5 W resistors
where used. Secondly, there is foreseen inaccuracy of characterised properties due to the air cushion
within the plane wave tube apparatus. The experiment is still considered insightful in terms of the

behaviour of a vibration energy generator.

As per example the set volume and operating frequency f, = 38 Hz is kept constant. The dynamic
properties of the mechanical system are assumed to be stiffness coefficient k;, = 13157.8 N/m ,
damping coefficient c;, = 3.39 Ns/m and damping {m.. = 3.5 % according to the Thiele small
parameters as presented in Appendix C. The response of the moving mass in unloaded condition is
Xg before = 4.0mm and the response of the moving mass in loaded condition is X, 4f¢er = 3.1 mm.
Running the MATLAB program step_2.m gives the perceived added damping of the electrical system
as (g = 9.6 %. The experiment was completed for all available load resistors and the perceived

electrical damping ¢, is graphed in Figure4-9.

Figure 4-9 gives an indication of the effect of a resistor on the generator under steady state excitation.
This load condition with maximum perceived damping is used at the evaluation experiment to ensure a

safe commissioning of the generator and excitation system.
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4.3.2.3 Free response decay analysis

The loudspeaker was attached securely to a structure that is rigid in the experiment. The experimental
setup is shown in Figure 4-10. The figure illustrates the sensor placement and instruments that were
used. A frequency signal was generated on the laptop using Sinegen as a software tool. The signal was
amplified by the amplifier, pictured in the middle of Figure 4-10. The amplified signal is then used to
drive the loudspeaker that is to be characterised. The excitation was increased to ensure maximum
displacement amplitude before allowing free decay response. By interrupting the circuit with a switch,
the speaker was allowed to follow the typical exponential decay seen in Figure 4-11 without excitation
from the amplifier. The response was recorded using the diagnostics instrument 2200 FFT Analyser.
Several free response tests were conducted to ensure repeatability. An example of the measured

vibration time domain signals is graphed in Figure 4-11.

Figure 4-10 Free decay response setup
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Figure 4-11 Typical free decay time response at step 3

Two consecutive peak values, X;; = —196.74 m/s* and X, = —124.03 m/s* with corresponding time
t; =58.59x1073s and t, =92.57x1073s substituted into the computer program, step_3.m
characterises the values of the dynamic stiffness kg, = 6113.8 N/m, damping {,, = 7.3 % and a natural
frequency f,, = 29.5 Hz. These values were obtained at an X,,, = 4.7 mm. Repeating the above
procedure for several data points and experiments, a compilation of data is created for different

amplitudes correlating to X4

Figure 4-12 shows the amplitude dependency in natural frequency graphically and is determined to be
minimal. Similar amplitude dependency is viewed in the dynamic properties for stiffness and viscous

damping.

The complete input dataset for the analysis of the signal in Figure 4-11 is tabulated in Table 4-3. The
input dataset of Table 4-3 is used to determine the values graphed in the figures below and tabulated
in Table 4-4.
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Table 4-3 Input Dataset for a single free decay response at step 3

Response amplitude Response amplitude Time Time
X 41[m/s?] X 42[m/s?] t; x1073[s] t; x 1073 [s]
331.70 196.74 23.83 58.59
196.74 124.03 58.59 92.58
124.03 82.69 92.58 126.95
82.69 56.08 126.95 159.38
56.08 39.44 159.38 192.19
39.44 28.04 192.19 222.66

Table 4-4 Free decay analysis output dataset example at step 3

Average response Natural frequency Stiffness coefficient Damping

Xavg x 1073 [m] fn [HZ] kge [N/m] (mec[%]
8.03 28.863 5851.0 8.3
4.67 29.504 6113.8 7.3
3.08 29.151 5968.4 6.4
1.84 30.902 6706.8 6.2
1.30 30.524 6543.6 5.6
0.79 32.869 7587.6 5.4
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4.3.2.41n situ sweep
For confirmation, two in situ frequency sweeps were done and graphed in Figure 4-15. The loudspeaker
was fixed upon the base that is excited by the shaker motors. The setup allows to induce base excitation

of the loudspeaker. The in situ frequency sweep test setup is shown in Figure 4-16.

The correct method of measuring the maximum relative response would be through phase and absolute
response measurements of the generator and excitation system, which was not followed. The process
is too cumbersome for the relative reward and the instrumentation battery power cannot endure the

experiment to ensure experimental control.

The 2200 FFT diagnostic instrument can be viewed in Figure 4-16. The response values shown on the
diagnostics instrument is recorded manually on the laptop and actively plotted in Microsoft Excel to view

the frequency response as shown in Figure 4-15. The frequency sweep data is tabulated in Table 4-5.
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Figure 4-15 In situ frequency sweep

47



Figure 4-16 In situ experimental setup

Table 4-5 Natural frequency step 4
Natural frequency Response
fn[Hz] X x 1073 [m]
Frequency sweep 30.125 2.897

Test

4.3.2.5In situ characterization

It was shown that the mechanical properties do not have a vast amplitude dependency. However,
incorporating the electrical circuitry changes the dynamic properties. The natural frequencies and
dynamic properties for all seven configurations are obtained using the mathematical model as stipulated

in paragraph 2.5.2 and implemented as described in Chapter 3.

An example of the characterization is shown for the no load condition, configuration 7, to show the
correlation between the frequency sweep, free decay response analysis and in situ measuring technique.
The 7 configurations specifically correlate to the load conditions listed in Table 4-8 as configuration one
to seven. The in situ experimental setup is shown in Figure 4-16. The 2200 FFT diagnostic instrument

is used to measure the response of the excitation and generator system simultaneously.

Figure 4-17 shows the time domain signal of the steady state response recorded, of the generator and
excitation system, respectively. The diagnostics instrument is used to obtain the frequency domain
response and the phase as well. The frequency domain response and phase response graphs are

shown in Figure 4-19 and Figure 4-20. To determine the phase from measured data requires simple
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arithmetic The phase is the difference in the measured values and by subtracting 180 degrees. This is
consistently applied across all measurements. For example, the phase in Figure 4-19 is calculated as
ABS(70.1209 + 33.43348 — 180) = 76.44 . This can only be done due to the nature of the measurement

instrument.

The response values X, = 15.1 m/s? and X'g = 114.5m/s? and the phase difference ¢ = 76.45° are
taken as input parameters for the mathematical model step_5.m and implemented as described in
Chapter 3 to computer software. Solving the equations simultaneously, the output characterised
parameters required for prediction can be determined. The natural frequency is f, = 31.3 Hz , the
stiffness coefficient k;, = 6934.0 Nm and damping is { = 6.66 %. The characterised values for each
load configuration are summarised in Table 4-6. With this example it is shown that all three methods
correlate well for characterization purposes with each step iteratively closer to accurate values. The
input parameters for evaluation as described in Chapter 3 are used from method and characterization

program step_5.m for consistency purposes.
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Table 4-6 In situ characterization output data

Natural frequency Stiffness Damping

Configuration

fnlHZ] kge[N/m]
1 39.242 10870
2 34.672 8485.7
3 33.737 8034.4
4 32.452 7433.9
5 32.046 7294.0
6 31.63 7062.0
7 31.342 6934.0

¢[%]

38.592
25.087
18.41
11.763
10.346
8.3827
6.6613

For comparison the datasets from all steps are graphed together. The natural frequency in Figure 4-20

is shown for the plane wave tube, free decay analysis, in situ frequency sweep and in situ

characterization. It is clear that the plane wave tube apparatus did contribute to inaccuracy of the

characterised data. The values obtained from the plane wave apparatus is seen to be significantly higher

for the parameters of stiffness and natural frequency. Results of the in-situ characterization and free

response decay analysis closely relate and support these characterised values.
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Figure 4-21 Generator system stiffness coefficient

In Figure 4-21 the stiffness characteristic of the generator at the different steps is graphed. The values

from step 3, 4 and 5 show consistency with the same trend in amplitude dependency. An single outlier

data point for step 5 in situ characterization is seen for configuration one. This is due to the extreme

condition associated with configuration 1 (this electrical load configuration is discussed later in

paragraph 4.4.1). Damping is graphed in Figure 4-22. The generator damping at step 5 in situ

characterization strongly correlates with damping calculated at step 2, the plane wave tube experiment

with variable loads.
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4.4  Generator electrical system

4.4.1 Coil and load resistance

Selected load resistors are placed in an electrical box with switches and LED (light emitting diode) lights
that indicate the current configuration of the circuit as depicted in Figure 4-23. Table 4-7 is a list of the
switchable load resistors and the resistors for the separated DC circuit that control the interactive LEDs

to ensure the state of the electrical circuit.

The instrument used to characterise the resistance of the circuit is the Fluke 17B+ (see Figure 4-3). The
Fluke measures accurately to 0.2 Q. The values are measured with internal resistance such as soldering

and wiring of the electrical box.

Figure 4-23 Switch box

Table 4-7 Resistors

Configuration Resistor Resistance
(2]
- Ry 220
- R, 330
1 Ry 0.2
2 Ry, 2.3
3 Ry3 4.6
4 Ry 15
5 R;s 22.3
6 R 46
7 Ri7 -
Parallel connection R, 1.9
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The circuit diagram in Figure 4-24 shows the dual circuit design and the utilised load resistors associated
with Table 4-7. The DC power supply is only to light the LEDs for ensuring the state of operation referring
to different load configurations. The AC circuit is shown in blue in Figure 4-24. The volt and ammeter
probes are indicated by the letters V and A. The open terminals of the blue circuit show the connection
to the coils connected in parallel. The actual circuitry is seen in Figure 4-23 with the different 5 W load
resistors visible on the board. The red blocks are the double throw switches that separate the DC and

AC circuits and the black switch is simply to power the LEDs on and off.

In conducting the characterization of the electrical circuitry, the total impedance Z;, load impedance Z;
and impedance ratio r were then measured and recorded in Table 4-8. The table shows seven different
configurations. The load impedance values in Table 4-8 are measured at the respective points of direct
connection to the terminals of the loudspeaker. The total impedance is the cumulative load of the load
resistor and the coil. The load impedance is the effective load over which the power is calculated. Table

4-8 serves as a summary of the electrical parameters to be used in mathematical models in chapter 5.

Table 4-8 Electrical parameters

_ ) Load Impedance Total impedance Ratio
Configuration

z,[9] Z,[Q] r-]
1 0.1* 2 0.05
2 2.3 4.2 0.55
3 4.6 6.5 0.70
4 15 16.9 0.88
5 22.3 24.2 0.92
6 46 47.9 0.96
7 - - -
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4.4.2 Coupling factor

The coupling factor is characterised here by two methods as it is a crucial parameter in the mathematical
model. The FEMM model shows the magnetic circuit and a simulated value according to materials and

geometry. The alternative method more closely examines the amplitude dependency of the parameter
and the change due to voice coil connection.

4.4.2.1 Coupling factor measurements

The Plane wave tube is utilised again for measuring the coupling factor BL. During excitation, the
response is measured in addition to the induced voltage over the terminals of a coil configuration. The
volume setting is used on the amplifier to measure for different BL values in the range of 0 mm to 8 mm.
The experiment is repeated for different coil configuration, single, parallel and series. The MATLAB
program step_BL.m calculates the BL value with use of Equation 2-26 and graphs the values in Figure
4-25. Stander deviation is obtained from the MATLAB plot and the coefficient of variations are calculated.
The values are determined to be sufficiently low. This supports the assumption that the value remains
constant over the travel of the coil. The plot axis could be changed to show the trend more prominently.

However, this will be deceptive in comprehending the extend of influence the parameter may have.
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Figure 4-25 Coupling factor
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4.4.2.2 Coupling factor simulation

The parameters required for the simulation of the coupling factor were recorded and the coil dimensions
measured. Then the magnetic materials were listed and the dimensions were tabulated. The result of
the FEMM analysis is shown with a value for the coupling factor. The coupling factor is then compared

to the measured values from paragraph 4.4.2.1.

The micrometre is a general engineering measuring instrument used to measure the dimension of the
coil. The coil height and diameter are obtained from the Thiele-small parameters. The wire dimension
is measured on 10 different sections. The average diameter of the repeated measurements gives the
approximate dimension for the wire, which corresponds to a commercially available 26-gauge wire. The
values for the dimensions of the coil are tabulated in Table 4-9. The dissected coil and micrometre is

shown in Figure 4-26.

Figure 4-26 Coil dimensions

Table 4-9 Measured coil dimensions

Parameter Value Units

Coil height 31.6 mm

Wire 0.45 mm
Number of turns 140  per coil
Coil diameter 48 mm

57



The FEMM simulation requires accurate geometric representation around a symmetrical axis. Figure 4-
27 shows a sketch of the dimensions used. Furthermore, FEMM requires material selection. Standard
materials listed in the software package is sufficiently accurate. The materials are shown in Table 4-10.
The simulation is configured as a single coil. A theoretical experiment is completed with use of the
simulation software and the BL value is obtained. Colourful results of the simulation show the magnetic

lines and field strength in Figure 4-28.

Table 4-10 Magnetic circuit properties

Symbol Material

A Powdered iron, sintered and annealed
B Ceramic 5
C Air

D 26 AWG

&5
70
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Figure 4-27 Magnetic circuit dimensions
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1.467e+000 : >1.5448+000
1.390e+000 : 1.467e+000
1.313e+000 : 1.390e+000
1.236e+000 : 1.313e+000
1.158e+000 : 1.236e+000
1.081e+000 : 1.158e+000
1.004e+000 ; 1.081e+000
9.269e-001 : 1.004e+000
8.497e-001 : 9.269e-001
7.725e-001 : 8.497e-001
6.953e-001 : 7.725e-001
6.182e-001 : 6.953e-001
5.410e-001 : 6.182e-001
4.638e-001 : 5.410e-001
3.866e-001 : 4.638e-001

3.094e-001 : 3.866e-001
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Figure 4-28 Simulation results and material allocation of magnetic circuit

Table 4-11 Coupling factor

Simulation Measured Manufacturer

Coupling factor 8.1 8.29 8.2

4.4.3 Coil inductance

As was evident from the literature survey, several authors opt to neglect the inductance of the coil, due
to the simple reason of either low operating frequencies and or low contribution to the total impedance
of the coil. The manufacturing specification mentions a coil inductance of L. = 1.23 mH. Given that a
single coil has the resistance of 3.9 () at a maximum operating frequency of f = 39 Hz, in the worst-
case scenario coil inductance only contributes to 3% total impedance of the coil. Equation 2-30 is used

to determine this value. This justifies that the power factor can be assumed to be zero (pf = 0).
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4.5 Excitation system

The properties for the excitation system are described below. The properties included are for the
mathematical models depicted in paragraph 2-4. To model the base excitation system ensures a safe
experimental setup and a predictable, steady state vibrational source for the generator. First the mass
properties are determined with alternative methods such as measurements and simulation, whereafter

approximate modal frequencies and dynamic properties are shown for consideration.

Due to financial considerations, available materials were used in the design of the excitation system.
The metal structures are used to elevate the generator and prevent proximity to the vibration motors.
This is to ensure the generator does not experience any of the fluctuating magnetic fields originating
from the motors. Thus, the concept for the base excitation system is used as depicted in Figure 4- 29.

4.5.1 Mass properties

SolidWorks software was utilized to render the base structure in 3D. The available materials were set
up in SolidWorks and the structures were virtually realized. The material properties are taken to be
common commercial steel. Material properties and dimensions of each component were simulated.
Through the use of SolidWorks, the mass was calculated, which excludes bolts and nuts. The complete
structure as measured in reality as recorded in Table 4-11 with all other relevant values of mass. The
equivalent mass of the excitation system was then determined and tabulated in Table 4-12 for use in

mathematical models.

Table 4-12 Excitation system measured mass

Measured mass

Component
my, [g]
SolidWorks 94050
Measured 94050
Motors 6.3
Speaker alt mass 6.0

Table 4-13 Excitation system equivalent mass
Measured mass

mp, [g]
Excitation system 94050

Component
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4.5.2 Dynamic properties

With the excitation system virtually represented in SolidWorks a simple frequency analysis was done.
The first eight modal frequencies are tabulated in Table 4-14. It is clear that the operating frequency
range is between modes 6 and 7. It illustrates the success of the design attempt to reduce force
transmissibility and eliminate resonance at structural frequencies. The bounce mode and 3D rendering

of the structure is illustrated in Figure 4-29.

Table 4-14 First 8 modal frequencies

Natural frequency frequency
mode fnlHZ]

1 0.93131
1.2262
2.716

3.5133
3.7945
3.7959
76.909
83.373

0N o o~ W N

Figure 4-29 Bounce mode 3.51 Hz
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At the end of manufacturing and the final assembly of the excitation system, measurements were taken
to determine if simulation was acceptable. A free decay response was induced and measured. The
recorded response is depicted in Figure 4-30. The response is analysed using the same methods as for
the generator system in free decay analysis. The dynamic properties that were obtained from the
analysis is graphed in Figure 4-31 to Figure 4-33. The Natural frequency is in the expected range as
designed and simulated in SolidWorks. The stiffness coefficient and damping are graphed in Figure 4-
32 and Figure 4-33 respectively. The results are jagged and only approximations. A more accurate
results could be obtained with a greater resolution on the time domain response recording. The values
used for the mathematical models are tabulated in Table 4-14.
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Figure 4-30 Excitation system free decay response
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Figure 4-33 Excitation system damping

Table 4-15 Base excitation characteristics
Mass Stiffness Damping Natural Frequency
My [8] kpe [N/m]  {p [%] fn[HZ]
94050 54923 4 3.88

4.6 Conclusion

The mechanical and electrical parameters required for predicting the response, mechanical and
electrical power in each component was successfully characterised. The mechanical structure shows
some amplitude dependency. The coupling factor was successfully simulated and measured in situ. The
operating frequency for the different load configurations was identified. The mechanical and electrical
characteristics compare well in order of magnitude to the values obtained from the supplier. Inductance
L. of the coil is shown to be neglectable. The next chapter entails evaluation of the models using the
characterised values as input variables to the models described in Chapter 5.
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Chapter 5 Experimental evaluation

5.1 Introduction

The experimental evaluation chapter summarizes the predicted values of the mathematical models of
Chapter 2 in comparison with the measured values obtained from the vibration energy generator.
Mechanical values pertain to relative response of the generator to the base excitation structure,
associated dynamic forces and the power dissipated in the mechanical system. The electrical
parameters that are summarized are the values of load voltage, induced current and power dissipated
in the electrical system. The summaries of evaluation consider different conditions at the vibration
energy generator. The different conditions refer to specific configurations (configurations 1 to 6) as
described in Chapter 4.

Figure 5-1 Evaluation setup

The test setup used for evaluation is captured in Figure 5-1. The loudspeaker implemented as a
generator is seen fixed to the yellow structure. Wires leading to the variable load box are the connections
between the active load corresponding to a specific configuration and the coils inside the speaker,
completing the circuit as in Figure 2-2. A green light is visible in the figure to illustrate configuration 1.

The circuitry switches allow the active load to be varied to correspond with a specific configuration.

Two 2200 FFT Diagnostic instruments are used - one to capture the electrical measurements and the
other to capture the mechanical response. The mechanical response is measured in positions shown in

Figure 5-2 and Figure 5-3. The smaller Dytran sensor is preferable in measuring the response of the
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generator and is used consistently throughout characterization and evaluation. The Dytran sensor is
seen fixed in the centre of the diaphragm as seen in Figure 5-3. The excitation system response is
measured by fixing the larger PCB sensor to the bottom of the horizontal fixed blue plate as pictured in
Figure 5-2.

Figure 5-2 PCB sensor mounted Figure 5-3 Dytran sensor mounted

The electrical parameters are measured using the circuitry as shown in Figure 5-4. The voltage V; is
measured simultaneously with the response of the base excitation system x,(t) using the 2200 FFT
diagnostic instrument. The magnitude of the current is measured with the Fluke 17B+, read digitally and
recorded manually. The voltage probes and current measure setup is shown in Figure 5-4. The switches
for different load condition is also seen in Figure 5-4.

Figure 5-4 Multi meter and switch box
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5.2 Excitation system

The excitation system evaluation is addressed first. The evaluation is only important to show that the
design process and simulation was sufficient to construct an experimental setup. The response values
during the evaluation experiment and the modelled response values are reported for comparison. The
values are tabulated below in Table 5-1. The modelled values are obtained by using the parameters of
Table 4-13 and Table 4-15 and the MATLAB program step_base.m. The characterised and operation
frequencies of the final evaluation experiment is used for simulation and comparison reasons. The

average error is 9%.

Table 5-1 Excitation system evaluation

Configuration Frequency Modelled Measured
fol[Hz] X, x1073[m] X, x 1073 [m]

1 39.25 0.435 0.403
2 34.63 0.436 0.408
3 33.75 0.437 0.407
4 325 0.437 0.406
5 32.0 0.437 0.393
6 31.63 0.437 0.397
7 31.12 0.438 0.396

The results of the excitation system response evaluation show that acceptable assumptions and
mathematical models are used to determine the steady state response of the excitation system. This is
important as the modelled values are used to determine the possible response of the highly sensitive
speaker before actual testing of the generator. A reasonably predictable excitation system allows a safe

commissioning of the experimental setup.

5.3 Mechanical system

Table 5-2 summarises the relative response X, that is predicted by the mechanical model and is
evaluated against measured data. A typical signal that is measured, at configuration 4, is illustrated in
Figure 5-5 to Figure 5-7. The time domain signal is recorded to illustrate the simultaneous observations
of the excitation system and the generator moving mass in Figure 5-5. The frequency domain of the

same signal is viewed in Figure 5-6, showing the predominant excitation frequency.

In Figure 5-6 the excitation frequency of f = 32.5 Hz and amplitudes of X;, = 1.72 G and X, = 7.57 G
can be viewed. At the exact frequency f, the phase is measured ¢ = 76.7 °. This is illustrated in Figure
5-7. Each configuration is measured and evaluated in the same way. The predictions are obtained with

input parameters from Table 4-6 and using MATLAB model Pred_mec.m. The results for the relative
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response and phase of the MATLAB program are tabulated in Table 5-2 and 5-3 in comparison with the

measured data.
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Table 5-2 Relative response X,

Predicted Measured Error

Configuration X, x10-3[m] X, x 10~3[m] [%]

1 0.52 0.54 2.6
2 0.81 0.80 1.7
3 1.10 1.07 3.1
4 1.73 1.73 0.5
5 1.89 1.89 0.2
6 2.37 2.36 0.4
7 2.93 2.88 1.5

Table 5-3 Phase evaluation

Configuration Predicted Measured Error
¢ [degrees] ¢ [degrees] [%]

1 52.4 52.4 0.1

2 63.1 63.6 0.8

3 69.9 69.6 0.3

4 77.3 76.7 0.9

S 77.2 82.3 6.2

6 80.4 78.8 2.0

7 76.4 71.6 6.7

Mechanical system response and phase value evaluation shows that valid characterization methods
and accurate characterization values were used and determined in Chapter 4. Furthermore, that the
successive calculated power values will be accurate, including the power at each component in the
mechanical system. It is pertinent that the values reflect reality as the calculated usable power is

compared to the electrical system usable power in a later section.

5.3.1.1 Power and power signal

Dynamic forces in the mechanical system are determined with use of the predicted data. Vector
representation of the dynamic forces shows the equilibrium between the excitation force and the reaction
forces transmitted to the generator. Vector representation for configuration 4 is seen in Figure 5-8. The
excitation force is a constitution of the vector forces Fy, and F,,. Dynamic forces associated are
tabulated in Table 5-4. Furthermore, the power at each component is tabulated in Table 5-5 for the
configuration 4. Instantaneous power is graphed in Figure 5-9. Usable power is tabulated in comparison
with the usable power measured for evaluation of the mathematical model and characterised

parameters in table 5-6.
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Table 5-4 Dynamic forces

Configuration Fy [N] F.[N] F,,[N] Fyp[N] Fgp[N]

1 7.14 5.51 7.14 4.36 3.37
2 7.69 3.85 7.67 3.45 1.73
3 9.40 3.46 9.40 3.25 1.20
4 13.09 3.08 13.12 3.00 0.71
5 1399 2.89 13.95 2.83 0.59
6 16.87 2.83 16.87 2.79 0.47
7 20.68 2.74 20.39 2.73 0.36

Table 5-5 Power at each component for configuration 4

Py (W] P, [W] P, W]

2.25 1.06 2.26

The sinusoidal power values graphed in Figure 5-9 illustrates the concept of power dissipation solely
through the damper element as proposed by French (1971). The usable power is seen in the graph in
phase with the power dissipated in the damper element. The unique traversal of power between the

mechanical mass and the spring element is seen in the signals that are out phase with same magnitude.

Evaluation of the usable power values is supported by the validity of the power values and dynamic
forces calculated above. Validity of the values are proven by the results being consistent with theory
and that the dynamic force vector diagram below forms a closed diagram. The valid usable power

calculated by the mechanical model can confidently be compared to the electrical model.
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Figure 5-8 Vector diagram for configuration 4

Table 5-6 summarizes the usable power calculated and predicted. Values for configuration 1 and 7 are
excluded. In configuration 1 the load resistance is simply too small to accurately determine the usable
power, and in configuration 7 there is no electrical load to determine the usable power. The other values

compare very well with the measured values. The average error is 1.5%.

Table 5-6 Usable power comparison

Configuration Mechanical Predicted Measured Error
Pym [W] Py [W] [%]
1 — — —
2 0.13 0.13 0.39
3 0.18 0.19 1.95
4 0.22 0.23 2.00
5 0.19 0.20 3.24
6 0.14 0.14 0.30
7 — — —
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5.4 Electrical system

The measured electrical parameters are summarised in Tables 5-7 to 5-9. For the load voltage and
induced current parameters, the predicted values are compared to the measured values. The measured
signals for configuration 4 is reported in the Figure 5-10 and Figure 5-11. The time domain signal is
seen in Figure 5-10 where the base excitation and load voltage is measured simultaneously. Figure 5-
11 is the frequency domain of the signal seen in Figure 5-10. The load voltage at rms value is V; =
0.906 V,.,,s at the same operating frequency seen in the mechanical system f = 33.75 Hz. The digital

reading on the ammeter was recorded with rms value I = 0.201 4,5

The predicted values are obtained using the evaluated relative response X, in unison with the MATLAB
program Pred_ele.m. As per example configuration 4, the evaluated response is X, = 0.54 mm, the

predicted load voltage is V; = 0.75, induced current i; = 0.33 and usable power B,, = 0.23.

Response, Vi [V]

&y [

Response,

Time, t [s]

Figure 5-10 Generator and base time response (configuration 4)
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Table 5-7 Induced current

Configuration

N O U1 WN e

Predicted Measured Error

I [A]
0.34
0.29
0.17
0.13
0.08

I [A]
0.33
0.28
0.17
0.13
0.08

[%]
2.87
2.00
0.03
2.74
2.52



Table 5-8 Load voltage

. . Predicted Measured Error
Configuration

Vvl Vvl (%
1 _ _ _
2 0.79 0.75 5.44
3 1.33 1.28 4.09
4 2.61 2.55 2.13
5 291 2.86 1.85
6 3.73 3.62 3.20
7 = = =

Since electrical power is determined by the product of the current and voltage values, it is paramount
that they are predictable and accurate compared to measured values. The results above show exactly
that. The error is sufficiently low. However, configuration 1 and 7 are discarded as the results showed

clearly that they are at the extremes of the linear model and thus inaccurate.

5.4.1.1 Electrical power

The measured electrical power is calculated from the evaluated data parameters, load voltage and
induced current as shown in Table 5-7 and 5-8. Table 5-9 shows the usable power given the electrical
model with percentage error. The three sets of data for usable power are graphed in Figure 5-12 for an
illustrative comparison. The mechanical model under-predicts; however, the electrical model shows

relatively accurate values as is evident from the percentage error shown in Table 5-9.

Table 5-9 Usable electrical power

Configuration Usable electrical power Measured Error
Py, [W] P, (W] [%]
1 — — —

2 0.14 0.13 5.83

3 0.19 0.19 4.04

4 0.23 0.23 0.06

5 0.19 0.20 5.40

6 0.15 0.14 5.11
7 — — —

Above are the measured and predicted usable power values of the electrical model. Comparative results
lead to the conclusion that the model and characterization of the parameters were sufficient. The
electrical usable power is consecutively taken for comparison against the mechanical usable power and

the measured usable power.
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Figure 5-12 Usable power comparison

5.5 Conclusion

The mechanical and electrical models are evaluated to be accurate to within 10% error. The graph in
Figure 5-12 is evidence of the validity of the models as the predicted values closely follow the measured
values. The mechanical model is highly sensitive for errors in the value of damping. The assumption
that induction is minimal is proven to be appropriate for this instance. The maximum usable power is
seen at configuration 4, which was also used in this chapter for illustrative purposes. This does not
correspond to impedance matching in the traditional sense of an electrical circuits, which would be 2 Q,
but rather impendence matching in a model where the mechanical system is seen as an electrical
equivalent. With the evaluation completed, the mechanical and electrical model both describe the
behaviour of a vibration energy generator accurately and that valid prediction can be made with the

model within limits of characterised input parameters.
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Chapter 6 Conclusion

The investigation to understand the technical behaviour of a vibration energy generator, was successful
and an adequate design for a vibration energy generator could be attained. The behaviour or
performance of a vibration energy generator is ultimately seen in the usable power that is delivered. The
parameters that affect this outcome have been identified and are presented in mathematical models
that describe the behaviour of a vibration energy generator. The basic design requirement for a vibration
energy generator is realised in a loudspeaker. Finally, it is determined that a loudspeaker can be utilised

as a vibration energy generator with no further adjustments.

The process to determine whether a loudspeaker is adequate for use as a vibration energy generator
was concurrently recorded in this dissertation to arrive at a design for a vibration energy generator. A
literature study was completed, upon which mathematical models were developed for a mechanical and
an electrical system that are constituents of a vibration energy generator system. Required parameters
used in said mathematical models were characterised and used to predict the technical behaviour of a
loudspeaker as a vibration energy generator. The predictions were evaluated experimentally to

determine the validity of the mathematical models.

The mechanical and electrical systems that are modelled give insight to specific parameters. The
parameters of concern were characterised. The parameters such as mechanical stiffness, damping and
natural frequency were finally characterised in situ. The electrical parameters were obtained and
determined through typical measurements. With these input parameters the predicted values were

obtained and evaluated with experimental data.

Through experimental evaluation it was shown that the mathematical models are suited to predict the
technical behaviour of a vibration energy generator. During experimentation the maximum usable power
of 23 mW was generated at configuration 4. This corresponds to an electrical load of 15 Q and an

operating frequency of 33 Hz.

To identify the specific operating configuration and frequency for the vibration energy generator requires
excessive and delicate characterization of parameters unique to the loudspeaker. Therefore, the design
of a vibration energy generator should rather be approached per application. Architecture and design
concepts for an application can vary greatly. However, in general, the design will have the mechanical
components of mass, stiffness and damping, while the electrical components present will be the
transducer and electrical load, where upon the design for a vibration energy generator will be inclined

to achieve maximum usable power.

To develop a design for maximum usable power, the excitation frequency and amplitude, mechanical

dynamic properties, coupling factor and electrical load and the intricate relationships thereof need be
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modelled and predicted. The maximum usable power configuration would then be obtained through
operation at resonance and selecting an optimal load. This can be done after the design concept has

been selected with regards to the transducer and mechanical architecture.

Achieving these goals in reality becomes more cumbersome for a few reasons. Firstly, a generator could
be exposed to random or varying excitation. To operate at maximum power would require active or
passive tuning for the change in frequencies or amplitude. This entails extensive study of the specific

system characteristics under transient conditions.

Secondly, varying material or environmental properties affect dynamic characteristics. This has an
influence on maximum power and should be addressed accordingly. The use of a mechanical
architecture that is simple, with well-studied materials would allow these factors to be addressed more

easily.

Thirdly, the exact electrical load and its varying characteristic is important as it influences the maximum
power configuration as well. The electrical load should be optimised in accordance with the mechanical

system to ensure operation at maximum usable power.

This ultimately leads to a system that is adjustable in all parameters concerned but yet with relatively
predictable and consistent parameters. It is recommended that further research be conducted to utilise
the basic design of a loudspeaker to develop an adjustable yet relatively predictable and consistent
system. The use of a loudspeaker design is beneficial because the magnetic circuit and manufacturing
processes have been optimised and are commercially utilised. The dynamic components should be
replaced with more predictable and stable materials. A system that is easily adjustable and stable is
viable as a generic solution for suitable applications. Further work will include study on the model's

validity under random and transient excitation after proposed changes have been made to the system.
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Appendix A MATLAB code

Mechanical model

load('step 5\step 5 data.mat')
load('Meas_eval/meas_eval table',"meas _eval t")

f 0=[39.25 ;34.625 ;33.75; 32.5 ;32 ;31.63; 31.125];
R 1= [0.1 ;2.3 ;4.6 ;15 ;22.3 ;46 ;100];
comp_table=table();

comp_table2=table();

%1DOf model base excitation

%-------- Import Input variables--------

global k_g m_g omega c_g X _b_in

for i=1:7

Config=i;

str=[ 'Config',num2str(Config)];
var=CharPar. (str);

m_g=var(1,1);
k_g=var(2,1);
Zeta=var(3,1);
f_n=var(4,1);
omega_n=f_n*2*pi;
c_c=2*m_g*omega_n;
c_g=Zeta*c_c/100;
X_b_in=meas_eval t.X b(i);

f=f_o(Config,1);
omega=2*pi*f;

stp=0.0001;
tspan = 0@:stp:20;

ue = [0 0];
[t,u] = oded45(@(t,u) myldof(t,u), tspan, ul);

x_ge=u(:,1);

xd_ge=u(:,2);

xdd_ge=(-k_g*u(1l)-c_g*u(2)+X_b_in*k_g*sin(omega*t)+...
X_b_in*c_g*omega*cos(omega*t))/m_g;

[pksxg,pklocg]=findpeaks(x_ge);

X_ge=pksxg(end);

X_b=X_b_in*sin(omega*t);
xd_b=X_b_in*omega*cos(omega*t);
[pksxb,pklocb]=findpeaks(x_b);
X_b=pksxb(end);

Phase_mec=abs(mean(360*f*(-pklocb(end-50-1:end-1)...
.*stp+pklocg(end-50-1:end-1).*stp)-180));

Phase_mec2=abs(Phase_mec-180);

myarad=(Phase_mec2/360)*(2*pi);

X_rel=max(X_ge*sin(omega*t)-X_b_in*sin(omega*t+myarad));
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Zeta_m=399.7*X_rel+5.525;
xrel=(x_ge-x_b);

= k_g*X_ge;
c_g*X_ge*omega;
m_g*X_ge*omega”2;
=k_g*X_b_in;
=c_g*X_b_in*omega;
=sqrt(F_kb”2+F_cb"2);

F_k
F _c
F_m=
F_kb
F_cb
F_t

%power in each component

pk=(k_g*X_rel*omega*X_rel*sin(omega*t))/2;
pc=(c_g*omega*X_rel*omega*X_rel*cos(omega*t)+c_g*omega*X_rel*omega*X rel)/2;
pm=(m_g*X_rel*omega”2*omega*X_rel*sin(omega*t-pi))/2;

amppk=max(pk) ;

amppc=max(pc);

amppm=max(pm) ;

pkb=F_kb*X_rel*omega;

pcb=F_cb*X_rel*omega;

ppt=F_t*omega*X_rel;
alpha=((atand(pcb/pkb)+Phase_mec2)/360)*(2*pi);

pin=(m_g*omega~2*X_b_in*omega*X_ rel*sin(omega*t+alpha)...
+m_g*omega”2*X_b_in*omega*X_rel)/2;

p_avg2=c_g*omega”2*X_rel”2/2;

p_avg=(c_g*m_g~2*omega”6*X_b_in”2)/(2*((k_g-omega~2*m_g)~2+(c_g*omega)"2));

p_e_um=p_avg*((Zeta-Zeta_m)/Zeta)*(R_1(i)/(R_1(i)+1.9));

var_n=[X_ge X_b Phase_mec2 X_rel F_m F_k F_c F_kb F_cb amppm amppk amppc p_avg p_e_um];
str=['Config',num2str(Config)];

predmdata. (str)=var_n;

save('Pred/Pred_m_data.mat', 'predmdata’)

mytable=table(Config,

X_ge,Phase_mec2 ,X_rel ,F_m ,F_k ,F_c ,F_kb ,F_cb ,amppm ,amppk ,amppc ,p_avg,
p_avg2 ,p_e_um);

comp_table =[comp_table;mytable];

mytable2=table(m_g,k_g,Zeta,f_n,f,X b)
comp_table2=[comp_table2;mytable2;]
end

save('Pred/Pred_t',"comp_table")
writetable(comp_table, 'data.xls', 'Sheet', 'Pred_m', 'Range','B2")
writetable(comp_table2, 'data.xls', 'Sheet', 'Pred_m', 'Range','B12")

function dudt= myldof(t,u)
global k_ g m_g omega c_g X _b_in

dudt = zeros(2,1);

dudt(1)= u(2);

dudt(2) = (-k_g*u(l)-c_g*u(2)+X_b_in*k_g*sin(omega*t)...
+ X_b_in*c_g*omega*cos(omega*t))/m_g;

end

89



Electrical model

%input parameters
BL= 8.3;

%load relative response

load Meas_eval\meas_data.mat
comp=table()

for i=1:7

Config=i;
str=['Config',num2str(Config)];
var=measdata. (str);
arad=((var(1,3)/360)*(2*pi));
omega= var(l,5)*2*pi;
stp=0.0001;

t = 0:stp:20;
Xd_rel=max(var(1,1)*sin(omega*t)-var(1l,2)*sin(omega*t+arad))*omega;

Z_tot= var(1,6)+1.9;
VV=8.3*Xd_rel;
II=W/Z_tot;
V_1=II*var(1,6);

p_elec_e=VV*II/2;

p_u=V_1*II/2;

var_n=[Xd_rel V_1 II p_elec_e p_u]

str=[ 'Config',num2str(Config)]
prededata. (str)=var_n
save('Pred/Pred_e_data.mat', 'prededata’)

mytable=table(Xd_rel,Z tot,BL,VV,II,V_1,p u)
comp=[ comp;mytable]

end
writetable(comp, 'data.xls"', 'Sheet', 'Pred_e', 'Range', 'B2")
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Mechanical characterization in situ

%step_5

clc

clear all

load step_5\meas_data.mat
load step 5\step_5 data.mat

comp_table=table();

for i=1:7

config=1i

str=[ 'Config',num2str(config)]
var=measdata. (str)

f=var(1,1)

G_X=var(2,1)

G_y=var(3,1)
p=abs(var(4,1)-var(5,1)-180)
omega = f*2*pi;%2*pi*fre;

X = G_X*9.81/(omega”2);%AmplRol;
Y = G_y*9.81/(omega”2);%AmplRtl;
m=0.1779;

phi = (p/360)*(2*pi);%phasedifradl;

syms k c;

%Solve equations simulataneously

eql = (X./Y)==sqrt((k.”2+(c*omega).”2)/((k-m.*omega.”2).”2+(c.*omega)."2));
eq2 = tan(phi)==(m.*c.*omega.”3.)/((k.*(k-m.*omega.”2)+(omega.*c).”2));
[c,k] = solve(eql,eq2);

k_g = max(double(k));

c_g = max(double(c));

Cc = 2*sqgrt(k_g*m);

psi = (c_g/Cc)*100

XY = X/Y;
f_n=(sqrt(k_g/m))/(2*pi)
grade = phi*((180)/pi*2)

X_rel=(m*Y*omega”~2)/sqrt((k_g-m.*omega.”2).”2+(c_g.*omega)."2)
var_n=[m;k_g;psi;f_n;X;Y;p;X_rel]

CharPar.(str)=var_n

save('step_5\step_5 data.mat', 'CharPar')

mytable=table(config,f,X,Y,p,m,k_g,psi,f n,X rel)
comp_table=[comp_table;mytable]
end

save('step_5/step 5 t',"comp_table")
writetable(comp_table, 'data.xls', 'Sheet','step_5', 'Range', 'B2")
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Bump test

%analysing bump test data for the speaker
clc
clear all

comp_out=table();
%import data and plot only data
for n=7
if n<10
lstring=['0"',num2str(n)];

else
l1string=[num2str(n)];

end
load(['step_3\',1lstring, '.mat'])

8=3;
u=g+5;
j=25 ;

if n<1e
string={['0',num2str(n), " '.tra']};
stringl={['0',num2str(n),"'.trb"']};
else
string={[num2str(n),"'.tra']};
stringl={[num2str(n),'.trb"']1};

end
str=char(string);
strl=char(stringl);
[e01,e00] = importDIdata(str,[1,inf]);
[e02,e03]= importDIdata(stril,[1,inf]);
%clearing noise in frequency domain

deltaf=e03(2)-e03(1);

if deltaf == 2.5

e02(1:5)=0;
elseif deltaf == 2
€02(1:1)=0;
elseif deltaf == 1.25
€02(1:5)=0;
elseif deltaf == 1
€02(1:4)=0;
elseif deltaf == 0.5
€02(1:5)=0;
elseif deltaf == 0.25
€02(1:8)=0;
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elseif deltaf == 0.125
€02(1:15)=0;
end

%Correcting for G's
e11=9.81.%*e01;

%Find and plot peaks
[pks,loc] = findpeaks(ell, 'MinPeakDistance',j);
[pksBG,locBG] = findpeaks(-ell, 'MinPeakDistance',j);

figure(1);

subplot(2,1,1);

pl=plot(e00,ell,e00(locBG(g:u)),ell(locBG(g:u)), 'o',e@0(loc(g:u)),ell(loc(g:u)),
hold on

ylim([-max(ell)*1.2 max(ell)*1.2])

xlabel('$$Time \:t\:[s]$$"', 'fontsize',12, 'interpreter', 'latex"');
ylabel('$$Response\:ddot{x} g\:[m/s"2]$$", 'fontsize',12, 'interpreter’', 'latex"');
% title(['Response to impact, SN',num2str(n)]);

set(gcf, 'color','w")

hold off;

subplot(2,1,2);

pl=plot(e03,e02);

hold on

ylim([© max(e02)*1.1]);

xlabel('frequency \itt\rm [Hz]');

ylabel('Response\fontname{Cambria Math}\it ddot{x}_g \rm [m/s”2]");
title([ 'Response to impact load, SN',num2str(n)]);

hold off

saveas(figure(1),['step_3/Resp SN',num2str(n), ' .jpg'])
for g=g:u

%running analysis

x_ddot_1(q) =pks(q);

x_ddot_2(q) =pks(g+l);

t1(qg)=e0@(loc(q));
t2(q)=e00(loc(qg+1));

m(q)=0.1779;
syms Zeta omega_n

tau_d=t2(q)-t1(q);
omega_d=(1/tau_d*2*pi);

eqnl=(x_ddot_1(q)/x_ddot_2(q))==exp(Zeta*omega_ n*tau_d);
eqn2= omega_n== (omega_d)/sqrt(1l-Zeta”2);

egns = [eqnl eqgn2];
S = solve(eqgns,[Zeta omega_n]);

myZeta(q) = double(S.Zeta).*100;
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myOmega_n(q)= double(S.omega_n);

mynatfreq(q)= myOmega_n(q)/(2*pi);
X_avg(q)=(x_ddot_1(q)+x_ddot_2(q))/(2*(myOmega_n(q)"2));
myge(q)=((myOmega_n(q))“Z)*m(q);

en

for h=g:u

%running analysis

x_ddot_1 BG(h) =pksBG(h);
x_ddot_2 BG(h) =pksBG(h+1);

t1 BG(h)=e00(locBG(h));
t2_BG(h)=e00(locBG(h+1));

m_BG(h)=0.1779;
syms Zeta omega_n

tau_d=t2_BG(h)-t1_BG(h);
omega_d=(1/tau_d*2*pi);

eqnl=(x_ddot_1 BG(h)/x_ddot_2 BG(h))==exp(Zeta*omega n*tau d);
eqn2= omega_n== (omega_d)/sqrt(1l-Zeta”2);

egns = [eqnl eqgn2];
S = solve(eqgns,[Zeta omega_n]);

myZetaBG(h) = double(S.Zeta).*100;

myOmega_nBG(h)= double(S.omega_n);

mynatfreqBG(h)= myOmega_nBG(h)/(2*pi);
X_avgBG(h)=(x_ddot_1 BG(h)+x_ddot_2 BG(h))/(2*(myOmega nBG(h)"2));
mykeBG(h)=((myOmega_nBG(h))~2)*m_BG(h);

end
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Base Response

%step_base
%Base response calculated 1DOF

%typical operating frequency

f r=[39.25; 34.625; 33.75; 32.5; 32 ;31.63;
comp_out=table();
for h=1:7

f(h)=f_r(h);

global F_ @ k_ b m_b omega c_b
%Input variables

UB =100;
F_0=0.2026423673*((f(h)*2*pi)~2)*2*0.1*UB/100;
m_b=94.05;

omega=f(h)*2*pi;

k_b =54923;
f_n=(sqrt(k_b/m_b))/(2*pi);
omega_n_b=sqrt(k_b/m_b);
zeta_b=4/100;

c_b =zeta b*2*sqrt(m_b*k_b);

stp=0.0001;
tspan = 0:stp:20;

uoe = [0 0];
[t,u] = oded45(@(t,u) mydof(t,u), tspan, u@);

%retrieving solution

x_b=u(:,1);

xd_b=u(:,2);
[pksx,pkloc]=findpeaks(x_b);
X_b(h)=pksx(end)
[pksbs,pklocsbd]=findpeaks(xd_b);
Xd_b(h)=pksbs(end)

myt=table(f(h),X_b(h), 'VariableNames',{'f"', 'X_b'})
comp_out=[comp_out;myt]
end

31.125];

writetable(comp_out, 'data.xls’', 'Sheet', 'Pred_base', 'Range', 'B2")

save('step_base/comp_out.mat')

function dudt= mydof(t,u)
global F_@ k_b m_b omega c_b

dudt = zeros(2,1);

dudt(1)= u(2);

dudt(2) = (-k_b*u(1l)-c_b*u(2)+F_0*sin(omega*t))/m_b;
end
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Appendix B Vibration transducers
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Mode! Number Revision: H
prRans ICP® ACCELEROMETER o
—————— s
Perfon)uneo El] OPTIONAL VERSIONS
Sensitivity(+ 10 %) 100 mVig 10.2 mVi{m/fs?) Optional versions have identical 5 and accessonas as lisied for the standard model
Meszurement Range +50gpk £ 490 m's* pk. except whare noted balow. More than one option may be used.
Frequency Range(£ 5 %) 0510 10,000 Hz 0.5 10 10,000 Hz
Freguency Range(t 10 %) 0.3 10 15,000 Hz 0.310 15,000 Hz HT - High lsmpecature, extends normal cperation temperatures 131
Ragonant Frequency 2 50 kHz 250 kHz Freguency Range(5 %) 610 10,000 Hz 6 to 10,000 Hz
Broadband Resolution(1 o 10,000 Hz) 0.00015 g rms 0.0015 mis® ms f Frequency Range(10 %) 451015000Hz 4510 15,000 Hz
Non-Linearity S1% 1% 4] Broadband Resolution(1 1o 10,000 Hz) 0.0009 g rms. 0,009 mis? s
Transverse Sensitivity $5% 5% 5] Temperature Range(Operaling) -65 10 4325 °F 5410 +163°C
Environmental Excitation Voltage 72% 30 VOC 2210 30 VDC
Overioad Limit{Shock) 2 5000 g pk 4 49,000 mis* pk Discharge Time Constant 00710015 sec 0.07 t0 0.15 sec
Temperature Range{Operating) -65 1o +200 °F 5410 +493°C i3] Spectral Neiso{1 Hz) 107 pg/vHz 1050 (s VHz
Temperature Response See Graph See Graph Bl | Seecwal Noise{10 Hz) 58 pgiiHz 570 (umis?)vHz
Base Strain Senstivity 0.003 gpe 0.029 (mVs*ype f Specwal Noise{100 Hz) 41 pgliHz 400 (prs?)Hz,
Electrical Soecwral Neise{1 kHz) 9.8 pghHz 96 (Umis"yVHz
Excitation Vollage 186 0 30 VOC 181030 VOC Output Bias Voltage 10 % 15VDC 1010 15VDC 2
Constant Cumant Exctation 2020 mA 21020 mA Supplied Accessory | Model ACS-58 Single Axis Amplilude Response Calibeation from 5 Hz to
Output ¥mpedance < 200 ohm <200 ohm upper 5% plotled on dB scale replaces Model ACS-1
Outpul Bias Voltage 7w 12VDC 7% 12VDC
Dischargs Time Constant 101 2.5 500 101025 sec J - Ground Isolated
Settiing Time(within 10% of bias) <10 sec <10 =ac Frequency Range(5 %) @ kHz 9wz
Spectral Noise{1 Hz) 39 pgivHz 280 (um's?)¥YHz n Frequency Rarge(10 %) 14 kHz 14 kHz
Spaciral Nolse{10 Hz) 11 pgivHz 110 (umis?y vz U] Resonant Frequency Z 40 kHz 240 kHz
Spactral Naise{100 Hz) 24 pgivHz 3 (pmistvHz n Electrical Isolation(Base) >10% ohm >10% ohm
Spactra’ Nose{1 kHz) 1.4 pg/vHz 14 (pmis?yvhz 1] Size - Hax x Height 044inx067Tn 1M 2mmx 170 mm
Physical Weight 0210z 6.0 gm
Sensing Element Ceramic Ceramic
Sensing Geomatry Shear Shear T - TEDS Capabie of Digital Memory and Commumication Compliant with IEEE P1451.4
Housing Material Tranium Titanium TLA - TEDS LMS Inlemasonal - Free Format
Sealing Hermetic Hermalic TLB - TEDS LMS Intemasional - Automative Format
Sze (Hex x Hoight) 0440 x062in 11.2mmx 15.7 mm TLC - TEDS LMS Intemasional - Asranautical Format
Waeight 0200z 58gm 1] TLD - TEDS Capable of Digital Memory and Communication Complisnt with IEEE 1451.4
Electrical Connector 10-32 Coaxial Jack 10-32 Coaxial Jack Tempersture Range(Memory Access) -10 %0 4200 'F -2310+93°C
Electrical Connection Position Side Side Excitation Vollage 2010 30VDC 20 1o 3D VDC
Mounting Thread 10-32 Female 10-32 Female Output Bias Voltape 75% 13VDC 751013VDC
Mounting Torque 10 to 20 in-b 113 80 226 Nem
W - Water Resistart Cable
@ Typical Sensitivty Dewviation vs T C Sealed integral Sealed Intagral
E Cable Cable
E 20 Cer ion Position Sdeo Side
T 10
& o0 ===
= 40 sl NOTES:
¥ 2 [ (1) Typical.
51 ® - b [2] TEDS opton adds 1.0 VOC 1o bias voltage.
$ -70 -20 30 80 130 180 230 280 330 |[3] 200°F w 325°F data valid with MY opton onty
2 [4] Zero-based, least-squares, straight ine method,
Transwarse sanstvity is =%
Tenpermae (1) S} B I e e 23 ot oM.
Al hications are &t room unless iy S
in the inferest of constant product improvement, wa resarve the nght to chenge specifications withoul notice. SUPPLIED ACCESSORIES:
ICP® is 2 registered kademark of PCB Group, Inc. Model 060A Adheasive Mounling Base (1)
Model 0804109 Petro Wax (1)
Mode! 081505 Mounting Stud (10-32 %0 10-32) (1)
Moded ACS-1 NIST lracaable e (10 Hz to upper 5% point). (1)
Mode! MOE1B05 Mounting Stud 10-32 %o M6 X 0.75 (1)
[eroreafy S fensineed || [swes WD, mrma“)[ Spec Number:
SR I A Y, S Y, S AL T

Phone: 716-684-0001
Fax: 716-685-3886
E-Mail: vibration@pcb.com

SPCB PIFZOTRONICS

VIBRATION DVISION
3425 Waldan Avenue, Dapaw, NY 14043
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DIRECTIO

ARROW INDICATES SENSE AND
N OF ACCELERATION FOR
POSITIVE GOING OUTPUT SIGNAL

5-44 CONNECTOR

MOUNTING SURFACE
5-40 THREAD

MOUNTING PORT PREPARATION: 30358
SELECT OR #HE;I)-\‘H_F‘ IQ FLAT AREA OF AT LEAST

©@.250, FLAT TO

e

ACTUAL SIZE

MODEL 3035BG

MOUNTING SURFACE PREPARATION: 30358G
SELECT OR PREPARE A FLAT AREA OF AT LEAST
©.250, FLAT TO .001 TIR. CLEAN TO IOVE

CONTAMINANTS. APPLY ADHESIVE TO SURFACE OR

AT THE CENTER, DRILL #38 (9.101) X .150 DEEP, MIN. | TO ACCELEROMETER AND PRESS TOGETHER UNTIL
TAP 5-40 UNC-2B X .125 DEEP, MIN.

MODEL 3035B

2. MOUNTING TORQUE ON .281 HEX: 3 TO 4 LB.-IN.
1. WEIGHT: 2.5 GRAMS,

ADHESIVE SETS.

MOUNTING SURFACE

MASTER

ONLY IF lN RED CHATSWORTH, CA.

’Dms-munsms, INC.
e 4X

"D [ enoos [T NA

T Lo gry

12/02/02 MODELS 3035B, 3035BG

REWR TECRED T

e tsano«

OUTLINE/INSTALLATION DRAWING, MODELS
3035B & 3035BG LIVM ACCELEROMETERS

Model Number
30358

PERFORMANCE SPECIFICATIONS

DOC NO
PS30358

PP INSTRUMENTS, INC.

permission to reprint this cor

o, please contact info@dytean.com

I IEPE ACCELEROMETER T REV D, on 16235, 082221
| This family also includes:
* MINATURE SIZE Model Range F.S. (g pk) Sensitivity (mV/g) Time Constant (Sec)
» HERMETICALLY SEALED 303581 500 10 08102
« STUD MOUNT 303582 +100 50 08102
303583 5 08102
Refer Lo the performance specifications of the products in this family for delailed description
Supplied Accessor
[ ENGLISH ] sl ] [1) Accredited calibration certificate (SO 17025)
PHYSICAL
[Weight, Max 009 25 grams Notes:
Connector 5-44 Coaxial 544 Coaxial (1 A1 at less otherwise specified
Mounting Provision 5-40 Integral Stud 5-40 Integral Stud [2) Measured at 100Hz, 1 g RMS per ISA RP 37.2,
Material, Housing/Connector 300 Series Stainless Steel 300 Series Stainless Stool (3] Measure using zero-based straight line method, % of F S. or any lesser range
Sensing Element Ceramic Ceramic 4] Do ot apply power to this system without Gurrent fimiting, 20 mA MAX. To do so will destroy the IC charge ampifier
Element Style Shear Shear (5] In the interest of constant product improvement, we feserve the rightto change specifications without nofice. It s the customer's
to validate that a particular product with described in the product is suitable for use in a
particular application. Parameters provided in datasheets and / or specificalions may vary in different applicaions and performance
may vary over time. All operating parameters, including typical parameters, must be validated for each customer application by the
customer's technical experts
[PERFORMANCE TYPICAL TEMPERATURE RESPONSE
Sensitvity. £10% [2] 100 102 mVimys* TYPICAL LOW FREQUENCY RESPONSE 0 )
[Range for + 5 Volts Output 50 4905 mis” pk 2 of 1
Frequency Response. £10% 0.34 to 10000 03410 10000 Hz g 2 |
[Resonant Frequency >45 >45 KHz 5% e
2 g of e ]
Broad Band Resolution 0.0004 0.004 mis”RMS 5 pu—
Linearity [3] + +1 %FS. P
[Maximum Transverse sensitivity 5 5 % 2 | |
Strain Sensitiity @ 250pe 0.002 002 mis¥ipe ot ]
a0 2 > 183 250
AL oo TEMPRATURE (F)
s ock e0e7 i g
Temperature Range 5110 +121 c - 50
seal T
ELECTRICAL ¥ NS |
[Supply Current Range [4] 21020 21020 mA 281 HEX i
Compliance Voltage Range 181030 181030 Votts o
Output Impedance Typ 100 100 a 1 £
Bias Vollage 111013 11013 voC o
Discharge Time Constant 08102 0802 Sec
Electrical Isoation Case Grounded. Case Grounded. Gamin f [—
[ — 544 CONNECTOR
=
A2 —
= \
P S— MOUNTING SURFACE
Bl i
020 —o
Refr 10 17
| 21592 Marilla Street, Chatsworth, 91311 Phone: 818.700.7818 Fax:818.698.0362 www.dytran.cor




Appendix C TS W311 4D Pioneer

Model Size Nominal power Max.music power Nominal impedance Sensitivity Frequency response Magnet weight Displacement
Modell Griile Nennleistung Max.Musikleistung Nennimpedanz Empfindlichkeit Frequenzgang Magnetgewicht Wegamplitude
Modéle Taille Puissance nominale Puissance musicale maximum Impédance nominale Sensibilité Bande passante Poids aimant Déplacement
Modello Dimensioni Potenza norminal Potenza musicate massima Impedenza norminale Sensibilita Risposta alla frequenza Peso del magnete Spostamento
Modelo Tamaiio Potencia nominal Maxima potencia de musica Impedancia nominal Sensibildad Respuesta de frecuencia Peso deliman Desplazamiento
Modelo Tamanho Poténeia nominal Poténcia mixima da misica Impedincia nominal Sensibilidade Resposta de freqiiéncia Peso do magneto Deslocamento
Moaess Pazmen Homuranstoe nutanve Marc, My3bIKaAsHaR MOLLHOTTE HommanbHer uvnenarc YyBCTEATENLHOCT YacToTHan XapaKTepMcTHKa Bec martmTa Cwellenqe
R R H L JoPNE I PR RRER 71 R SR EEER 2l
Joasli o Lol 3y 0il0 eyl 848 il Loanl Laglal) Ll Sbdsdil o) oelatall By el
TS-W31154 30 em 400 W 1400W 40 95dB +1.5dB 20Hz To 125 Hz 21009 167 liters
{in car, input : 1W) (—20 dB in car, input - 1T W)
TS-W311D4 30 em 400 W 1400W duald Q g5dB £1.5dB 20Hz Te 125 Hz 21009 1.67 liters
{in car, input - 1W) (=20 dB in car, input - T W)
TS-W26184 25em 350W 1200W 40 93dB +1.5dB 20Hz Te 125 Hz 1700g 1.22 liters
(in car, input - 1W) (—20 dB in car, input - T W)
TS-W261D4 25¢ecm 350 W 1200W dual4 Q 93dB £1.5dB 20Hz To 125 Hz 17004q 1.22 Iters
(in car, input - 1W) (=20 dB in car, input - T W)

Reve Leve Fs Qms Qes Qis Vas Rms Mms Cms Diam BL Xmax
() (mH) (Hz) {liters) (N.S/m) (g) (m/N) {mm) (T {mm)
3.0 287 42 14,96 084 0,79 375 288 164 87x10% 257 13.0 80

dual 2.9 43 1379 1.02 1.05 327 3.38 166 THx10% 257 18.2(8 Q) 10.8
82(2 Q)

3.2 45 14.59 0.90 .65 1856 242 124 99% 109 Fall .5 93

dual 3.3 4918 Q) 46 1549 112 1.04 177 233 123 25% 107 21 153 (8 Q) 10.1
1.26 (2 Q) 772 Q)
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Appendix D Shaker motors

2 poles Three-phase electric vibrators - 3000/3600 rpm

I o] MECHANICAL SPECIFICATIONS R

DIMENSIONAL SPECIFICATIONS

STATIC CENTRIFUGAL MAX, INPUT | MAX, INPUT |~ Weight Fixing
MOMENT FORCE POWER | CURRENT | (kg distances
W) (A)
Code | Type |Sizel kgmm rm- kN 400V [ 460V Ref Cable
50Hz | 60Hi—{56Hz | 60Hz | 50Hz | 60Hz | 50Hz | 60Hz | 50Hz | 60Hz [ 50Hz [60Hz SiEel ¢ ° | E PIL M N]O |giand g
v2001 [ wvosni2 [BA | 12 | 75| 120 10 [ 1.8 | 1.08 [ 170 [ 470 [0.83 [ 029 58 [ 56 | 2 [6274[ 106 | 216 [ 125 | 305 93 [ 154 | 129 [ 64 [ 50 [PG13s5 o =7
V2002 | WWosNi2 [ BA | 20 | 13 | 205 | 190 | 2.01 | 1.86 | 170 | 170 [ 033029 63 | 59 | 2 |e274] 106 | 216 [ 125 | 305 93 | 154 [ 120 | 64 | 50 |PGi3s5
V2003 | WWioNi2 [ cA | 32 | 21 | 320 310 [ 3.14 [ 3.04 [ 250 | 260 [ 057 [048 [ 97 [ 92 [ 2 | 90 [ 125 | 243] 152 [ 285 93 | 178 | 144 | 73 | 54 | PG135 =
V2004 | WV1SNIi2 [ DA | 52 | 34 | 520 | 490 | 6.10 | 4.81 | 430 | 470 [ 0.76 | 0.71 | 14.8 [13.8 [ 2 [ 105 [ 140 | 273|167 | 32 111 [ 204 | 163 | 80 [625 | PG16
v2005 | wvzsi2 [EA | 8o | 53 | 8oo| 770 [ 7.85 | 7.5 ['610 | 650 [ 1.00 095 21 [ 20 [ 2 | 120 [ 470 | 308 205 [ 38 111 [21a5] 191 [915 [ 63 [PGi6
v2012 | wvasni2 [Ga | 114 [ 76 [ 4150] t100] 1.3 | 10,8 {050 [ 100|460 [ 160 37 [36 [ 2 | 120 [ 470 | 436 210 [ 60 111 | 243 | 203 [1155] 118 [PGt6 T Q‘
| V2006 | VV38N/2 | IB | 159 | 104 | 1600| 1500 15,7 | 14,7 [ 1900 | 1900/ 320 | 280 | 43 |41,5 | 2 | 140 | 190 | 422 | 230 | 815 11 [ 235 | 224 | 104 | 835 | PG16
V2007 | wvaoni2 | 1B | 23¢ | 155 | 2350] 2260 23.1 [ 22.1 [2100 [ 2100 340 [ 290 53 [s15 | 2 [ 140 | 190 [ 458 {230 [ 815 111 | 235 | 224 [ 104 [1015] P16 i
V2008 | VvasNi2 [MA | 32¢ | 220 | 3250 3200] 31.9 | 31.4 [3800 [ 3800 [ 6.20 [ 540 105 {101 | 2 | 155 [ 255 | 500310 [103.5 155 | 335 | 309 [ 160 | 140 | PGot
V2009 | vvssNi2 [MA | 399 [ 261 | 4000] 3800 30.2 | 57.3 [3800 [ 3800[ 6.20 [ 540 110 {103 | 2 | 155 [ 255 | 500 [ 310 [103.5 155 | 335 | 309 | 160 | 140 | PG21 5
V2013 | VV6TNI2 | OA | 636 | 445 | 6400] 6450 | 62.8 | 63.3 | 5300 | 5300( 8.80 | 7,70 | 188 | 181 | 2 | 200 | 320 | 62 | 390 | 111 155 | 381 | 384 | 189 | 151 | PG21
V2011 | WriNi2 [ PA | eos | 621 | 2000] 90001 8s.3 | 883 [9400 | 8800 [ 17.0 [ 123 217 [211 | 2 | 200 [320 | 624392 | 111 155 | 403 | 402 [199.5] 132 | PG21 5
4 poles Three-phase electric vibrators - 1500/1800 rpm
MECHANICAL SPECIFICATIONS RICAL SP DIMENSIONAL SPECIFICATIONS
STATIC CENTRIFUGAL MAX. INPUT | MAX. INPUT | Weight Fixing
MOMENT FORCE POWER | CURRENT |  (kg) distances
W) (A
Code | Type |Sizel kgmm |[NCTRINN kN 200V | 460V Ref 5 Cable
50Hz |60Hz | 50Hz | 60Hz | 50Hz | 60tz | 50Hz | 60Hz | 50Hz | 60Hz | 50Hz | 60Hz SYNER) ©|D |E JemENS e (W |1 L WMIN]O gland
V4000 | WwosBia [BA | 140 | 116 35 | 42 |o0343] 0412 80 | 90 [020 [ 049] 60 [ 60 | 2 [62-74 106 | 216 [125 [305] o | 4 |24 [ 23 [o3 | 154 [ 120 | 64 | 50 | PG135
vaoot | wosia |BA | 320 [ 224 a0 | 60 [o7es]o7es] 80 | 00 [020 [ 019] 66 [ 64 | 2 [e2-74 106 | 216 [125 305 o [ 4 |24 [ 23 [o3 |54 [ 120 | 64 | 50 | PG13s5
vao02 | wioBi4 | CA | 7.0 | 608] 220 | 220 [ 2.16 | 2.16 | 160 | 160 [038 | 038] 125 [11.5 | 2 | a0 [ 25| 205 [152 [285[ 13 [ 4 |28 [ 30 [93 [ 178 [ 144 | 73 [ 80 |PGt3s
V4003 | WV20Bi4 |DA | 167 | 116 420 | 420 | 4.12 | 412 | 280 | 330 [057 | 057 19 | 18 | 2 | 105 | 140 | 340 [167 | 32 | 13 | 4 285 [ 30 |11 | 204 | 163 | 80 | % | PGi6
V4004 | VV30BI4 | EA | 298 | 215 750 | 780 | 7.3 | 7.65 | 500 | 620 [088 [ 093] 28 | 26 | 2 | 120 | 170 | 376 [205 | 38 | 17 | 4 |40 | 33 |11 |2145] 191 | 915 | o7 | pGit6
[vaoos | wvasmia [GA | 437 | 276 [ 1100 [ 1000 [ 108 081 | 620 | 640 |0.90 [ 090( 455 [ 41 | 2 [ 120 [ 170 | 436 [210 | 60 | 47 | & [ 20 [a75 [ 111 | 243 | 203 [1155] 118 | PGt6
va00s | wvasia |HA | 556 [ 367 [ 400 400 [ 137 | 137 [ 850 [ 4000137 [ 143 55 [ 52 [ 2 [ 140 [ 100 | 43830 | 72 [ 47 [ 4 [ 25 [as [4t1 | o57 [ 241 [1245] 103 | poie
vaoor | wvaonia [ 1o | 71¢ | 483 [ 1800 | 1750 [ 17.7 | 17.2 [ #1100 | 4200 {101 [483] &1 [ 57 | 2 [140 [ 100 [ as6 230 [ 72 [ 47 [ 4 [25 [ 45 [t | 267 [ 2a1 [1245] 127 | pGite
vaots | wvatBia | 1A | 833 [ 566 2100 | 2050 | 204 | 20.1 [ 1300 | 1400240 [ 220] 72 [ 70 [ 2 | 140 [ 100 657 [230 | 72 [ 47 [ 4 [ 25 [as [411 | 257 | 241 [125]1625] pGt6
V4008 | W50BIA [ LA | 992 | 691 | 2500 | 2500 | 245 | 24.5 | 1500 | 1600 [ 3,00 | 290 85 | 79 | 2 [ 155 | 205 | 522 (275 [795| 22 | 4 |28 |55 |11 | 283 | 271 | 140 [1295] PGte
vaot7 | wwssBi4 | LA | 1250 | 870 [ 3150 | 3150 | 309 | 30.9 [ 1800 | 1900360 | 330] 95 [ 92 | 2 | 155 [ 225 | o0 [275 | 795 [ 22 [ 4 [ 28 [ 55 |11 | 263 | 271 | 140 [1685] PGi6
V4009 | VVSSB4_|MA | 1508 | 1050] 3800 | 3800 | 37.3 | 37.3 | 2100 | 2400 380 | 370] 116 | 113 | 2 | 155 | 255 | 590 [ 310 [1035] 235 4 | 30 | 60 155 | 335 | 309 | 160 | 140 | PG16
V4018 | W5TBIA |MA | 1746 | 1188] 4400 | 4300 | 43.2 | 42.2 | 2400 | 2700 | 460 | 440 125 | 120 | 2 | 155 | 255 | 658 [ 310 [1035]235| 4 | 30 | 60 | 155 | 335 | 309 | 160 | 174 | pG2t
V4010_| VV60BI4 | NA | 1984 | 1367| 5000 | 4950 | 49.1 | 48 | 3400 | 3200 [ 6,70 | 480] 174 | 166 | 2 | 180 | 280 | 638 [ 340 | 106 | 26 | 4 | 30 | 65 | 155 | 360 | 336 | 173 | 154 | PG21
V4011 | WV67BI4 | OA | 2619 | 1823] 6600 | 6600 | 647 | 64.7 | 5700 | 5700 | 10.0 | 860] 212 [ 200 | 2 | 200 | 320 | 662 [300 | 111 | 28 | 4 | 32 | 75 |55 | 381 | 384 | 189 | 151 | PG21
va0t2 | Wi1Bi4 | PA | 3175 | 2210] 8200 | 8200 | 804 | 80.4 | 6600 | 7600 | 4.0 | 10.9] 208 [ 213 | 2 | 200 | 320 | 62 [302 | 111 | 28 | 4 | a5 | 75 |55 | 403 | 402 [1995] 132 | pGot
vaot3 | wwe1Bi4 | A | 3573 | 2486] 8500 | 0000 | 83.4 | 88.3 [ 7400 [ 8000 [ 15 | 11.3] 319 [ 305 | 3 1125 | 380 | 862 [460 | 70 | 39 | 6 | 35 | o5 [170 |4345] 439 | 215 | 230 | pGot
Certifications
. ATEX CeSI
3 3 &%l & (e -
Standard CSA C 22.2n° 100-95, Standard CSA C 22.2n° 100-95, Il 2G, DClass EEx e |l T4 and T3 - CENELEC EN 112 D 120 °C (Operating temperture 40°C) Production quality assurance notification.
file n° 216103, Class 4228 01; Class 1, file n° 216103, Class 4211 01, 50014 « EN 50281.1.1 Certificate n° LCIE 02 ATEX 135°C (Operating temperature 55°C) CENELEC EN n° (Directive 94/9/CE) n° CESI 02 ATEX 112 Q.

Division 2, Groups A, B, C and D.
Vibrators for use in hazardous locations

Motors and generators

6129 X - European Directive 94/9/CE - Increased safety
vibrators for potentially explosive gas atmosphere and

combustible atmosphere.

LCIE 03 ATEX 6067 X - European Directive 94/9/CE

(ATEX) Electric vibrators for combustible dusts
atmospheres.
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Appendix E Coil springs

SPRING CENTRE & ENG.
4 1 Hi-Grade Spring works
674 Barlow Street P O Box 1554

Germiston South Alberton 1450

Telephone (011) 873 2512 Fax (011) 825 7669
(011) 873 2845/ 2851 E-mail: higrade@icon.co.za

TEST CERTIFICATE
Customer : Mmrd WS uUni ﬂ‘[}[-o‘({_f Date: ,2 9 aULz & /2

Delivery note / Invoice: Order No:

HEAT TREATMENT

. This is to centify that the spring/s have been oil quenched and tempered (stress relieved),
Salt bath curing, at a temperature of _2 72, centigrade for a time period of
10 min/ hrs Rockwell hardness s

MEASURING INSTRUMENTS
Vernier X Manual Testing Scale __X Scragg Test 3
Load - P1 ___IS K Deflection __[ ) 4 wn 17 353 [\)/"“

Load - P2 2 6 S Deflection 20 w4 4

' OA:QZ/L, t3 6‘67‘“/""

YES/NO
? SPRING DETAILS
Material Diameter 6 W wun
Outside Diameter b .
Inside Diameter HD WAL
Number of Coils ® B
Finish SQuare ¢ Crind
Type CDV\M'F < il
Drawing / Part No
Quantity Ordered
Job Card No 924947
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