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ABSTRACT

This thesis presents the design and development of a multicell inverter for ultrasonic plastic

welding applications and other ultrasonic applications. An overview of the main multilevel

topologies is given, but this research focuses on the multicelll inverter, because of its

capacitor voltage balancing properties.

Loading effects of various plastic materials to an ultrasonic plastic welding tool are provided

in this thesis. A simple method to create an approximate electrical equivalent circuit of the

ultrasonic welding tool, using an impedance analyser, loaded with different plastics is

discussed and illustrated.

Experimental results of the four-level multicell inverter driving a resistive load and an

ultrasonic transducer tool are presented in this thesis. These results provide proof that the

multicell inverter topology is capable of driving a non-linear load.

The inverter was tested with the ultrasonic load as an ultrasonic plastic welder and an

ultrasonic drill. The welding joints on the plastic samples are also evaluated in order to

evaluate whether or not this solution is suitable for plastic welding. The ultrasonic drilling

results are also shown in this thesis.

It is further illustratea that the ultrasonic tool and power supply combination may be used in

other ultrasonic applications.
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CHAPTER ONE
OVERVIEW

1.1 Introduction to ultrasonic plastic welding

Ultrasonic welding is a process wherein thermoplastics are Joined by using heat generated

from an ultrasonic motion at high frequency (high rate of vibration). Such mechanical motion

is achieved through conversion of high frequency electrical energy into high frequency

mechanical movement. This movement, in conjunction with applied force, generates frictionai

heat at the joining area of plastic samples. This causes the plastic material to melt, forming a

molecular bond between the samples.

Ultrasonic welding is a major industrial process for joining thermoplastics, as it is economical

and satisfies the intense demand for ultra-fine finishing of welded joints. The ultrasonic

welding process is also rapid, typically less than 1 second (Mistry, 1997), with the benefit of

the exclusion of adhesives or welding flux. In applications where thermoplastics must be

joined, it is difficult to bond them with microwave joining because of their low dielectric losses

(Tsujino. et al. 1996). Other plastic welding techniques. such as hot gas welding, extrusion

welding, contact welding and hot plate welding, are temperature sensit ive and difficult to

control with refined plastic materials, such as polyethylene. It is usually a preferred choice on

assembly line productions thanks to high energy efficiency, high productivity, low cost and

ease of automation. This welding technique is used mainly in mass production, as careful

design of components and fixtures is required for a successful weld. Examples of

applications are domestic appliances and medical blood filters (Rajagopal, 2008).

Industry, however, faces a major problem with ultrasonic welding - the process is material

depe ndant. Welding machines are usually optimised for a specific type of plastic materi al

with a predetermined thickness. This makes it difficult for a manufacturer to substitute

standard plastic for something stronger. It is well known the resonance behaviour of an

ultrasonic transducer changes as the load (in this case the variety of plastic) changes (ISA,

1962). This is illustrated in Figure 1.1 . This acrnirtance versus frequency plot illustrates tne

resonance behaviour of an ultrasonic transducer under varied load condit ions. in this case

differing plastic samples. This is why it is difficult Or near-impossible to design a generic

ultrasonic welding machine. If tnis problem could be overcome it would be poss ible to oesign

such a welding machine for use in hand-helo application. If this was achieved. generic

welding machines could be developed for industrial applications, making trie set-up simpler

and a substitution of plastic materials possible.
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Figure 1.1: Th e admittance versus frequ ency plot of an ultrasonic transducer under vari ous
loads to illustrate resonance behavio ur

Research by J Tsujino et al. (Tsujino. 2004) indicates the higher the operating frequency of

an ultrasonic plastic welder , the more effective the system beca use of higher vibration loss of

the plastic welding specimens . It is further mentioned that the welded strength improved as

the operating frequency of the system increased. The welded strength and area were further

improved by simultaneous ly driving the ultrasonic transducer at fundamental and higher

resonance frequencies. This caused the ultrasonic transducer to be more efficient with its

conversion of electric energy to sound energy.

A more local problem (in South Africa) is tne cost involvee in ultrasonic plastic welding

systems (refer to Appendices A and B for examples). To create a cost-effective alternative

for ultrasonic power supplies was an added motivation in carrying out this project. From the

quotes received tor the power supplies (see Appendices A and B), tne cost according to the

exchange rate (2 April 2009 , 1 USD = 9.33688 ZAR) in South African Rand , power supplies

cos t R 44 817.02 and R 29 878.07 respectively. By manufacturing such power supplies

locally COSt coulc be significantly reduced.
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1.2 Mult ilevel inverter app licat ion

Multilevel inverters are shown to reduce the size and cost of power supply systems, as lower

power switches and smaller filtering components can be used, in turn reducing systemic

cost. Higher power levels can be reached with standard low cost switches and an increased

number of switches is justified with reduction in size of the output filter (Meynard at al, 2002).

Various multilevel inverter topologies have been developed. One such topology is the Flying

capacitor multilevel inverter (FCMLI) or multicell inverter topology. This has the advantage of

implementing cell capacitors which act as "Voltage balancers." A balanced capacitor voltage

means each cell capacitor remains at its assigned steady-state voltage (Wilkinson, 2004).

This converter topology has to date not been tested with an ultrasonic load. If it proves to

work sufficiently with an ultrasonic load, then it could open many doors to exciting

possibilities of implementing a multicell inverter.

1.3 Four aims and objectives

The first aim was to study, aesign, build and test, if possible. an FCMLI to drive an ultrasonic

load; the ultrasonic transducer is a non-linear, electromechanical load.

This led to a second objective - which was to research a rapid simple solution to measure an

equivalent electrical circuit for an ultrasonic transducer - a useful tool to simulate any given

transducer in computer simulation models with the use of an impedance analyser.

A third aim was to test if the developed ultrasonic plastic welding system was able to produce

sound welded joints, ultimately testing the effectiveness of the entire design.

A fourth objective was to investigate whether the system was sufficiently versatile to be used

in other ultrasonic applications. The reason for this investigation was to open ooors and to

create interest for development in the field of ultrasonic technology, by proving that multicell

inverters can efficiently drive ultrasonic transducers in various ultrasonic applications.

1.4 Procedure

The resonance behaviour of the ultrasonic plastic spot welding tool was studied to help to

design the multicell inverter. The electrical equivalent model of the ultrasonic transducer was

calculated and results compared against measured admittance scans. The multicell inverter

was then designed and populated. The multicell inverter prototype was tested with a resistive

and an ultrasonic load. The measured results of tne multicell inverter were compared witn tne

simulated results using the calculated equivalent circuit models; the system was then testea

as an ultrasonic plastic spot welder.

3



1.5 Scope and delineation

The study focuses on the design of an ultrasonic plastic welder using a rnulticell inverter

topology. The inverter needed to be driven only at the main mode of resonance and.

therefore. the derived equivalent electrical model of the ultrasonic transducer had 10 simulate

only the main resonance mode. It was a desired to prove the multicell inverter topology could

drive an ultrasonic load. The materials used as samples for the plastic spot welding were

acrylonitrile butadiene styrene (ABS), polyester, polyvinyl chloride (PVC) and polyethylene

rerepmnalate (PET). To measure the effectiveness of the ultrasonic plastic spot welding

system, the tensile strength of the spot welds were tested according to the ASTM 0 638

testing procedure from the American Society of Testing and Materials (ASTM).

1.6 Thesis overview

A brief overview of the research and work undertaken in each chapter of this study is as

follows:

Chapter 2: Explains the theoretical background of ultrasonic plastic welding and background

information on other topics used throughout this thesis.

Chapter 3: Discusses the behaviour of an ultrasonic transducer as a load and the

methodology for calculating its equivalent circuit parameters.

Chapter 4: Covers the selection and design of the ultrasonic inverter useo in this project.

Chap ter 5: Presents and discusses experimental results obtained of the multicell inverter

driving linear and non-linear loacs.

Chap ter 6: Discusses the experimental tests and results obtainec of the system as an

ultrasonic plastic welder.

Chap ter 7: Summarises the tnesis with conclusions and recommendations for further
development.



CHAPTER TWO
BACKGRO UND STUDY OF ULTRASONIC PLASTIC WELDING

SYSTEMS

2.1. Fundamentals of p lastic welding

Ultrasonic plastic welding is a process whereby plastics are joined or reshaped by melting or

sohening through me use of heat generated from a mechanical movement at a high

frequency (Mistry, 1997). This high frequency mechanical movement is achieved by the

conversion of high frequency electrical energy into high frequency mechanical movement.

This type of conversion of energy is called electromechanical conversion. This mechanical

movement, in conjunction with applied force, will create fr ictional heat at the plastic

specimens' joining area, which in turn will cause the plastic material to melt. creating a

molecular bond between the plastic specimens (Troughton, 2008).

2.1.1 Effects of ultrasonic welding on plastic ma terials

There are two main groups of plastics: Thermosets and thermop lastics.

• Thermose ts

These plastics are comprised of large continual chains of chemical molecules, which

undergo a permanent reaction to form a close networkeo structure with strong

covale nt bonds (Mistry, 1997). When the material is cool its rigidity emanates from

the cross-linked structure of the molecules. A disadvantage of this type of plastic

materia l is an inability to be weldeo or joined together (Mistry, 1997). Plastic welders.

therefore, cannot be used to join such plastics. This is because the cross-links

prevent their molecular chains from diffus ing and flowing freely. If excess heat is

applied to thermoset materials they degrade (Mistry, 1997).

Examples of thermosets are urea formaldehyde (C, H, N, O,), melamine formaldehyce

(C4 H, N, O) and polyurethane (C, sH4 , N,Os).

• Thermop lastics

Tnermop lastics are also made up of large continual chains of chemical molecu les

known as "mers", which when joined form polymers (Mistry, 1997). Tne outcome of

this process to form polymers is described as polymerisation. The links between the

chain molecules of thermoplastics are fundamentally linear and oevoid of cross-links.

With th e application of heat. these plastics melt, flow and are. therefore, suitable for

welding (MiStry, 1997)
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Two thermoplastic materials which do not weld easily with ultrasonic plastic welding

are polypropylene (PP) and polyethylene (PE).

2.2. Ultrasonic plas tic welding systems

The complete system is usually comprised of four main components. These are the power

supply, the transducer (in our case the ultrasonic transducer), the amplitude modifying device

(booster) and the acoustic tool (horn). Figure 2.1 shows a typical arrangement of an

ultrasonic plastic welding system.

Control System

<~Full Bridge
Rectifer U U

DC_ DC AC @
DC - DC DC - AC j",c:;' j;

Conven er Inverter
Current

Transformer !.o'

Figure 2.1: A typical power supply arrangement for an ult rasonic plastic welder

2.2.1 Power supply

The function of an ultrasonic plastic welding power supply is to convert the low frequency AC

voltage from the mains into a high frequency AC output voltage at a specified output power

to the load. Such power supplies usually operate in a frequency range of 20 to 40 kHz

(Malloy, 1994:405).

The low freauency mains voltage is convened to a DC voltage by a rectifier (usually a bridge

rectifier) and a parallel capacitor which acts as a smoothing capacitor. Then a DC - DC

convene r is usec to either increase or decrease the voltage to the inverter by means of a

buck or boost regulator . An inverter. usually in half-bridge or full-bridge configuration.

converts the DC voltage back to a high frequency AC voltage. This high frequency AC

voltage is supplied to the ultrasonic load made up of the ultrasonic transducer, me booster

and the horn .

The control system is the core of the power supply ana controls output power and frequency.

The control system receives sampled input cata, which represents voltage ana current

values at various stages of the power supply and makes the necessary calculations to sena

output signals to the switches which then produce tne correct output to the ultrasonic loaa.
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2.2.2 Th e ultrason ic transducer

An ultrasonic transducer is a device which converts applied electrical energy into mechanical

acoustic energy. The acoustical energy generated is above human audible frequency range,

usually above 20 kHz. The ultrasonic plastic welding work-piece is illustrated in Figure 2.2.

Ult rasoni c
Transducer

Mounting
Ring

A
{ I i

U
V

Booster

} Horn

Figure 2.2: Ultrasonic plastic welding work·piece broken into three comprising components

The transducer consists of piezoe lectric ceramic elements separated by thin metal plates. all

firmly clamped under pressure. When an alternating voltaqe (cV/dt) is applied to a

piezoelectric element, a correspondinp electrical field (dE/Qt) is produ ced across it and a

variation in thickness (dU dt) inouceo. The variation in thickness ot the ceramic discs results

in the generation of a pressure wave (dP/dt). Because of the nature ot atoms and molecules

in a solid object the pressure wave propagates through the material and is reflected by the

end metal mass of the converter. The displacement at the edge of the transducer is

extremely small (20 micron for a 20 kHz transducer) (Levy et ai, 1993) and, therefore, the

displacement distance needs to be amplified by a horn and a booster.

Figure 2.3 shows Mason's simplifieo equiva lent circuit ot a piezoelectric transducer as a loao,

where the electrical branch comprises ot C, a-ic the mechanical branch comprises ot R~ , t .,

and Cm (Mason, 1935).
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where: V refers to the velocity of sound in material (m/s)

/ refers to the frequency of oscillation (Hz)

A refers to the wavelength (rn)

N refers to the oscillation mode

It can be seen that the higher the frequency of operation, so the smaller the acoustic

wavelength will be and consequently the smaller the horn, This relation is linear; a 60 kHz

horn will be half the size of a 30 kHz horn.

The horns have to be constructed from a material to propagate the ultrasonic energy with as

little attenuation as possible. The metals usually used for manufacturing of ultrasonic horns

are titanium or any other high-strength aluminium alloy. Botn offer excellent acoustic

properties. For durable, long lasting, wear-resistant horn tips, custom machined tips coated

with chrome, titanium nitride or carbide could be connected to the horn.

The amplification factor of the ultrasonic horn is also determined by its slope and profile.

There are various standard profiles which provide different amplification ratios. The selection

of a specific profile of a horn depends on the application at hand. The basic horn shapes

consist of straight, exponential, catenoioal and stepped profiles: these shapes are illustrated

in Figure 2.4 (Dukane, 2005).

Horn Illustration
I I U,

I,
I

I i

\ I i
,

\ I
,

- - - -
Profile I Straight I Exponential I Catenoidal I Step

Gain I None I Low I Meaium I High I
Figure 2.4: Various basic horn profiles and their relative gains (Dukane, 2005)

2.3 Applications of ultrason ic plastic welding

Plastic joining by means of ultrasound is rapidly replacing convenrional techniques such as

solvent welding. contact welding. hot gas welding and hot plate welding. There are various

different ultrasonic plastic joining techniques whicn require differenrly Shaped and sized

transducers.
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The object of this study is to focus on plastic welding where the process is to generate a melt

at the mating surfaces of two thermoplastic specimens using a hand-held spot welding

probe. Some benefit of using ultrasonic plastic welding over conventional techniques

includes the energy efficiency, high productivity gained from short weld times and a clean

assembly process, without need for consumables such as adhesives, screws and solvents

(Ling et al, 2006).

Applications where some or all such conditions are necessary or beneficial and where

ultrasonic plastic welding is used are: (Suslick, 1988:11 1)

• Home appliances where high volumes are produced and cosmetic appearance and

strength are important factors;

• electrical products such as terminal blocks, connectors and switches where high

volumes are produced and high reliability is required ;

• consumer products where high precision is required;

• medical applications where non-contamination and an ability to operate in a clean

environment is as important as the weld strength. These applications include arterial

filters, cardiometry reservoir, blood filters and gas filters;

• toy industry where the elimination of screws, solvents and adhesives are additional

benefits to ensure the products are safe and strong.

• automotive industry in applications SUCh as lenses, filters, instrument clusters, glove

box doors and mass airflow sensors and,

• packaging industry benefits from the good cosmetic appearance. Tamper-evident

seals are made for blister packs with the use of ultrasonic plastic welding.

Applications in this industry include juice pouches. juice cartons and plastic coated

paper cups.

2.4 The multilevel Inverter

A brief overview of various multilevel topologies is presented with reasons for choosing the

multicell inverter as me topology lor this study.

Multilevel converters produce an output voltage waveform witn a low harmonic content

(Meynard et at, 1992). A multilevel inverter produces a stepped output vottaqe waveform at

different levels from a DC bus. The more levels the output has, the smaller the voltage step.

The three most common multilevel inverter topologies mentionec in literature are the multicell

inverter topo logy. the diode-clamped multilevel inverter topo logy and tne cascacec multilevel

inverter topo logy (Tolbert, 1998; Rodriguez. 2002; Sote, 2002; Meynard, 1995; Meynard.

1992). These topologies will be briefly discussed in the following subsections.
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2.4 .1 Mul ticell inverter topolog y

The multicell Inverter topology is illustrated in Figure 2.5.

+V,d2

Vx12

Vx12 ,

,
_ _ _ _ _ --il-, ,

~-

s, ~ 4

V,d2 I
:-, ---- V'J"1,- .

s, ~ 4 ,
i

-' -
I

--. 4,

Figure 2.5: The three level multieell inverter topology

This type of converter is also known as a FCMlI inverter, but will from this point onwards be

referred to as the multicell inverter topology. The magnitude of the voltage increment

between two neighbouring capacitors is equal to me size of the voltage increment in the

steps on the output voltage waveform. The inverter illustrated in Figure 2.5 provides a three

level voltage output (Vo, /2, 0 and -Vc,/2; see Equation (4.10) forme values of the calculation

of the cell capacitor voltage levels). For voltage level V,, /2 . switches 8 , and 8 2 need to be

conducting , while switches 8, and 8 " need to be conducting for a voltage level of - Vo) 2. For

a voltage level of 0 either S, and 8, or 82 and S" need to be conducting. The clamping

capacitor is charged when S, and 8 , are conducting, but discnarges when S, ana S" are

turned on. 5 , and S"and S2and S3switch as complementary pairs.

The conduction order of the switches in a three level multicell inverter is illustratec in Figure

2.6. The formation of the output waveform is also illustrated thereon.
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Figure 2.6: The conduction order of the switches in a 2 cell mult icell inverter together with the
unfil tered output waveform of the multicell inverter

Plot 1 on Figure 2.6 illustrates the reference sinusoidal waveform that was being compared

to the high frequency triangular carrier waveform. The frequency of the high frequency carrier

signal is also the switching frequency of each cell. The apparent switching frequency is

equal to the number of ce lls in the multicell inverter multiplied by the switching frequency. For

explanation purposes only one carrier waveform is shown in plot 1. however, for a three level

mull icell inverter two carrier waveforms were required; the second carrier waveform being

180 s out of phase with the first one. The resulting switching signals that were generated by

comparing the reference signal to the two carrier signals are shown from plots 2 -5. The plots

are labelled 5 1, 52 . 53 and 54 to match up with the switches in Figure 2.5.. because tnese

respective signals are the switching signals for those individual switches in the multicell

inverter. It was seen in Figure 2.6, as explained earlier, that the output waveform was built

according to the combination of switches that were conducting at the same time. Reference

lines A and B in Figure 2.6 shows that when 5 , and 5, were conducting. the output was V,,/2

(Veo being 100 V DC in this case). Reference lines C, D, E and F showed that when 5 , and

5, or 52 and 5, are conducting, the output voltage level was zero. Reference line G showed

that when 5 , ana 5, were conducting tne output voltage became - V,, /2.
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The output voltage ripple is dependant on the number of cells. The output frequency of the

mult icell inverter is ecual to the switcning frequency times the number of cells of the inverrer.

This frequency is described as the apparent switching frequency and permits the output filter

size to be reduced by a factor of /p' (Meynard, 1995).

Some aovantages of me multicell inverter topology are as follows (Lai et al, 1996) (Kou et al,

2002):

• Switching multiplication factor will reduce Switching losses;

• large number of storage capacitors provides extra ride through capabilities:

• no capacitor balancing problems if a switch might fail;

• no separate DC bus voltage sources are neecec:

• good power quality ;

• good electromagnetic compatibility (EMC);

• low switching losses and,

• high voltage capability .

Disadvantages of this topology are as follows (Lai et al, 1996):

• When the number of converter levels become too high, the amount of storage

capacitors needec becomes excessive ana,

• inverter control is complicated.

2.4.2 Diode-elamped mult i level inverter

The three-level dioce clamped multilevel inverter is shown in Figure 2.6.
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The output voltage ripple is dependant on the number ot cells. The output frequency of the

multicell inverter is equal to the switching frequency times the number of cells of the inverter.

This frequency is cescnbec as the apparent switching frequency and permits the output filter

size to be reoucec by a factor of l i p' (Meynard, 1995).

Some aavantages of tne multicell inverter topology are as follows (Lal et al, 1996) (Kou et at,

2002):

• Switching multiplication factor will reouce switching losses;

• large number of storage capacitors crevices extra ride tnrouqh capabilities;

• no capacitor balancing problems if a switch might fail;

• no separate DC bus voltage sources are neeaea;

• good power quality ;

• good electromagnetic compatibility (EMC);

• low switching losses and,

• high voltage capability.

Disadvantages of this topology are as follows (Lai et ai, 1996):

• When the number of converter levels become too high, the amount of storage

capacitors needed becomes excessive and,

• inverter control is complicated.

2.4.2 Diode-clampec mu lt l level inverter

The tmee-Ievel dioae clampeo multilevel inverter is shown in Figure 2.6.
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Figure 2.7: The three-level diode-clamped multilevel inverter topology

In this type of inverter, the DC bus voltage is split into three levels (V,cf2. 0 anc - V,,/2) by

two series connected capacitors. As seen in Figure 2.7, the centre point of the two series

connected capacitors is used as a ground reference point. To achieve the output voltage

level of V,cf2. switches S, and S, have to be conducting. To achieve an output voltage level

of O. switches S2 and S3 need to be conducting. Therefore. to achieve the output voltage

level of - V,,/2 . switches S, and S, need to be conducting. The TWO diodes. 0 , anc O2. play

an important part in the balancing and sharing of the voltage across the switches. When both

S, and S2are conducting the voltage level across S3and S, will be equal to V" . The VOltage

across S2and S3 will be shared equally because of the balancing effect of O2. S, blocks the

voltage across C, and S, blocks the voltage across C2.

Some advantages of tne cioce-clarnpec multilevel inverter topology are as follows (Lai,

1996):

• Efficiency of the converter is high as all cevices are switcnec at funaamental

frequency;

• inverter control is simple and.

• the more levels there are. the smaller the harmonics will be and. therefore. the filters

will be small.
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Some disadvantages include the following (Lai, 1996):

• Number of clamping diodes is large when levels are high and,

• difficult to conduct real power flow control for the individual converter.
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2.4.3 Cascaded mult ileve l inverter
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Figure 2.8: A cascaded multilevel inverter topology

A cascaded multilevel inverter (see Figure 2.8) is made up of single phase full-bridge

inverters connected in series. Each individual single phase inverter has a separate DC

voltage source. Each full-bridge inverter has three voltage levels (V". 0 and - Voo) . The

output voltage would be the result of the addition of the individual single phase inverters'

outputs. Tne more converters are connected in series. the closer output voltage woulc be to

a sinusoidal waveform; the output waveform is a staircase waveform.

Advantages of a cascaaed multilevel inverter include the following (Lai, 1996):

• Requires fewer switches to achieve a certain number of voltage levels than otner

multilevel topologies;

16



• soft-switching can be used to avoid the use of snubber circuits which could be

inefficient and,

• easier to manufacture as a modular unit as it does not require extra clamping diodes

or balancing capacitors.

Disadvantages were as follows (Lai, 1996):

• Applications were limited from a need for separate DC sources.

2.4.4 The chosen topology

After considering all topologies, the multicell inverter topology was chosen. The reasons for

choosing this topology were as follows:

• No separate DC voltage sources required;

• switching multiplication factor reduced switching losses;

• low harmonic distortion level decreased the size of the output filter and,

• cell capacitors has a "balancing effect."

Chapter 4 offers the specifications of the multicell inverter and discusses design procedure.

2.5 Conclus ion

This chapter dealt with plastic welding fundamentals and provideo an introduction to

ultrasonic plastic welding systems and their basic layouts. Applications of ultrasonic plastic

welding were also discussed. A brief overview of the multicell inverter topology and how it

fined into the system was also provided.

Chapter Three discusses an ultrasonic transducer as an electrical load: an equivalent

electrical model is presented for simulation purposes.
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CHAPTER THREE
TH E ULTRASONIC TRANSDUCER AS AN ELECTRICAL LOAD

Ultrasound is generally defined as sound above the human audible frequency range; typically

above 20 kHz. An ultrasonic transducer is, therefore, a device which converts electrical

energy into acoustic energy, or vice versa, as in the frequency range between 20 kHz and 1

MHz (Davies. 2002).

There are many varieties of ultrasonic transducer - the most popular being a piezoelectric

transducer. When an electric field is applied across a piezoelectric disc. the disc's physical

dimensions change and, therefore, most electrical energy is convened into mechanical

energy. This is known as the piezoelectric effect. The piezoelectric effect is caused by a

poling procedure in the constnuction of the piezoelectric material disc. The disc is heated to a

temperature just below its Curie temperature - the Curie temperature for most piezoelectric

ceramics lies between 160 'C and 350 'C (Janocha, 2007). At this temperature the randomly

oriented dipoles' direction can be altered when an electric field is applied across the material.

The electric field is then applied across the piezoelectric material in a direction according to a

desired operating mode and held in that position as the material cools. When the material

has cooled, the electric field can be removed, leaving the dipoles in the desired direction. W

P Mason derived the electrical equivalent model for a piezoelectric disc which is named the

Mason's equivalent model (see Figure 2.3) (Mason. 1935). An ultrasonic transducer consists

of piezoelec tric discs clamped between head and tail masses .

3.1 Bolted Langevin Typ e (BLT) transdu cers

The Bolted Langevin Type (BLT) piezoelectric transducer consists of multiple piezoelectric

discs separated by thin metal plates and clampea between a head and a tail mass under

compression (Dukane, 2008). The transducer can be represented as a mechanical system

as seen in Figure 3.1.

To explain the effect of added heaa and tail masses to a piezoelectric ceramic disc. the

ceramic disc is represented by a spring.

- eec Mass

M

S;:(l~

.~

,

M

Figure 3.1: A Simplif ied mechanical equivalent model of a BLT transducer (Green, 1999)
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When this spring is stretched and released in free space, it begins to oscillate at its natural

frequency, also known as the Eigen Frequency. The factors which determine this frequency

are the stiffness of the spring ana. therefore, the physical construction of the spring ana the

masses added on either side. If the mass on either siae is increasea while the spring

press re is kept constant, t e oscillation frequency will decrease. Tnis is typically what

happens with a BLT transducer with the addition of a boaster ana horn.

The relationship between tne oscillat ion frequency and mass could be illus:rated by

modelling the mechanical system as an electrical system (Green, 1999).

In a BLT transducer more than one piezoelectric ceramic disc is used to handle higher power

levels. Therefore, a pre-stressing bolt is used to clamp me spring for sufficient coupling. The

bolt can be equated to a stiff spring placed in parallel with the entire system. The stiffer the

spring and the tighter the bolt, the better the coupling between ceramic discs. At a specific

tension, tne ceramics couple to such an extent that they are forced to oscillate at an

equivalent frequency. The bolt is used to bias the vibration and ensure the piezoelectric discs

do not crack under expansion at the tuning frequency.

When the ultrasonic transducer is being driven it becomes a saurce of standing waves.

When the lengtn ot the ultrasonic transducer is matched to the driving frequency, the device

resonates mechanically and becomes a source of standing waves where the amplitude of the

standing waves is at its highest. The physical output movement of a typical multiple disc BLT

ultrasonic transducer at a frequency of 20 kHz ana operating power of about 100 W is about

20 micron (Dukane, 2008), that coula be amplifieo by sing boosters anc 'or horns as is the

case shown in Figure 3.2.

Figure 3.2: Ultrasonic transducer consist ing of head mass (M,). piezoelectric disc stack (A) and
the tail mass (M,). The booster (8) and stepped horn (C) combination is used with the 8LT

transducer for testing
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The photograph (Figure 3.2) shows tne head ane tail masses (M, and M,), the piezoelectric

stack (A), the booster (B) and the stepped horn (C) - the components that make up the

ultrasonic tool.

3.2 Charac teris t ic s of BLT tran sducers

BLT transducers were the preferred type of ultrasonic transducer used for ultrasonic plastic

welding applications, as the physical oisplacement at the edge of the transducer was large

compared to other types of transducers. The BLT transducer was also physically stronger

because of its construction. A feature of BLT transducers is tney use poreless . high aensity

piezoelectric discs (Perle, 2004). The mechanical contact between the discs and masses are

improved so that the mechanical damping is decreased. It is also mechanically extremely

strong and stable (Chang, 2003).

3.3 Mod elling a BLT transducer

An equivalent electrical mocel of tne ultrasonic BLT transcucer is requirec to simulate the

ultrasonic loac (which is comprised of mechanical compon ents) in the inverter topology .

Although there are commercially available impedance analysers that would have been able

to measure the equivalent circuit parameters of an ultrasonic transducer automatically, one

was not available fo r use in this project anc these analysers are generally expensive .

Tnerefore it was necessary to develop a quick way of measuring the equivalent ctrcuit with

the equipment available at the time of the project.

Mason developeo an equivalent transmission line mocel for piezoelectric ceramics as shown

in Figure 3.3.

v,
- -- - - - - - b - - - - Z, - - - -

Zs

•F·
I -c,--.

•E = C,

1:N • F:

Figure 3.3: Mason's equivalent transmission line mode l
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This model can be used to simulate all the modes of resonance of an ultrasonic transducer.

as shown in Figure 3.4. It was unnecessary to use this model, as the inverter would be driven

only around the main resonant mode. Tneretore, a simpler solution was found,

0.C8

0.07 ~

D.C6

'~

~
D.C5 ,

.§ 0.0":'
-c;

003 ,

-
0.02

A ...

~. 5 2 2.: 3

n o

Figure 3.4: Admittance versus frequency plot at a transducer where C is the thickness
resonant mode of the transducer and A, 8 and 0 are the radial and length modes of resonance

The electrica l equivalent circuit, often used to represent the electromecnanica l relationship of

a piezoelectric device, is called a Butterworth Van Dyke (BVD) electrical equivalent circuit

(Butterworth, 191 4) (Van Dyke, 1925). Butterworth Van Dyke simplified Mason's

transmission line model for a quartz resonator (see Figure 3,5), The BVD electro acoustic

moael was thus used to simulate the ultrasonic transducer, since only a single piezoelectric

resonance was to be examined (see resonance mode C. Figure 3.4). because the transaucer

was ariven at its resonant frequency only,

3.3.1 Butterwo rth Van Dyke (BVD) piezoelectric disc model

The BVD equivalent circu it is comprisea of a RLC series resonant circuit in parallel witn an

electrical capacitance, The RLC circuit (R, ' C~ ana L, ) represents the mechanical branch of

the transducer anc tne parallel capacitance C, represents tne electrical branch (illustrated in

Figure 3,5).

Sections 3.3.2 to 3.3.4 describe me rnetnocs usee TO ceterrnine the values of tnese

pa ramete rs in the avocircuit.
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Figure 3.5: BV O equivalent circuit simplified tor a single resonance mode

3.3.2 Elec tromechanica l coupling factor

The first pa rameter to be calculated was the electromechanical coupling factor, since the

on ly cara available was the admittance versus frequency sweep mat was obtained from an

impedance analyser, The electromec hanical coupling tactor , ke,t, is defined as the conversion

rate between rne input electrical energy and the stereo mechanical energy (tula, 2002),

When ke~ is equal to 1 it means there is 100 % energy transfer and vice versa. when kec is

equal to 0,

The admitt ance plot disp lays both the mechanical anc electrical resonance behaviour

tnrougn the maxima and minima of the plot (Figure 3,6),

Y m ::: 0.07S

,~ -

:::l -

Figure 3.6 : Admittance versus frequency plot pointing out th e maxima and minima points of
the ultrasonic transducer when loaded with PP
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The magnitude plot of these maxima and minima points provided me information needed to

calculate the electromechanical coupling factor. k~". of the transducer as follows (Davies.

2002):

(3 .1)

wnere

;, ~ the paratlel resonance frequency.

;, ~ ril e series resonance frequency obtainee from 1,1e conductance curve;

1m :: the maxima . represeming the series resonance and.

In~ the minima, representing the parallel resonances from the absolute

admittance plot.

3.3.3 Mechani cal quality factor

The quality factor Q T> can be calculated by reading the series resonance I, ana the half power

point !:J.13cB from the conductance curve:

o ~~
_ 111 !'1/;ci fj

or it may be approximated from me absolute acmrttance curve:

o UJ", -lly.J\
- "' ~ 2( UJ - (j) ) -IY

II '" r"

(3.2)

(3.3)

3.3.4 Modelling the basic parameters of a piezoelect ric transducer

There are four funeamenral electrical parameters usee for the moeelling of piezoelec tric

transducers, namely R.~ . L~, C~ and C, . These parameters define me network completely

and are acceptable from which to derive other parameters. When the value of Q _ is obtainee,

the following parameters can be calculat ec (J Oavies. 2002):

(3 .4)

(3.5)
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c = 1
III W, Q", R",

(3.6)

If it is impossible to measure the clamped electrical capacitance C, using either a

capacitance bridge or a Q-meter. the electromechanical coupling factor, kec, obtained from

equation (3.1) could be usee in the following equation:

c" =c", (~..- 1)k : I
~1; )

(3.7)

3.3.5 Calculated equiva lent circu its versus measu red sys te ms resul ts

By using equations (3.4) to (3.7). the electrical equivalent BVO circuit was modelled to

approximate the measured values of an ultrasonic transducer under various load conditions.

A comparative admittance plot between the measured and the theoretical calculations are

shown in Figure 3.7. The various load conditions compared are the transducer in free air

(shown in Figure 3.7), the transducer loaded with high density polyethylene (HOPE)

(Appendix G). the transducer loaded with polypropylene (PP) (Appendix G), the transducer

loaded with polyvinylchloride (PVC) (Appendix G) and the transducer loaded with Perspex

(Appendix G).

The theoretical values for the models were generated from the Matlab source code shown in

Appendix F. The values for the parameters f" f" Ym and Y, were obtained from the

measured admittance versus frequency plots of the transducer in the various load conditions

as illustrated in Figure 3.6. The actual values used for these parameters are shown in

Appendix C.

24



cecuerec
-- Meas Ll rec

o, - - - - - - - , - - - = = =:== =_
o.os-

2: 0.013 -

0.0 7 -

0.08 -

,
~ 0.05 -

~ 0.04 -

0.0 3 -

0.02 - j

O . O1~_ pi '\
~ ~ '~

0,;:----:'''''''5- --:2''.':--;;' --:,,:-----:;,-;;'- --:'''2'''5--=-=2''':=. =":'--:.3:-'- -:-2.':'
<reccencv (1-;;: ) )( 10~

Figure 3.7: A comparison betwee n the measured admittance values versus frequency and the
calculated values with the aid of a BVO mode l of a BLT transducer with a horn and booster in

free air. The calculated theoretical circuit parameters are as foll ows: Co= 12.6 nF, L", =0.023 H,
Rm =10.31 n and Cm =2.31 nF

3.4 Co ncl us ions

Tne ultrasonic transducer as an electrical load was discussed in order to understand the

complications and difficulties associated with driving such cevices . The basic ultrasonic

theory. the BLT transducer and the characteristics of such a transducer were explained .

To understand the dynamic behaviour of the ultrasonic transducer under different load

conditions, a bar chan representation of the change in the equivalent circuit parameters

when loaded with various plast ic samples, is provided as Figure 3.8.

A visual representation of the change in equivalent
circuit parameters in variou s plastic materials
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=e m (nF)
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~ 15 f.-11-- -!'a ':'~ "' II-.-.JI
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Figure 3.8: Comparison of the equivalent circuit parameters calculated from the measured
admittance versus frequency scans



Note the values of Co, Lm and C; remains constant for all practical purposes; however, the

value for Rm changes significantly under various load materials,

The accuracy of the BVD equivalent circuit results are illustrated through the admittance

versus frequency plots from the BVD equivalent circuit against the original admittance versus

frequency scan. Figure 3.7 (also see Appendix G) shows that the calculated BVD equivalent

circuit correlates closely with the actual transducer in the frequency versus admittance

scans.

The susceptance versus the conductance plot better known as an admittance circle, was

drawn of the measured versus the calculated BVD equivalent circuit parameters (see Figure

3.10). All information from the transducer was derived from the admittance circle, as

illustrated in Figure 3.9. Vector diagrams were used to derive values for Co, fm. t.; f, and fp . An

admittance circle gives an overall understanding of a particular transducer's resonance

behaviour.

" u"
i ,..
r h,
•

t s

Figure 3.9: The admittance vector diagram for a piezoe lectr ic vibrator. Maximum and minimum
admittances are represented by 1m and fn in the diagram. The series and para lle l mechan ical
resonances, t, and fp respectively, are also sho wn on diagram together with Rand Ge which
represent s the mechanical damping of the resonance and the dielectric loss conductance

respectively, The half power points(-3dB) are marked as f, and fa (Stansfield, 1990)

Result of comparison between simulated and measured acmittance circles of the ultrasonic

transducer is shown in Figure 3,10, The vertical offset of the admittance circle in the

susceptance axis was because of the clamped capacitance C" The circle illustrates the

single piezoelectric mode and has a diameter of 1/R which could be measureo by the

absolute admittance difference, The addit ional smaller aormttance circle represents a

superimposed resonance,
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Figure 3.10: The simulated versus the measured admittance circles of an ultrasonic transducer
in free air

The measured and calculated admittance circles did not correlate perfectly; however. the

information illustrated in Figure 3.9 could still be derived from the plot.

It was. therefore. evident from the simulated results that the BVO model was adequate for

the simulation of the ultrasonic transducer at its main resonant frequency.
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CHAPTER FOUR
THE SELECTION AND DESIGN OF AN ULTRASONIC INVERTER

The ultrasonic transducer needed to be excited with a sinusoidal AC driving voltage.

An ultrasonic transducer has various mechanical modes of operation as seen in Figure 4.1 .

0.08 - ----- - - ---- ----- -

0.07 -

0.06 -

~ 0.05 
"-
~ o.~ -

V ::'.'10 US otre- mecneoicaj
<. 0.0'3- rnooes

I
0.02 -

"'.
o_al -~,. , /
~ j

o-,--:=-----~----=:o,~=:==-'-===-___c
1.5 2

Frec cency (Hz)

Figure 4.1: Various mechanical modes of an ultrasonic transdu cer shown with the main
operating mode of the transdu cer

When an ultrasonic transducer is driven off its main resonance mode. unwanted mechanical

resonances of the ultrasonic transducer can be excited that could cause physical damage to

the device (Green, 1999). Therefore. an ultrasonic transducer cannot be driven with only a

square wave, because of the wave's harmonics (Kaiser, 2004)(Bracewell. 1963). This is

because a square wave consists of a meoretical infinite number of sinusoidal waves (Kaiser,

2004) (Bracewell. 1963). It is. therefore, essential to operate the transducer with a driving

voltage which is as close as possible to a sinusoidal driving voltage.

The power supply should be small and economic because of a neeo for a low-cost portable

ultrasonic plastic welder. An overview of the various multilevel inverter topologies was

discussed in Chapter Two. The reason for choosing the rnulticell inverter topology was also

discussed.

The next section discusses the design procedure of tne multicell inverter.
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4.1 Design of the multice ll invert er

The theoretical design methodology is presented in the following sections.

4.1.1 Introduction

The multicell inverter uses a ladder structure of capacitors where the voltage level of each

differed from the next. The voltage difference between two adjacent capacitors was equal to

the voltage step size in the output voltage waveform of the inverter.

An interleaved switching scheme was used in the multicell inverter to optimise the output

voltage waveform in respect of the reference sinusoidal waveform. Interleaving control

signals resulted in an apparent switching frequency equal to p times the switching frequency

(switching frequency was the rate at which a DC voltage was switched in order to produce an

AC voltage). This apparent switching frequency created switching harmonics at a higher

frequency than the inverter's output voltage waveform. resulting in the use of a much smaller

output filter than normally required: in turn reducing the overall weight and size of the system.

The multicell inverter topo logy solved the problem of the static and the dynamic voltage

sharing of the voltage across the blocking switches (Molepo, 2003). In this type of converter

voltage stress on all blocking switches is identical; voltage stress over a blocking switch is

equal to the voltage difference between neighbouring capacitors.

4.1 .2 Design specificat io ns

Design specifications were defined from the transducer type (as discussed in Chapter Three)

and research undertaken on the operating ranges of commercially available ultrasonic plastic

welders. The design specifications set for the ultrasonic inverter are listed in Table 4 .' .

Table 4.1: Design Specifications of an ultrasonic inverter

Parameter

Input voltage

IOutput voltage

Output frequency

I Switching frequency

I Maximum output current

ISymbol 1 Value

1 ' 00

1' 00

1
300

1' 0

29

1 Unit

IV, .,

kHz



The input voltage was chosen as 100 V DC to generate a 50 V AC driving voltage on the

output of the inverter. The output freauency of the inverter was specified as 25 kHz as an

upper limit for the output driving voltage. because of the ultrasonic transducers resonant

frequency in the region of 21 kHz (depending on the load condition). A switching frequency of

300 kHz was chosen in order to produce an apparent switching frequency of 900 kl-lz, which

was high enough to reduce the harmonic dlstortion on the output voltage of the inverter. A

rule of thumb is to have the switching frequency of the MOSFETs at least 10 times greater

than the output frequency of the inverter in order to reduce the chance of switching

harmonics overlapping. This in turn reduces the size of the output filter of the inverter. The

factor by which the high apparent switching frequency reduces the filter size is rf (Meynard,

1995), where p is the number of commutation cells in the multicell inverter.

During operation the ultrasonic plastic welding tool drew more or less 1.5 An. The maximum

output current was specified as 10 A to provide a safety margin and also flexibility to use

other ultrasonic transducer types in future which might draw more current.

4.1.3 Design of the flying capacitors

The design methodology for the reactive components of a multicell inverter was proposed by

Hamma et al (Hamma et at, 1995). To design the capacitor C, it was necessary to

determine characteristics of the ripple voltage and the current flowing in this capacitor. For

design purposes the ripple current in the smoothing inductor was neglected. The current in

the smoothing inductor was assumed constant, although in reality it varied with respect to

time.

Because the natural stability of the voltage distribution (Hamma et ai, 1995) a maximum

voltage of 33.3 V was applied across each blocking switch. These capacitors guaranteed the

maximum voltage per switch would not exceec E/P; this voltage was damped by the use of

flying capac itors.

It is worth noting that the state of the other elementary cells hac no influence on the current

and voltage applied to the switches of a given cell. The shape of me current ie• was

dependent only on the state of the tw O switches, Stc., and Sk, and the instantaneous current

(i,,) in the capacitor C, could have only three values (Hamma et al. 1995) as:

• i" = Ie, when Sk,_ , is on and Sk,is off;

• iCJ<, = 0, when Skr_ i and Sk,are in the same state and,

• i" =- I" when Sk,_, is off and Sk, is on.
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where I, is the average value of the current in the mouctor, I, (Hamma et at, 1995) as

illustrated in Figure 4.2.

VdCO

===C2

== Vci< == Cf

I

----~, -----~' ---'-~-----~~
54 Ss 56

Figure 4.2: Diagram at the multicell inverter with the inductor currents used for designing the

flying capacitors

The three operating modes were derived from the value of the duty cycle 0 and the phase

difference between the triangular carrier signals (0) . The following analysis is for a DC - AC

inverter and valid for any number of cells where pt1 (p represents the number of cells):

1. When a 5 0 5 T, o/2 n , the charge and the discharge time of the current I" in the

capacitor C, is equal to OT,. The RMS current is given by the following equation

(Hamrna et al, 1995):

When equation (4.1) is normalised with respect to t, it gives:

fck_ n_", ~ ,h.D

! "

(4.1)

(4.2)

where I" Ick=, and 0 are the load current, me RMS current flowing in the capacitor

and duty cycle respectively.

The normalised voltage ripple is given by:

C, ,lV .,

T,!"
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F. Harnrna et al. illustrated that a plot of the characteristics of equation (4.2) ana equation

(4 8), i.e. I" ,~,/I, and C.,!!.VjT;I, versus duty cycle witn phase-stuff 0 ) as a parameter, are

s ymmetrical with respect to the 0 = ;:2 axis (Hamma et ai, 1995).

T ne capacitar value C, can be determined from equation (4.6). It must be notec the capacitor

C, snould be ab le to with stand celi valtage eaual to kV/p. Flying capacitors enjay the same

capacitance values. but the ir voltage ratings diffe r.

Using the known values af me maximum ripple valtage l!. Vo< , .~£<), me loaa current /, far a

given value of phase-shitt , tne switching frequency is. the size of a capac ito r nac to satisfy

th e following limn wruch is derived fro m equation (4.6):

(4 9)

Wnen a current flows througn the capacitors it causes a voltage ri pple. The maximum

vo ltage ripple w as assumea to be 5% of the DC bus voltage, tne retore. tne maximum voltage

ripole w as assurnec to be 5V.

With the voltage ripple (5 V). switcning frequency (300 kHz). phase-shit: between cells

( 2.71p) anc the riMS OUtput current (7.071 A" ,,,,) ali known. tne capacitance of C, is

calculated to be greater than or equal to 1.571 Il F.

Tne two flying capacito r VOltage ratings afe calculatec using the following equation (Hamma

e t al, 1995):

k. E

P

WiJere E is tne input DC voltage and p is the number ofcells and k=l. 2 . .,p- 1

(.!. 10)

T r:eefore, rne voltage ratings of tne flying capacitors V:1 ane V:2 are 66 .6 V ana 33.3 V

respectively. As tne calc ulatec value is not stancarc, any larger value coulc have been

cnosen. A VOltage rating of at leas: 100V was sufficient for me flying capacitors. wrucn

resultec in a safety margin of at le2s: 33 V. The flying capacito rs rna! were usee in tne

rnulticell inverte r r ac a capacitance of 2.5 IlF anc hac Eo VOltage raring of 1000 V::.
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4.1.4 Design of th e DC bus capacito rs

Tne select ion of the rwo DC bus capacitors was deterrninec essentia lly by the ripple current.

The COS! of me components also playec a role in til e selection. A figure of tne ripple current

in The DC bus capacitors is snown as:

I c ~v,
I,

I
_I

,
I
-

L·
~,'"Y'r'·_~ ~

I

• -, I v;

.

:l~
Multicell-
Inverter

Figu re ";.3: Rip ple cu rre nt in the DC bus capacit ors in th e mu ltic ell invert er

The voltaqes ana currents snown anc narnec in FIgure 4.3 are usee in me cerivation of tne

DC bus capac.tc r calculations.

Tne hig tl -frecu ency component of tne ripple curre-it is ignorec in tne calculat ion of me DC

bus cap acitance. Tne current that is flowing in m e filter inc uctor is give'! oy rna formula:

i =lO~inca (4 11 )

\itIn ere 10 A is me pea- cu tput curre:u. wnicn was cnosen in rhe c esign specit icatrcns

Tne current flow ing tnrougn me botto m cacacito r to grOU1 C is, :nerefore. giver; oy m e

following ec uaticn:

~ = C d\ .
., . dt

s uosmunnc (4.1 i ) ioto (4 .12) gives:

d\ '
S ~ in a = C~ ~

J\ ' ,1 = SC sin cud:



(4. 14)

(4.15)

where OJ is the fundamental angular freauency equal to 2 ,750 rac /s.

It w as assumed there was a voltage npple of 5% on me DC bus witn a voltage of 100V. The

exp ression for the maximum allowable vo ltaqe ripp le on me DC bus is given by:

5 - V\' = --=0
r.--,-~ C c! OJ

From equation (4.15) the DC bus capacuance ls ca lculated as :

C = 5
n 13 1-' .159)1 5) = 3183 ~ F

The capac ttance value of eaen of tne !'NO DC bus capacitors hac to be a stancarc value as

close as possible to tne calculated value. Tneretore , in this aesign 2. stancarc valu e of 3300

",F was chosen. Tne voltage rating of the capac itors nac 10 be at least 50 V.

4.1.5 Des ig n o f th e bleeding resi stors

The role of the bleeding res istor in th e rnulticell inV6:1er was me resistor c iscnarcec a nigh

voltace DC bus wnen the inverter was switcnec off in a no-loac conc ition. Tne bleee

resistors were connectec across the DC bus capacitors : tnis ensurec a quick cisc harc e of

capacitors when me power supply was switcnec off. I! also rnin imisec me chance of electric

shock.
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Figure 4.4: A parallel RC circuit

Figure 4.4 shows a simple parallel RC circuit with the appropriate labelling referreo to in th e

calculations of the bleeding resistors.

Fro m the step response of an RC circuit the voltage across the discharging capacitor (as

seen in Figure 4.4) is given by:

whi ch gives:
. '\

[ = - RClnl \ ;: )j

The power dissipated in the resistor is equal to:

V=
p = -

R

(4 16)

(4 17)

(4.18)

In order to discharge the 3300 >I F capacitors with an initial voltage of 50 V to a voltage of 2 V.

a resistor of 8.2 k Q will take (4.17) :

r =- (8200)(3183,ui In( -" I
\ .)0)

= 23.91 seconds

W ith a bleeding resistor, the DC bus took 23.91 seconcs to d isc harge to 2 V.

It was calculatec the 8.2 k Q resistor would take 23.51 seconc s to discharge the 3300 >I F

capacitors. This meant ceterrnininc me power rating ot me resistors was more tnan the

power dissipatec in me resistor which was calc ulatsc by (4.18):

V :
p = 

R
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50'
=--

8200

= 304.878 mW

Therefore. a ~Wan. 8.2k n resistor has placec across eacn DC capacitor.
o

4.1.6 Des ign of th e out put fil ter

To obtain the cesired sinusoidal waveform from me inverter, an output filter had to be

cesigned . In this case a second order low-pass filter was createc , becau se it hac tne ability

10 arren ate me nigner frequencies more steeply. Tne filter was comprisec of an inductor in

series and a capacitor in parallel with the load (as seen in Figure 4.5).

Fitter Inductor

Input -..

Transcucer Loac

Filter c ececncr ",-..,.

Figure 4.5: A sec ond order low-pass LC filter

Equations for tne second order low-pass filler usec are snown (Killen et al. 985; Boytstao t

et.al,1994).

where:

fc

represents toe

represents me

represents me

filter incuctor

octput lmpecance

cut-off frecu ency

(4.19)

Tne output impecance Z~ was taken as 0 n anc :ne cut-oft frequency Iewas take n as 25

kHz. Tne caiculatec value for me filler incuctor L·was 127.3 uH.

wnere: represents tne

represents me

filter capacitor

output lrnpecance
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lc represents the cut-off i requency

Using the same values tor the cut-off i requency t, and the output impedance Z, that were

used for the filter inductor calculation, the filter capacitor C, was calculated to be 1,3 IlF,

Figures 4,6 and 4,7 show the measured impedance versus i requency and the phase versus

i requency plots ot the constructed low-pass filter respectively,

5Ca----------~-------

5GO-

I ~GO -

~ 300 -

i
.s 200 -

lea -

Figure 4.6: Impedance versus frequency plot of the physically constructed filter measured with
the HP 4192A impedance analyser
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Figure 4.7: Phase versus frequency plot of the physically constructed filter measured with the
HP 4192A impedance analyser
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4.1.7 Component select ion

The section explains the considerations that were taken for the physical components used in

the design and construction of the multicell inverter.

The MOSFET drivers used in each switch were ICL 7667 drive rs from Intersil Corporation.

The ICL 7667 was a dual high speed driver that was capable of producing switching signals

of up to 15 V. The input voltage required ranged from 4.5 to 15 V DC. The output resistance

was 7 0 while the oevice had a low power consumption of 20 mW. The device was TTL

compatible which was important because of the TIL switching levels that were supplied from

the power electronic modulator.

The MOSFETs used in this project were IRF 520 devices. It was an N-channel power

MOSFET that had a current rating of 9.2A and a voltage rating of 1OOV. The drain-to-source

on-state resistance of the device was 0.270 O.

The flying capacitors had values of 2.5 ~F per device and 1000 V DC voltage rating. The

tolerance of the capacitor wete z 5 % .

The schematic diagrams illustrating the components and the component values used to

construct the physical multicell inverter are shown in Figures 03 and 04. Figure 03 shows

the schematic diagram of the high side switch of a single cell. while Figure 04 illustrates the

schematic diagram of the low sioe switch of a singie cell in the mutlicell inverter.

4.2 Heat sink desig n notes

Semiconductor switching devices have power losses which are dissipated in the form of

heat. derived from the switching junction. The reliability and life expecta ncy of a power

semiconductor device is directly associated with the maximum Junction temperature

experienced by the device.

In the process of choosing a suitable heat sink, the maximum allowable junction temperature

the device could tolerate had to be consioered. In calculating a heat sink with absolute

minimum specifications (no safety margin), tne maximum junction temperature. maximum

power dissipation (sum of the switching pewer loss and conduction loss) and the maximum

ambient temperature of the device were usec.
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4.2.1 Conduction and switching power losses

Similar to that of a half-bridge inverter , the cell of a multicell inverter is contro lled in a

complementary method so that only one switch conducts at a time. Therefore, the power loss

based on the behaviour of one of the switches was calculated.

Conduction losses occurred on ly when the devices were switched on and began conducting.

The on-time (10,) was determ ined by the duty-cycle (0) of the switches, which was again

dete rmined by the modulation index (rna) of the reference signal. The modulation index (rna)

of the reference signal is given by:

2\1
m =--"-

" V
dl ffilnJ

Where ~;" is the peak output voltage and Vo !m,n) is the minimum input voltage.

The maximum duty cycle (DT) of the top switch is given as :

DT= l -DB

1 . JDr = - il - m sm (ca ), "

(4.2 1)

(4.22)

(4.23)

The botto m switch was turned on when the carrier waveform was greater than the reference

waveform. Therefore, the duty cycle of the bottom switch (DB) was given by:

T .
D,Ts = - ' [l - m sm(ca )1, "

1 . IDB =-[l - m Sm(cal, "

The power loss in a metal oxide semiconductor field effec t transistor (MOSFET) device is a

function of the current flowing through it and tne resistance of tne device in its on state .

When the top switch is on, the current tlowinq through the device is equal to the current

Hawing in the filter inductor. If a unity power factor is assumea (a power factor of 1 means the

load is purely resistive) ana the ripple current ignored. the current in the inductor is given by:

i , = B sin«(U) (42 4)

where (t) = 2:r{ and B = 1/ 2= 14.142 A
v " { ,
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The on state resistance (Roo,0"') is obtained from the manufacturer's data sneet. The

concuction and switching losses for a MOSFET is dependam only on the device's on state

resistance and the switChing frequency (switching time).

Table 4.2: MOSFET data used for conduction and switching power losses

7.07 ,AI b - bAS (A)Forward current

Parameters ISymbol I Maximu m value

Drain - to -source on-state resistance I R !JSrON, 10.0105 n
Turn-on time

1
10' (5) 125 ns

I
ITurn-ofl time 1 1000(5) I 85 ns

1 Forward voltage IV, (V) 1.5 V
, - ,

I Peak reverse recovery current

I Reverse recovery time

I I-r (A)

I t,.(s)

1
7A

1140 ns

I Junction to case thermal resistance

ICase to sink thermal resistance

IJunction to ambient thermal resistance

IMaximum junction temperature

IMaximum ambient temperature

10.6 'C;W

10.5 ' C/W

I 40 QC/W

I 150 -c
25 -c

The co nduction losses in the switching devices are calcutatec in tne next subsection.

The concuction energy c issipatec in me top device c uring one swncruno cycle is given by

(Moleco. 2003):

E I \ . I' . T
..0 ='1 O\ { - m.. ~tn ( a.r »)( 8 .;m ( l!.l ») 5 (42 5)

The average conauction lasses dissipated in a switch are given by:

P nti = R DS, U \ I ;HSD (42 61

Where R DSrCf\ , is me on state resistance. 0 is the duty-cycle a,'1O I='AS is me RMS current

awing in the MOSFET switcn,

Tne switcning losses in me ce vices a-e calculatec as:

4 1



The switching power losses of a MOSFET switch over a fundamental period is given by

(Molepo, S.A.2003):

p =.LV m (t . - t )
mll,.h "t ~ .., _ ,ell b 0.\ ' OFF

- "

The reverse recovery losses in the antiparallel diodes were also calculated .

(4.27)

A diode requires time to switch from conducting the forward current (I,) to blocking it. This

time is referred to as reverse recovery time (t~) . The turn-off energy of the diode during a

switching cycle is given by:

(4.28)

Where I~ is the reverse recovery current, t.; is the reverse recovery time, V",,, is the voltage

across the dioce at recovery and 0 is the duly cycle.

The power loss of one fund amental cycle is given by (Powerex application note, 2007):
P" = O.1251" ' ,,v,,,J , (4.29)

The next step was to calculate the heat sink value.

TJ

I
R:r(i-< )

Te
Rth(C-S) Rti'l(s.a)

T.

OK

Figure 4.8: A thenmal representation of the system

Transmission of heat from the semiconductor devices through the heal sink to the ambient

occured in the following order. as shown in Figure 4.8.

• Transfer from the hear source to the surface of the device case;

• transfer from tne device's case surface to the surface of the heat sink ana,

~2



• transfer from the heat sink to surrounding air, by means of free or forced

convection.

The thermal resistance values sought for the heat sink design were obtained from the

manufacturer's data sheet Thermal resistance was defined as the ratio of temperature TO

power (degree of temperature increase resulted from an input power),

The junction-to-case temperature (0<) is given by:

Where Rmu-CJ is the juncticn-to-case thermal resistance and Pcone and P SNitei'lmg is tile

conduction and switchinq power losses respectively as calculated before,

The junction-to-case temperature Tj-q m",) is used to calculate the maximum allowable case

Temperature Te, which is given by:

Where 0 is the junction temperature,

The maximum allowable heat sink Temperature ( T,) is given by:

T, =T, - lR'h< ,_" (PST <l",,, )j

Where PST",», is the total loss per switch,

(4,31)

(4 32)

The sink-to-ambient thermal resistance (R,.,,,.,,) determines the size and type of the heat sink

TObe usee to provide sufficient cooling and prevention of overheating of devices .

(4.33)

where PTi is the total power loss per inverter.



Table 4.3: Calculated answers for the heat sink design

Parameter Calculated answer (Unit)
Pcona 0.525 W

Pswl!Cni~ 2.45 1 W

P" I 1.224 W

4.2 W

1.786 'C

m, I 0.9 I
B I 14.142 V

T, I 148.214 'C

T, T 145.909 'C

28.788 'C!W

Figure 4.9 gives a visual representation of the main contributing power loss types as

discusseo ana the calculations given in Section (4.2.1).

~

1.224
~29%

0.525
13%

Iiil Conduction
loss

• Switching loss

o Reverse
recovery loss

Figure 4.9: A visual representation of the main contributing power loss types in the system

The value of Rm,,·, . allows for no safety margin, therefore. the value had to be reduced by at

least 30% to permit for a 30% safety margin.

4.2.2 PCB heat sin k

When designing a PCB using power switching devices such as MOSFETs, an effective heat

sink should be used to dissipate excess heat generated witnin tne system. As surface



mounted MOSFETs were used in this design, a conduction pad area on the PCB was

designed to ensure sufficient cooling. Figure 4.10, from Mircell Technologies (Bob Wolbert,

2008), shows the required PCB pad area for efficient dissipation of heat.
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Figure 4.10: The graph shows the PCB Heat Sink Area required tor the calculated thermal
resistance at the system (Bob Wolbert, 2006)

PC Board Heat Sink
Thermal Resistance vs. Area
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The solid line represents the area of a square, horizontal, single-sidea. solder masked.

copper PCB trace heat sink. No airflow is assumea. The broken line represents a heat sink

covered in black oil-based paint with airflow of 1.3 rn/seconos.

4.3 Fibre optic isolation

To electrically isolate the inverter from the digital controller, all gate driving and feedback

signals were sent and received through fibre optic transminers and receivers respectively.

The type of fibre optic cable usee was a simplex fibre optic cable. It was constructed of a

single incex plastic core sheathed in a plastic jacket.

The transmitters used in the project were Agilent HFBR 2521, me receivers Agilent HFBR

1521. To be able to transmit data via fibre optic, a criver interface IC was usea. The IC used

was the Fairchild SN 75451 open collector driver. The eminer of the transistor in tne driver

chip is internally connectec to ground. while the collector was unconnectec . The advantage

of the open collector driver was mat a pull-up resistor could have been added to the open

collector of the driver, making it possible to drive devices with a higher voltage requirement.
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The schematic diagrams of how the fibre optic interface drivers were connected to each cell

of the multicell inverter were shown in Figure 03 and 04 in Appendix O.

4.4 Auxil iary power supply

An auxiliary power supply was needeo to provide the required DC voltage levels to the

control circuits anc drivers of the inverter system. There were two problems to be

tnvestiqareo. The first was each switch's driver and control power supply had to be

electrically isolated from each another. Anomer problem was the auxiliary power supply had

to be powered from the same supply as tne inverter. rather than an external power supply.

Tne solutions to these problems are explained in this section. Tneretore an auxiiia"! power

supply consisting of six floating supplies was needeo to be custom designed tor the multicell

inverter. It was nor possible to use commercially available power supplies. because tne COSt

of the project had to be kept to a minimum.

4.4.1 Auxil iary power sup ply spec if icatio ns

The required specifications of the auxiliary power supply are given in Table 4.4.

Table 4.4: Specifications of the auxiliary power supply

Paramete r Value IUnit

Power Rating 30 IW
Input Voltage 100 I V

Switching frequency 150 IkHz

Regulatea DC outputs x 6: IvOutput 1 15

Output 2 5 I V

Tne auxiliary power supply was reouireo to run off t e same supply VOltage as the multicell

inverter. Tneretore, me i put voltage specified was 100V DC. Eacn MOSFET switcns ariving

ana control Circuit neeoed both a 5V anc a 15V DC supply; tnis meam only six 5V outputs

ana six 15V outputs. T e switching frequency was cnosen as 50 <Hz because of me

transformer core type used in me step-cown transformer.

4.4.2 Auxil iary power supply design

As noted previously in section 4.4. . an auxiliary power supply neeos to run from me same

supply voltage as supplieo to the multicell inverter. This was realiseo by using a zener aiace

as a voltage regulatorro clamp the voltage down to 15.1V (me voltage rating of the o.oce).

This clamped voltage of 15.,v was tee to me Signal generator ana the gate drivers of the

half-bridge inverter useo in me auxiliary supply, as shown in Figure 4.11,
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Figure 4.11: The overview of the half-bridge inverter and step-down transformer stage of the
auxil iary power supply

The output AC voltage waveform of the half-bridge inverter was then fed into a step-down

transformer where it is stepped-d own into six identical lower voltage waveform s. These lower

voltage AC waveforms were then rectified and regulated to produce specified voltage levels.

4.4.3 Halt-brid ge invert er stage

The first part of the auxiliary power supply was, therefore, the half-bridge inverter. The half

bridge inverter used in the auxiliary power supply converted the 100 V DC bus voltage to a

100 V peak to peak AC voltage.

The MOSFET driver used for the inverter circuit was an International Rectifiers IR2113 high

and low side driver. Two 100 IlF bus splitt ing capacitors were used and the MOSFETs used

were International Rectifiers IRF520 devices with voltage ana current rating of 100 V and 9.2

A respectively. Figure 4.12 illustrates the converter.
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Figure 4.12: The half-bridge inverter with the components as used in the project

The next stage of the auxiliary power supply was to convert the 100 Ve., to smaller voltage

levels. isolated from one another, in order to be rectified by a bridge rectifier. The schematic

diagram with the actual components used for the half·bridge inverter in the auxiliary power

supply was shown in Figure 0 1 in Appendix D.

4.4.4 MUlt ip le output ste p-dow n transformer

The multiple output transformer was an important parr of the auxiliary power supply as the

outputs to the switches and its driving circuits needed to be electrically isolated from one

another. The design methOdology of the transformer is discussed.

Table 4.5: Transfo rmer output ratings

1
100

1
100

1
10

1
15

Transformer IVoltage( V".,,) ICurre nt(mARMS)

Outp ut

1
1

15
1

100 I
2

1
15

1
100 I

3
1

15
1

100 I
"



Multiple outputs were needed from the transformer, as shown in Table 4.5. The transform er

was designed to give an output voltage of 15 V and an output current handling capab ility of

100 mA per output winding. The current rating was chosen alter considering the total current

that was drawn by the driving circuitry of each switch. A greate r current value was chosen for

a reasonable safety margin.

The transformer was designed for a primary voltage of + 50V and -50V swing from the half

bridge inverter. An ETD 29 core made of N27 material was selectee for the design of the

transformer for this power supply. The ETD 29 transformer cores were used for power

applications fo r a switching frequency of up to 100 kHz. The design parameters of the

rransformer are shown in Table 4.6.

Table 4.6: The design parameters of the transformer

I Paramete r I Symbol IValue I Unit

IMaximum input IV,/2 150 IV
voltage

Maximum primary Iv;

1

100
IV

side voltage

Switching frequency I t, 50
1

kHz

Effective area
of I~

1

76 Irnrn"
core

Maximum magnetic 8 m
200 mT

flux density of the

care

Maximum magnetic I cp ~ e ; »; \ 15.2 ! IJWb
flux

The design of the primary windings of the transformer used Faraoay's Law.

From:

V = N x drp
pn • pro dt

We get:

(4.34)

(4.35)



Since 'P = Bm A" then

Therefore:

(4,36)

50
1.\' pr, :: - - - -'--- -

~(l 5 , 2,u ) (50000)
6,4 turn s

This was the minimum amount of turns rneoretically on tne primary winding, The next inteqor

17 woulo be me minimum number of turns needed, To prevenr the transformer from

saturating, me num ber of turns was increased to 20,

Tne seconaary windings for tne secondary voltages were calcutarsc using:

V N
~ =~xD

V N
1''' p':

Which was rewritt en as

t'r",D

For the 15 V output, tne secondary winding s were:

v _ (1 5)1 20 , - s turns
, ~! - (100)1 05)

(4,37)

(0 8)

Tne cuty cycle 0 is cefinec as me ratio between me cu ra:ion of the pulse t, anc tne total

perioc tT of me rectangular wavefo rm, as illustratec in Figure 4,13,
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Figure 4.13: A waveform diagram illu strating the duly cycle of a signal

The thickness of the primary and secondary windings was a function of the current flowing

through it. This was determined using the maximum current density of 6 Nmm'. The cross

sectional area of the secondary winding was given by:

f .
A = ~
~, 6

The diameter of the secondary winding was given by:
--
I
-lA~D . - --

" ,,. - \ ;r

Using a 100 mA for all the Windings, the diameter of the wire was given by:

D = O.21mm
.. .,r~

(4.39)

(4.40)

Therefore. a wire diameter of 0.4 mm was chosen as suitable for all secondary windings. The

diameter was chosen as a greater value than calculated as a safety margin.

The primary current is given by the relation :

f v N
--.J:::.... :::::.~ ::::::~ D

f ""~ \lPri 'Vim

5 1

(4.41)



/ pn = 0.5(200 x 10 ' )

= 0.1

0.1
A pri =6

A pn =0.016mm'

The thickness of each of the secondary wires was given by:

~
4Apn

D..-ir<' = -- = O.143mm:,
A wire diameter of O.4mm was selected in this power supply design. The diameter was

chosen to be a greater value than calculated as a safety margin.

The output voltages from the various secondary windings had to be rectified. then regulated

to DC voltages required by the drivers and controllers of the multicell inverter. Section 4.6.5

describes the final stage of the auxiliary power supply.

4.4.5 Rectifying stage

This stage of the power supply rectifieo each of the secondary output voltage waveforms

from the transformer to a DC voltage and thereafter regulated the voltages to its desired

magnitudes.

This was easily achieved by connecting the secondary output of the transformer to a full

bridge rectifier as seen in Figure 4.14. The tull-brioqe rectifiers used for the rect ification had a

current rating of lA. The rectified voltage is then regulated by using 15V (LM7815) and 5V

(LM7805) regulators. The schematic diagram of the regulator stage was illustrated in Figure

02 in Appendix D.

~-\ := r i. dqe I I
,

1 5V Out put;

5V Out; put

Figure 4.14: The rectification and regulation stage
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4.5 Switching signal genera to r

In orcer to produce the steppec output waveform of the multicell inverter, tne switches

needec to be conducting in a specific sequence. This switching pattern was a modulation

technique and the modulation tecnnique usee for this inverter topology is described next:

4.5.1 Introduction to Pulse-Wid th Modulation Contro l (PWM)

PWM control is a metnoc for controlling me output voltage of an inverter system. Tne output

voltage waveform consisted of a single pulse in each half-cycle. Tne outse-wlcth of tne

switChing signal was variec to control tne output AC voltage waveform. For a simple half

bridge inverter the output voltage was obtainec by driving the MOSFETs with two square

wave signals which were 180' out of phase witn each otner. The switching sequence

required 10 build tne stepped near-sinusoidal output waveform of the multicell inverter

recu irec a variation cf tne modulation technique, explained in Section 4.5.2.

4,5.2 Sinusoida l Pulse-Wid th Modulation

The PWM technique used for this study was the SPWM technique. The name of the

modulation technique describes the nature of the implementation. A reference sinusoidal

waveform was compared against a high frequency carrier signal to produce the SPWM

signals as shown in Figure 4.15.

'l . -··- --·· -\----- .

,L_

I
1..1-- ';:--:':"- -_....----.- ._-

c tt __t(IIOI' '1
-;~ ..,.q .. ..~

------ ..... - )... to"~i"""<".... -

] .4 -'·" - -- '. - - - ' -'

;
];; : .2--'

• •~ 1 -- , --

.i : 2-

~ . -..

..u ---- ..... 1..:-0
T

.... :,>---:. --

., OJ ,. L' t .r u t ,;

Figure 4.15: Reference sinusoidal wa veform being compared with a high frequency carrier
triangle waveform. The resulting SPWM signal from the comparison between the reference and

the carr ier waveform is shown
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4.5.3 Interl eaved SPWM techniqu e

For implementation in the multice/l inverter topology, SPWM signals generated must be

phase shifted in order for commutation cells not to switch simultaneousiy; when they are

switched at the same time It will effectively be a short circuit condition. This is called

interleaved SWitching. For a 3 cell rnulticell inverter the carrier signals of the cells are phase

shifted by 2JOp where p Is the number of commutation cells. It was, therefore, seen each

commutation cell was controlled by its own carrier signai which is compared to a reference

signal at a fundamental frequency. The interleaved SPWM switching technique resulted in an

apparent switching frequency which was p times the switching frequency of a single

commutation cell. It also produced an output ripple voltage of amplitude equal to VI p. Trus

high apparent switching frequency resulted In the smooming inductor size to be reduced by a

factor of rI (Meynard et at, 1995) and the capacitor size to be reduced by a factor of p3

compared to a conventional half-bridge invener. It also resulted in the flying capacitor values

to be smaller (Wu et ai, 1999). The result of the Interleaved SPWM switching scheme on a 3

cell multlcell inverter is shown in Figure 4.16.

Vout

-- 60.00....
~ 40 00

"~ 20 00
"0 0.0;..

-20 00

-40.00

-60.00

l ··.JL
.. .~ .

1.2512191.1 SS 1 28 1

Tiln~ (m .' )

Figure 4.16: The resulti ng output of a 3 cell multicell inverter with the interleaved SPWM
switching scheme

The digital controller Is being designed by another Masters student (CR Jooste) at the Centre

for Instrumentation Research (CIR) at the Cape Peninsula University of Technology (CPUT).

A sinusoidal reference signal generated by a DSP (digital signal processor) device is

compared with a modulator in a FPGA (field programmable gate array) device. An example

of the development board used is shown in Figure 4.17.



Figure 4.17: The FPGA development board used to generate the switchinq signals for the
inverter

The FPGA phase shifted the switching signals of the three cells and inverted the switching

signals for the complementary switching pairs: the digital controller was electrically isolated

by fibre optic transmitters and receivers.

4.6 Conc lusions

The design procedure of a four-level multicell inverter inverter was given. The switching

frequency of each cell of the inverter is 300 kHz. which causes the apparent switching

frequency of the inverter to be 900 kHz. because the output apparent frequency is equal to

switching frequency multiplied by the number of commutation cells (Hamma. 1995).

A 3 cell multicell inverter prototype was designed anc built (see Figure 4.18) according to

aesign specifications and results obtainea are aiscussed in Chapter Five.
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Figure 4.18: The 3 cell multicell inverter proto type

The specifications and the des ign of the auxiliary power supply were also discussed in detail.

The auxiliary power supply was tested (see Chapter Five for results).

Chapter Five presents and discusses the experimental results of the multicell inverter, the

auxiliary power supply and me ultrasonic plastic welding system.
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CHAPTER FIVE
EXPERIMENTAL RESULTS

This chapter presents the experimental results obtained from the practical work completed

on the auxiliary power supply described in Chapter Four and the multicell inverter described

in Chapter Five. The equipment used for measuring and capturing the data for the auxiliary

power supply was a Tektronix TDS 20248 oscilloscope with a Tektronix P2220 probe and an

Agilent 54622A oscilloscope with the Agilent 10074C probes used for both auxiliary power

supply and multicell inverter. The Tektronix TCPA300 Ampiifier and ACIDC current probe

measured the multicell inverter current waveforms. The voltages of the balancing capacitors

were measured using a Tektronix 1103 TEKPROBE Power Supply with the Tektronix P5205

differential probes. The software package used to simulate the predicted waveforms of the

multicell inverter with the various plastic loads was PSIM version 7.0.

5.1 Test in g of auxil iary po wer supply

The half bridge inverter in the auxiliary power supply was the first of the auxiliary power

supply to be tested. A first reading taken was the output of the half-bridge inverter used in the

auxiliary power supply with an input voltage of looVDC. The captured waveform is seen in

Figure 5.1 to be a voltage 100 Vp_, at an operating frequency of 50 kHz.
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Figure 5.1: The output of the inverter of the auxiliary power supply on the primary of the
transformer

The output voltage of the half-bridge inverter was then fed into the primary side of the

multiple-output step-down transformer. The voltage waveform on one of the secondary

outputs was measured and the captured waveform is displayed in Figure 5.2; the output

voltage waveform is 15 Vc-c at a frequency of 50 kHz.
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Figure 5.2: The output of the invert er on the secondary of the transformer

Each of the six output AC voltage waveforms from the transformer, as shown in Figure 5.2,

was then fed through an individual rectiiying and regulating circuit. The two voltage levels

obtained for each of the six switches' driving circuitry are seen in Figure 5.3, and are

identical.

, ' ,. I
=-- - - - - - - - ~-- - =- ., - ~ -- ~ - - -,- " - - - - - - .-1

Figure 5.3: The regu lated outputs of one of the regu lating stages

The complete auxiliary power supply was tested with the multicell inverter as a system ana

all voltage levels were correct.
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5.2 Testing of th e mu llicell inverter

The multicell inverter had to be tested with both a resistive and an ultrasonic load to prove it

operated correctly in line with this study.

5.2.1 Testing a single commutation cell as a half-bridge inverter

Figure 5.4 gives an illustration of the experimental setup that was used to test a single

commutation cell as a half-bridge inverter.

Optical fi bre
interface

Power
electronic
modulator

Vout
lout

•

Vdc .:
Half-bridge

inverter ~ Rtcae

Figure 5.4: Block diagram ill ustrating the experimental setup used for testi ng the half-bridge
inverter

A single cell of the multicell inverter was first testec as a half-brioge inverter topoloqy to

discover if everything worked correctly. The first result obtained from the half-bridge inverter

was when it was driven at a switching frequency of 100 kHz. The captured waveform is

shown in Figure 5.5; this ini tial test was carried out at a lower DC bus voltage of only 17 V

DC.
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Figure 5.5: The inverter output at a sWitching f requency of 100 kHz

A stable output waveform was obtained and it was decided to increase the switching

frequency of the inverter to the specified 300 kHz.

With the half-bridge Inverter setup switching at 300 kHz waveforms of the gating signals (see

Figure 5.6) and the output voltage (see Figure 5.7) were taken.
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Figure 5.6: The gating signals on the IRF520 MOSFET at 300 kHz

The signa ls on the gate of the MOSFETs were measured to be tne correct voltage level (10

V) and frequency (300 kHz), but the output waveform of the inverrer contained unwanted

oscillations and ringing.
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Figure 5.7: The output of the half-bridge inverter at 300 kHz driving a resistive load

As can be seen in Figure 5.7. there was considerable oscillation, or ringing on the output

voitage of the inverter. Upon further investigation a possible cause of the ringing was

identified as parasitic inductance in the physical inverter circuit. The MOSFET switching

device had parasitic inductance from the packaging. as seen in the equivalent circuit of

power MOSFET device in Figure 5.8. These inductances are caused by physical wire

connections to tne circuit which are typically negligible at low frequencies. but have an effect

at high frequencies as the paras itic inductance maimains a constant currem during the turn

off of the MOSFET. This causes the MOSFETS to have a greater commutation loss.

Gate

So]
cf ~c., ~
~~'g

[: , ' '.; -T'~
I

)

'====== ~lD==

R,

Dram

Figure 5.8: The equivalent circuit of a power MOSFET device (Anon, 2008)

Other factors which might have added to me parasitic inductance of the system were lead

inductance, poor PCB layout ana long connection wires. These effects were reducea by

shorrening all the connection wires ana by using decoupling capacitors at the correct places

in tne circuit. The MOSFET aevice inductance was reduced by choosing a D2PAK package

instead of the T0220 package, because me leg leads are shorter ana the drain tab is also
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much smaller compared to the T0220 package. A future consideration would be to opt for a

DirectFET switching device, which when connected the correct way, has the smallest

inductance of all the standard packages.

The results obtained after shortening all the connecting wire lengths and replacing the

T0 220 packages with D2PAK packages are shown in Figure 5.9.

Tek JL e Stop..

M1.oo,US DC / UJN
14-Nov-{)71S:2ll <10hz

Figure 5.9: The output of the half-bridge inverter after leads were shortened and D2PAK device
were used

Results of the output voltage of the half-bridge inverter after the D2PAK MOSFETs were

switched at 300 kHz contained virtually no ringing ano were stable. It was decided, therefore.

to test the multicell inverter as a 3 cell topology.

5.2.2 Testing the 3 cell mu lt icell inverter topology with a resistive load

Figure 5.10 provides an illustration 01 the experimemal setup that was used to test the 3 cell

mu!tcell inverter with a resistive load.
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Figure 5.10: Block diagram illustrating the experimental setup used for testing the 3 cell
multi cell inverter with a resistive load

The FCMlI was tnen rested with a resistive load as the three cell configuration was used for

this project The first test run used a switching frequency for eacn commutation cell of 80

kHz. This related to an appa rent switching frequency of tne converter of 240 kHz. The

captured unfilt ered output voltage waveform at a switching frequency of 80 kHz is shown in

Figure 5.11. The unfiltered waveform presented in Figure 5.11 was measured at the point B

In Figure 5.10.

-%- Agileat Tecbnolagies: . ~
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.---,---~----------- -.-

it 1:.. ... ..

.

Figure 5.11: Unfil tered output of the multicell inverter at a switching frequency of 80 kHz or an
apparent switching frequency of 240 kHz

Tne 3 cell multlcell inverter operating at a switching frequency of 80 kHz was tested. A stable

4 level output voltage were measurec at an apparent switching frequency of 240 Hz.
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Figure 5.12: Filtered output of the multicell inverter at a switching frequency of 80 kHz or an
apparent switching frequency of 240 kHz

The filtered output voltage seen in Figure 5.12 was measured at point C in Figure 5.10.

It was decided to increase the frequency to the specified 300 kHz per commutation cell as

stated for rhis project. This translates 10 an appa rent switching frequency of 900 kHz of the

inverter. The 300 kHz complementary pair of switching signals for one commutation cell

measured at the gates of the MOSFETs measured at point A on Figure 5.10 is shown in

Figure 5.13.

Z7 ~, , 3Z ~, ,
]; ;.S, ,

l.
_ ~---r-_ ---:.-...:-~~--.:-.

Figure 5.13: A screen shot of the 300 kHz comp lementary switching signals for the three
commutation cells taken from a logic analyser
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The next step was to see if the flying capacitors were "balanced," in other words constant at

required voltage levels. The required voltage levels for the 3-cell multicell inverter were 66%

of the input voltage for the first flying capacitor and 33% of the input voltage for the second

flying capacitor. The input voltage to the inverter for the simulation was set at 120 V DC and

the corresponding voltage levels on the flying capacitors were 80 V for the first flying

capacitor and 40 V for the second ftying capacitor as was expected (see Figure 5.14 for the

simulated). The experimental setup for the resistive load was set to an input voltage of 56 V.

The measured waveiorms in Figure 5.15 shows that Vc1 was 37.5 V (cursor Y2 on Figure

5.15) wnich is 2/3 V". Vc2 was shown to be 1/3 V cc-

Vcf2 \lfcl

1/v . _

110 ,00

100.00

80 00

60.00

40 00

20.00

00

-20.00
00 0.50

Time (rns)
1.00 1.50

Figure 5.14: The simulated flying capacitor voltage levels

Vc2

Figure 5.15: Flying capacitor voltage levels
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The unfiltered output voltage was also measured and the captured waveform seen in Figure

5.16. Although the output signal at an apparent switching frequency of 900 kHz was "noisy",

the four voltage levels can be seen clearly. The waveform in Figure 5.16 was measured at

measuring point B in Figure 5.10.
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Figure 5.16: Unfiltered output voltage of multicell inverter at a switching frequency of 300 kHz
or an apparent switching measured at a frequency of 900 kHz

The frequency spectrum of the waveform shown in Figure 5.16 is shown in Figure 5.17. The

span of the spectrum was set to be 5 MHz with the centre of the spectrum set at 2.5 MHz.

i)

(ii)

I

Figure 5.17: The frequency spectrum measurement of the unfiltered output voltage measured
at measuring point B in Figu re 5.10
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It was illustrated in Figure 5.17 that the apparent switching frequency caused the switching

harmonics to be shined up the frequency spectrum to 900 kHz (marker (ii)). The fundamental

of the reference waveform (22 kHz) was indicated by marker (i). The harmonics at multiples

of the apparent switching frequency (marker (iii) at 1.8 MHz and marker (iv) at 2.7 MHz) is

propagated down the frequency spectrum until it is insignificantly small.

The filtered voltage and current waveforms of the multicell inverter. driving a resistive load is

shown in Figure 5.17. The waveforms in Figure 5.18 were measured at measuring point C in

Figure 5.10.

Voltage

Current --. ....

Figure 5.18: The filtered output voltage (to p) and current (bottom) waveforms of the mu lt icell
inverter driving a wire wound resistor that contains a smatt inductance, causing the output

current to lag the voltage

It was noted the output current and voltage of the inverter was out of phase. but tnis was

expected as the power resistor used for measurement was a wire-wound resistor. merefore

not purely resistive. but contained an incuctance. which caused the output current to lag the

voltage. Trace 1 represented the output voltage: Trace 2 output current.

5.2.3 Testin g the 3 cell mu ltic ell inverter topology with th e ultrasonic load

Figure 5.19 gives an illustration of the experimental setup that was used to test tne 3 cell

multcell inverter witn an ultrasonic load.
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Figure 5.19: The block diagram illustrating the experimental setup used for testing the 3 cell
multicell inverter with an ultrasonic load

After good results had been obtained from initial tests of the 3 cell multicell inverter driving a

resistive load, it was decided to test it with the ultrasonic transducer as a load at a fixed

frequency close to the natural oscillating frequency of the transducer in free air. This

frequency at which the ultrasonic transducer resonates in free air was measured as 22.3 kHz

with the HP4192A impedance analyser. The reference frequency was set to 22.1 kHz to

drive the ultrasonic load. The power was varied manually by increasing the bus voltage

supplied to the multicell inverter. However, this is not ideal and would not work in industry

applications. Future work will have to include development of a variable PWM drive signal to

tne buck converter to change the bus voltage supplieo to the multicell inverter automatically

at turn-on. The freauency was manually set in tne firmware of the signal generator to the

measurec resonance frequency of the ultrasonic transducer obtained from the admittance

versus frequency scan on the impedance analyser.

The first test was to see if t e flying capacitor would remain ' balanced". Witn an input

voltage of 90 V DC. me flying capacitors remainec ' balancec' witn voltage levels at 62.5 V

(cursor Y2 in Fig re 5.120) ana 30 V (cursor Y, in Figure 5.20) respectively.
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Figure 5.20: Flying capacitor voltagelevels with the ultrasonic transducer

The output voltage and current waveform s of the multicell inverter with an ultrasonic loaa

was captured with the transducer loaded with two diffe rent plastic samples. The transducer

had to be loaded with a material so that sound energy coula be transferred into mat mater ial.

The reason for this was if sound energy was not transferrea, it would be reflectec back from

the 1001 tip towards the piezoelectric discs and could then lead 10 the destnuction of tne

device. This in turn is from the acoustic impedance of air being much higher than the

acoustic impedance of the ultrasonic transducer.

E-~'I

Figure 5.21: The unfiltered (top) and filtered (bottom) waveforms measured at points D and E
respectively in Figure 5.19 . The switching frequency was 300 kHz and the apparent switching

frequency 900 kHz

The simulated output voltage and current waveforms of tne ultrasonic tool loadea with a

Perspex sample are illustrated in Figure 5.22. The sirnulatec waveforms suggeSt that the
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voltage would lead the current. See Appendix 11 for the simulation setup.
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Figure 5.22: The simulated output voltage (top) and current (bottom) waveforms that were
captured after filtering of the mult icell inverter driving the ultrasonic transducer loaded with a

Perspex sample

Figure 5.23 show that the measured voltage of the ultrasonic welding tool loaded with

Perspex was leading the current.

Voltage

Current

Figure 5.23: The filtered output voltage and current waveform s of the multicell inverter dr iving
the ultrasonic transducer loaded with Perspex sample

The simulated output waveforms of the ultrasonic welding too l loaded with HOPE expected to

appear in the measured results (see Figure 5.24). showeo currem was leading the voltage.
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Figure 5.24: The filt ered simulated output voltage and current waveform s of the multicell
inverter driving the ultrasonic transducer loaded with a HOPE sample

The current and voltage waveform s in Figure 5.25 correlate very well with the precictec

simulation in Figure 5.24. II was seen that the ult rasonic transducer was being seen as a

capac itive load by the inverter.
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Figure 5.25: The filtered output voltage and current waveforms of the mult icell inverter driving
the ultrasonic transducer loaded with HOPE sample

It is important to note that the load current seen in Figure 5.25 is of a non-linear ioac . It was

seen from Figure 5.25 that the non-linear loao was being driven success fully by me rnult icell
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inverter that was used in this project. This proves thai the multicell inverter can drive a non

linear load successfully.

The measured input voltage and current values for the input power calculations were

measured as 99.74 V and 93 mA respectively.

The output voltage and current waveforms that were used to calculate the output power is

shown in Figure 5.2.6.

Voltage

Current

Figure 5.26 : The output voltage and current waveforms into the ultrasonic transducer to
calculate the output power

The input and output voltage and current levels were measureo at exactly the same

conditions. The ultrasonic transducer was loaded with HOPE and milling imo it. The input

power was calculated to be:

P _If . [ = (99 7' )(0 09, ) = 9 ' 67W .
'.'o'(R. \/S I - IS IR\f5 , (SI R.\fS, . ""t . - . - RW) (5.1)

where V,-\ ,«vs , was the input RMS voltage and J j,"' , R.\ IS) was the input RMS current delive reo

to the multicell inverter.

The output power was calculated to be:

(5.2.)
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where V OLT IR'fS ) was the output RMS voltage and I OCTl R." "wa s the output RMS current

delivered to the ultrasonic transducer.

From the input and output RMS power values the inverter efficiency while driving an

ultrasonic load could be calculated.

The efficiency was given as:

P O LT 1R.\ fS J
TJ =

P ' S l RJ,fS J

8.866 = 0.956 = 95.6'1<:
9.276

(5.3)

The eff iciency of the three cell multicell inverter driving the ultrasonic load while welding

HDPE was calculated to be 95.6 %.

5.3 Conclusions

The results obtained from various experiments and tests were presented in this chapter. The

auxiliary power supply, the multicell inverter with a resistive and an ultrasonic load were

shown to operate effectively from results achieved. The efficiency of the multicell inverter

with an ultrasonic transducer loaded with HDPE was also good at 95.6 %. It was shown that

the multicell inverter was driving a non-linear load while the inverter was still providing a

sinusoidal output voltage and the flying capacitors remained balanced.
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CHAPTER SIX
PLASTIC WELDER TEST

6.1 Testing the sys tem as a plasti c welder

To examine whether or not the inverter and ultrasonic transducer combination used in the

project could produce effective spot welds, the quality of tne welding joints had to be tested.

The test methodology to evaluate the weld quality is also described in this chapter. The

welding joint strength could be tested by performing a tensile strength test. A tensile force is

defined as a force that tends to pull the component apart (U S Department of Energy, 1992);

in other words it is said a component is in tension.

The tested tensile strength can then be compared to either a set of standards or given as a

percentage of the tensile strength of the material, ie the tensile strength of a plastic sample is

testec then a test is carried out on the welding joint in a sa mple of the same material.

The tensile property testing procedure ASTM 0638 , from the American Society for Testing

and Materials. was used as a test procedure guideline . In short. the document stated an

lnstron testing machine must be used for the tensile strength tests and the jaws may move

apart at rates of 0.2, 0.5, 2 or 20 inches a minute while pull ing the sample from both ends

(Society of Plastics Industry, 1976).

In a tensile strength test the sample material will be secured between two clamps. This

sample will then be pulled with a specified pulling force until the sampie tears or breaks. The

breaking point is measured and the tensile strength is g iven in Newton. An illustration of a

typical tensile strength testing apparatus is shown in Figure 6.1. This test is a good indicator

of the strength quality of a plastic spot weld where the welds produced were under nearly

perfect application of downward force and welding time.
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Welding
sample

Clamp 1

Welding joint _ _ _ _ .....:1 I Testing
direction

Clamp 2

Figure 6.1: Typical tensile strength test ing apparatus

Anomer rnetnoc to evaluate a plastic sPO! weld was by a chemical test. This rnetnoc requirec

the spot welced sample to be imme-sec in acetone between !'NO ana four hours (Kamwelc.

2003). Faulty weles separate from me sample material. Any strains and stresses will also be

visible, beca use the chemical causes the material TO swell in that area (Karnwelc, 2003 ). Tne

chemical used for the test is aceto ne. Trus method clearly snowec wnetner or not tne system

produced qooc quality spot welds regareless at cownwarc force and time appueo.

6.1.1 Spo t welding res ult s

The types of plastic samples cno ssn !O be weleec were the thermoplastics acrylonitrile

butadiene styrene (ABS). polyester. polyvinyl cnlorice (PVC) and polyethylene rerepntn atate

(PET).

ASS was tne plastic material credit cards a~e made from . The samples usee hac a tnickness

of o.smm. Polyester is the matedal tnat transparency paper is mace of. The tnlcxness of we

po lyester samples used in th e expe riments was O. 3mm. Tne truckness of me PVC sample

USE-C was O.4mm anc suer, PVC strips were commonly usee in me packaging i ndus~r/. Tne

PET samples were 0.4 mm thick and was me plasnc material usee to construe! certain soh

drink bottles.
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Among factors influencing the quality of the weld were downward force and the welding tip

diameter and shape. The tip of the ultrasonic horn was measureo to have a diameter of

3.28mm; the transducer is setup as shown in Figure 6.2.

Figure 6.2: Experimental ultrasonic plastic welding setup

No external oownward force. except for the weight of the welding 1001 was applied during the

welding operation. Therefore. the downwaro force given was the weight of the ultrasonic

welding 1001 multiplied by the gravitational acceleration. The downward welding force was

about 19.62 N (with the transducer/welding tip combination weighing 2 kg).

When the spot welding tests were periormeo, two plastic samples were placed on top of

each other and clampeo down rigidly. Without applying external oownward force on tne

transducer. the samples came into contact with the welding tip for 5 seconos eacn. Tee

physical results of the weloed samples are shown in Figures 6.3 - 6.7. Three ASS sample

pairs from a credit card were welded toqetner as shawn in Figure 6.3. Figure 6.4 shows two

pure ASS sample pairs weldeo tocetner. Figure 6.5 shows the results at tne polyester

samples welced together ane Figure 6.6 shows the result of the PVC strips wslcec together.

The final samples that were Spot weleed were the PET samples. snown in Figure 6.7.
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Figu re 6.3: ASS samp les from a credit card spot welded

Figure 6.4: Pure ASS samp les spo t welded together

Figure 6.5: Polyester samples spot welded

Figure 6.6: PVC strip samples spot welded
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...

-
Figure 6.7: PET samples spot welded

The ASS samples in Figure 6.4 both had a good penetration and bond as the actual welding

joint could clearly be seen on both ends of the welding joint. The ASS samples shown in

Figure 6.3, however, did not have good penetration and the weld was poor, because the

weld was not properly formed. Figures 6.5 - 6.7 shows thinner samples of Polyester, PVC

and PET respectively spot welded at the same conditions. All of the welding joints on these

samples had excellent penetration and the welding joints were strong (see Section 6.1.2).

From observing the spot welds on each sample, it was evident the welding operation was

dependant on various conditions. On closer inspection it was seen the welding penetration of

some of the initial samples was too shallow, resulting in a poor weld. This was the result of

the combination of a low welding force and a short weld time. Therefore, as with any

handheld tool, the quality of the weld is proved dependant on the correct use of the tool.

6.1.2 The tensile st rength test

The machine used for testing the tensile strength of the spot welding joints was the Instron

8801 material strength tester (see Figure 6.8). The tests were carried out at the Mechanical

Engineering Department on the Cape Town Campus of CPUT.
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Figure 6.8: The Instron 8801 material strength tester

Since the machine is used to test the tensile strength of materials much larger than the

plastic samples, an adaptor had to be constructed to mount the plastic sample without

intertering with the welding joint.

An easy solution for this was to use two 100mm iron rods with a diameter of 10mm to clamp

into the jaws of the tester. A square piece of metal plate (length of 50mm and width of 50mm)

was welded onto each able to mount a welded sample. To ensure the welded area remained

unaffected, a hole was machined in the centre of the metal plate. The plastic sample could

then be glued onto the metal plates and clamped like a sandwich. The glue used to attach

the sample to the metal plate was cyanaochloride (commonly known as Super Glue) with

specified tensile bond strength of 210 kg/cm2 (Bostik, 2007).

The bond formed by the Super Glue was not strong enough for the tensile strength tests, so

Pratley Steel Quickset was used instead. The bond made by the Super Glue was torn off at a

pulling force of 230 N. The strength of the bond made by Pratley Steel Quickset glue was

stated as 20 MPa on the manufacturer's datasheet (Pratley, 2009). This glue was also not

strong enough and broke loose from the plastic as the sample was being pulled. Finally, after

consulting a plastics expert, it was suggested Pratley 1-2-3 be used; Pratley 1-2-3 forms a

better bond with plastic materials (Pratley, 2009).
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Figure 6.9: Theadaptors used to secure the samples for tensile strength tests

6.1.3 The chemical quality test

For this test a glass jar with a screw-on lid was half-filled with acetone. The lid had to be

fastened tightly as the acetone was ketone based and would evaporate if not covered. The

plastic samples were then fully immersed (see Figure 6.10).

Figure 6.10: A spot welded sample immersed in acetone

The length of this test was chosen as three hours. within the recommended time for such

chemical test. One of each of the samples shown in Figures 6.3 - 6.7 was tested to see

assess the overall quality of the spot welded samples. The results of the tests are discussed

in Section 6.1.4.

6.1.4 Plastic welding test conclusio n

The acceptable weld strength for plastic welding joints was taken to be 75% of the strength

of the base material (Kamweld. 2003).

The pure ASS samples in Figure 6.4 were tested to have weld strength of 1035 N. This is

99.4 % of the tensile strength of the base material with the same diameter; the ASS strip the
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e width of the welding tip had a tensile strength of 1041 N (see appendix H). These

specimens are seen in plots 3 and 5 in Figure H3.

The PVC sample in Figure 6.6 was tested to have a joint strength of 213.5 N (see appendix

H). The results thereof could be seen in plot 6 in Figure H3. The base PVC strip had a tensile

strength of 233.3 N, which means the spot weld on the PVC sample had strength of 91.5 %

of the base material of that width. The result of this specimen is shown in plot 1 in Figure H3.

The welding joint of the polyester sample in Figure 6.5 was pulled apan at a pulling force of

161.86 N (see appendix H). The base polyester sample strip had a tested 217.94 N tensile

strength (see appendix H). The results of these specimens are shown in plot 4 and 2 in

Figure H3 respectively.

The chemical quality test was performed on all spot welded plastic samples. None of the

samples separated from the spot weld and the weld remained perfect; no swelling was noted

at the spot welding joints.

The transducer was loaded with a polypropylene sample and the captured waveforms of the

unfiltered (top) and filtered (bottom) signal is shown in Figure 6.11.

t

Figure 6.11: Unfiltered and filtered waveforms while performi ng plast ic welding

After the two tests were completed and results were evaluated. it was evident the system

could produce good quality spot welds. The weld strength was. however, largely influenced

by the downward force applied to the welding tool and the time taken to perform a weld. For

a hand-held tool, these factors were determined by the skill of the user.
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6.2 Testing the system as an ultrasonic drill

The difference between the drilling operation and the welding operation with the same horn

tip was the downward force applied to the transducer tool. When even a Newton or above

extra force was applied in the downward position by hand the tip will drill through plastic and

other materials. The thicker plastic samples unsuitable for spot welding with an ultrasonic

plastic spot welder were used to test the drilling operation. Photos of the drilled samples are

shown in Figure 6.12 - Figure 6.16.

Figure 6.12: The top view of a 17mm thick HOPE sample after being drilled

Figure 6.13: The bottom view of Figure 6.12

Figure 6.14: Drilled 3.0mm Perspex sample
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Figure 6.15: Drilled 3.0mm polypropylene sample

Figure 6.16: Drilled aceta l sam ple

These were exposed to the drilling operation for 5 seconds and downward farce from a free

hand applied to the transducer. As can be seen from results. the 17mm HPDE sample was

drilled through in 5 seconds multiple times. The 3mm plastic sample was also easily drilled

through within 5 seconds. However, me 3mm PP sample was drilleo to a depth of only 2.2

mm. The acetal sample could also reach a drilling depth of only 1.8 mm.

6.3 Conclusions

A method for testing the effectiveness of the system as a plastic spar welder was presented

and results shown. To determine if tne system could be implemented for ather ultrasonic

applications. it was testeo as an ultrasonic drill. Because of its tip shape anc size it suited

itself to that application quite easily. Chapter Seven araws up the final conclusions of the

research ana evaluates if the research aims and objectives asked at me beginning of tne

study were acnlevec .

83



CHAPTER SEVEN
CONCLUSIONS AND RECOMMENDATIONS

This chapter presents a summary of the work covered in this thesis, the conclusions drawn

from the experimental results and recommendations for future work in this field.

7.1 Auxiliary power supply

An auxiliary power supply was designed and built to operate from the same DC voltage as

the multicell inverrer and each output had to be electrically isolated. The design of the power

supply was discussed in the thesis. It was successfully tested on the multicell inverter used in

the project and the results shown in Chapter Five.

7.2 Multi cefl inverter

The multicell inverter was introduced and the design discussed in detail in Chapter Four. A 3

cell (4 level) multicell inverter was designed and built successfully. The inverter was

designed to operate with a switching frequency of 300 kHz per cell, relating to a 900 kHz

apparent switching frequency as seen by the load. The inverrer was tested successfully witn

both resistive and ultrasonic loads and the results were presented in Chapter Five.

Benefits noted from using the multicell inverter topology were as follows:

• high switching frequency resulted in a smaller output filter necessary for a

conventional class-D inverter,

• the voltage sharing nature of the inverter resulted in smaller switches and

• lower conduction losses reduced the size of the heat sink; in this case a PCB heat

sink was designed and implemented.

7.3 Ultrasoni c plasti c weld ing system

The ultrasonic plastic welding system in general operated effectively. The power supply was

able to drive the ultrasonic transducer in plastic welding operations over the entire

experimental period. The ultrasonic transducer with the available horn tip melted and various

plastics samples as shown in Chapter Six. It also weioed thin plastic strips together. The

system will work even better if a horn tip is designed specifically for plastic welding

applications.

7.4 Conclus ions to main research question

The main problem in this study was to discover if the multicell inverrer could drive a non

linear load. An ultrasonic transducer was chosen as the non-linear load for this study. From

the results presented in Chapter Five it can be seen the multicell inverter was capable of



driving an ultrasonic load successfully at a fixed frequency. The efficiency of the multicell

inverter with an ultrasonic load was calculated to be 95.6 %.

To be able to easily simulate various inverter topologies with an uitrasonic transducer, the

next problem was to research and impiement a simple yet accurate method of measuring an

equivalent model for the transducer. Chapter Three discussed the ultrasonic transducer as

an electrical load and a simple equivalent circuit for the transducer from previous research

was presented and used. The actual versus measured results for this model were presented

in Chapter Three and as in Appendix G.

After proving the successful operation of the multicell inverter with an ultrasonic transducer,

the next challenge was to see whether the inverter and transducer combination could

produce an effective plastic weld. Various thermoplastic samples were sourced. The

information regarding the strength of an effective weld also had to be researched to measure

the experimental welding joint strengths. The results shown in Chapter Five suggests with

correct application from the welder (using the correct welding force and welding time), an

ultrasonic plastic welding machine could produce effective and strong welds; where the weld

strength is higher than 75 % of the strength of the base material (Kamweld, 2003).

After developing a system for ultrasonic plastic welding. the next question was if the system

was versatile enough for other ultrasonic applications. It was easy to test the system for

ultrasonic drilling as the horn tip of the transducer was more suited to this application. The

difference in the ultrasonic welding and drilling application came down to the downward force

applied to the transducer. The system was tested as a drill on various plastic samples which

were thicker than the ideal range for welding operating. The results shown in Chapter Six

indicated the ultrasonic transducer tool worked excellently as a drill on both thermoplastics

and thermosets. This proved its versatility in application of the ultrasonic transducer tool and

power supply combination.

7.5 Thes is contributions

The main contributions of this thesis are as follows:

• it was the first time that a multicell inverter topology had been implemented on an

ultrasonic load. The multicell inverter worked well with both resistive and ultrasonic

loads. It proved that a non-linear load could be driven with a multicell inverter. A

comprehensive background study was carried out and no reference was found of any

work in this area that has been done previously.

• a quick and effective electrical model for an ultrasonic transducer was presented to

simulate an inverter with an ultrasonic load electrically and
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• this work proved the versatility of the ultrasonic transducer tool and power supply

combination. This opened doors for the use of this inverter topology in other

ultrasonic areas, i.e. ultrasonic cutting, ultrasonic drilling and ultrasonic cleaning.

7.6 Future work

Future work should focus on the following areas:

• Size optimisation by redesigning circuit boards and using surface mount packages for

all components. Also to replace the T0220 MOSFET packages with direct-FET

packages to reduce the effect of the parasitic inductance and capacitance caused by

the package manufacturing.

• Redesign the entire inverter system to be on one circuit board.

• Controi system to control the welding process.

• Implementation of a mode locking technique such as admittance locking.

• Implement a variable PWM to the buck converter to automatically adjust the bus

voltage on turn-on of the power supply.
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APPENDICES

APPENDIX A: ABBEON CAL, INC. ULTRASONIC PLASTIC WELDER QUOTE

AB BEON CAL, INC.
8 0 0 ,9 22 . 0 'lii 8 0 5 .9bb . OS 10 WWW .A 6 H O N .C O .\.
1 23 G R AY AV Er-: U E, S" r<. T,.\ [l."RS,o,R A . CA 'J31 0 \ · 18 0Cl

ORDER QUOTATION
Date : March 5, 2009
Following is the quotation you requested:

Company Name: Cape Peninsula University of Tec hnology
Contact Name: Edward Davies
Phone: 27 21 4603808 email: daviese@ cpuLac.za
Delivery Address: Cnr Keizergrach and Tennant Street

Zonnebloem, Cape Town
Western Cape 7500
South Africa

Items Reauested
Item# Qty Description Unit Extended

Price Price
H540/CV54 1 Ultrason ic Handheld Welder 40kHz , 5000W $4,800.00 $4,800.00
H540/CV54 horn 1 Horn for Model H540/CV 54 Ultrasonic Welder $650.00 $650.00

I
I

Subtotal $5,450.00 I

Please specify type of welding horn tip when order ing . See
Funds transfer fee $40 .00 I

Shicoinq Cho $589.00 IAbbeo n.com for options
To tal 56,079.00 I

Payment Terms : Shipment upon receipt of Funds Transfer
Wire Transfer to: Santa Barbara Bank & Trust, Santa Barbara, CA 93101
Account Name: Abbeon Cal Inc., Routing # 122220593 , account # 08108383

FOB: Shipping Point, Massachusetts
Shipping Method: UPS Wor ldwide Expedited
Lead Time : 4 to 6 weeks
Est imated delivery time: 6-8 days
Quotation expiration: June 30 , 2009

Thank you for your request !

Since rely,

Bob Brunsman
VP Marketing
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APPENDIX B: SHARPERTEK ULTRASONIC WELDER SPECIFICATIONS AND
QUOTE

Ultrasonic Handheld Welder

Welds, Spot Welds, Stakes, and Inserts

Model H520/CV52

These 500-watt welders contain two
overload protect ion circu its , one for the
power supply and the other for the
converter. The systems over load circuit
protects the powe r supply from
exceeding its maximum wattage. The
advanced converter protect ion circuit is
des igned to protect against excessive
vo ltage or current caused by the
app lication. With a response t ime of less
than 2 micro-seconds, these circuits
instantaneou sly prevent intern al
component damage to the power supply
and converter.

40 kHz: 500 walls
Standard 120 volts or opt ional 220 volts
50/60 Hz
Regu lated between 95-135 volts or 190
265 volts.
0.1-9.9 seco nds
8.5in H x 13.5in W x 7.5in D
(216mm H x 340 mm W x 190 mm 0 )

101bs. (4.5kg.)

1.9in (48.3mm) D, 7.8 in {193mm)L (wi std. tip)
1.5 lbs (O.68kg)

Integral with threaded end to accept
replaceable tips
Titanium
Standard- 'h"I' 2-?mm) diameter flat faced
titanium tip (seecnert for other tips )

Hardwired into hand gun. (optional oetacnace
cab le ava ilab le)

10ft standard
(optional 15ft or 25ft avai lable)

20 kHz: 500 watts
Standa rd 120 volts or opt ional 220 volts
50/60 Hz
Regulated between 95-135 volts or 190-65
volts.
0.1-9_9 seconds
8.5in H x 13.5in W x 7.5in D
(216mm H x 340mm W x t 90mm D)

101bs. (4.5kg.)

1.9in (48.3mm) D, 6.3in (T 60mm)L (wi std. tip)
1.5 Ibs (o.68l<g)

Supp lied and Priced Seperately
Trtanium or Aluminum
Hardwired into hand gun. (c ononet cetacnacie
cacle availanle]

10ft standard
(optional 15ft or 25ft: avaiJable)

(ORDER HORN AND TIP SEPARATELY)

Lengths:

Weight:
Hand Gun Specs :
Dimensions:
Weight:
Hom :
Material:
Cable Specs :

Weld Time:
Dimensions:

Model H540/CV54

Material:
Tip:

Cable Specs :

Lengths:

Frequency/Power :
Input Voltage:

Weight:
Hand Gun Specs:
Dimensions:
Weight:
Hom:

Weld Time:
Dimensions :

Freque ncy/Power :
Input Voltage:
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Hi;
The 500 Watt MaChine is $3500. It indudes the hom.

The madline alone is $3200.00.

The Voltage is 220 Volts.

Reqaros:

Gus N
Sharperte k
2005 Pontiac Road Unit A
Auburn Hills MI 48326
Tel: 248-340-0593
CeI: 248-930-9653
Fax: 248·340-6189
www Sha:perTek..com

This message is int ended only for m e use of th e Addressee{s) and may
conta in mtormatton that is PRMLEGED, CONFIDENTIAL and/ or EXEMPT FROM
DISCLOSURE und er appl icable law. If you are not th e int ended recrpient, you
are hereby notified th at any disclosure , copying, clstnbution, or use of
the information contained herein is STRICTLY PROHIBITED. If you received
th is commun ication in error, please destroy all copies of me message,
wheth er in electronic or hard copy format, as well as attach me nts and
immediately contact the sender by replying to th is email. Thank you!

--Original Message--
From: SAlES SHARPERTEK {ma ilto: gles@SharpertelccomJ
Sent : Tbursdav, Marcn 05, 2009 11:18 AM
To: Gus N
Subjea: FW: 500 W ultrasonic plasti c welder

---Original Message--
From: Edward Dav ies {mai!to:DaviesE@cput ac.za]
Sent : Thursday, Mardi 05, 20098: 11 AM
To: sale5rIDsharpertek.com
Subject: 500 W ultrasonic plastic w eld er

To whom it mat concern,

I wish to receive a form al quotation vi e e-mail for a SOOW ultrason ic
plastic welding system (port able). Could you please quote me ( 1) for a
SCOW supply and th e transducer/hom and (2) only the power supp ly.

Thank you.

Regards,
Edward Davies

Edward Davies
CPUT M&V Tea m Member
ca pe Peninsula University of Technology
Tel.: 021 % 0 3808
Email: davlese@cput.ac.za
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APPENDIX C: CALCULATED EQUIVALENT CIRCUIT PARAMETERS OF THE
ULTRASONIC TRANDUCER WITH BOOSTER AND HORN IN VARIOUS LOAD
CONDITIONS

Transducer. Booster and horn in free Air

Co ~ 587.57pF
c; ~ 1 05 , 1 3pF

Rm ~ 8.051 ohm
Lm =0.50701 H
1m =21800 Hz
I" ~ 23670 Hz
Ym~ ~ 0. 1 243S

Ym;n ~ 9. 12e-005S

IZm! = 8.0451 ohm
!Z,,! = 1.0965e..-004 ohm

Transducer. Booster and horn with Polypropylene (PP) as load

Co ~683 . 14 pF

c, ~120.58 pF
Rm ~14 .8 1 6 ohm

Lm =0.4400 2 H
' m =21850 Hz
I" = 23700 Hz
Ym~ ~ 0.0676 S
Ymm ~ 1.0620e-004 S
IZml ~ 14.79290hm
IZ"f = 9.4162e..-003 ohm

Transducer . Booster and horn with Hig h Density Polyethylene (HOPE) as load
Co = 701.25 pF
Cm = 123.660 pF
Rm ~ 14.086 ohm
Lm ~ 0.42828 H
1m = 21870 Hz
I" ~ 23720 Hz
Ym~ ~ 0.0711 S
Ymm = 1.0910e-004 S
IZml = 14.647 ohm
IZ"I ~ 9.165ge..-0030hm

Transducer. Booster and horn with Polyvinvl Chloride (PVC) as load

Co = 620.02 pF
Cm ~ 110.21 pF
Rm = 12.706 ohm
Lm = 0.48274 H
1m ~ 21820 Hz
I" = 23680 Hz
Y~~ = 0.0788 S
Y=n = 9.6300e-005 S
IZm! = 12.6904 ohm
IZ"f ~ 1.0384e+004 ohm
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Transduc er. Booster and horn with Perspex as load

C, ~ 623.73 pF
Cm = 114.14 pF
Rm = 15.797 ohm
Lm = 0.46741 H
t; = 21790 Hz
IN =23700 Hz
y-. ~ 0.0634S

y~ = 9.71OOe-00 5 S
/Zm/ = 15.7729 ohm
/Z,,/ ~ 1.029ge~004 ohm
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APPENDIX D: SCHEMATIC DIAGRAMS
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APPENDIX E: PCB LAYOUTS

Initial s and Surname:
Supervisor Name:
St udent Number:
Scale:
Board Type:
Layer Ident ifi er
Boards Required:

100

Edward Davies
Dr. R.H. Wilkinson
202008576
2:1
Double Sided
Top Layer
1



Initiols end Surname :
Supervisor Nome:
St udent Number:
Scale:
Board Type:
Layer Identif ier
Boards Require<!:

Edward Davies
Dr. R.H. Wilkinson
202008576
2:1
Double Sided
Bottom Layer
1

Figure El : PCAD PCB layout of the half-bridge inverter for auxiliary power supply
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Scale:
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Boards Required:
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Figure E3: PCAD PCB layout of the high side switch of the single cell of a multice ll inverter
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1

Figure E4: PCAD PCB layout of the low side switch of a single cell of the multicell inverter
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APPENDIX F: PROGRAMME

F.1 MATLAS

fm = 21790;
fn = 23700;
Vm = max (V);
Vn = min (V);
wn = 2'pi'fn ;
wm = 2'pi'fm;
keff = sqrt (1 - (fmA 2)/(fnA 2));
am = (wn)/(2'(wn-wm)) • abs(Vm)/abs(Vn);
R1 = 1/(abs(Vm -Vn));
L1 = (Om ' R1) / wm ;
C1 = 1 / (wm • am ' R1 ) ;
Co = C1 ' (1/(keff A 2) - 1);
Co = Co ;
Lm = L1 ;
Rm = R1 ;
Cm = C1;
w = 2·pi.·frequency;
Z2 = Rm + j.·w:Lm - (j ./(Cm.·w));
V2 = 1./Z2;
Z1 = -j./(Co. · w);
V1 = 1.IZ1;
Vtot = V1 + V2;
plot (frequ ency, abs(Vtot)) ;
ho ld on
plot (frequen cy, V, 'r') :
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APPENDIX G: MEASURED AGAINST SIMULATED ADMITTANCE VERSUS
FREQUENCY PLOTS OF THE ULTRASONIC TRANSDUCER WITH DIFFERENT
LOADS

carccrateo I
- M.." rea 1
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" IE
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2
Frequency (Hz)
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x 10~

Figu re Gl : A comparison between the measu red admittance values versus frequency and the
calculated values with the aid of a BVOmode l of a BlT transducer with a horn and boos ter and

HOPE as a load
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Rgure G2: A comparison between the measured adm ittance values versus fr equ ency and the
calcu lated values with the aid of a BVO model of a Bl T transducer with a horn and booster and

PP as a load
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Fig ure G3: A co mparison betwee n the measu red admittance values versus fr equ ency and the
calcu lated values with the aid of a BVD mode l of a BLT transducer with a horn and booster and

PVC as a load
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Figure G4: A comparison between the measured admittance values versu s frequ ency and th e
calculated values with the aid of a BVD mod el of a BLT transducer with a horn and booster and

Perspex as a load
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APPENDIX H: TENSILE STRENGTH TEST RESULTS

Specime n 1 to 1
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Figure Hl: Tensile strength test of sample glued with Superglue
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Specimen 1 to 1
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Figu re H2: Tensile strength test of sample glued wi th Pratley Steel Quic kset
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Figu re H3: Tensile st rength test of various samples glued with Pratley 1-2-3
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