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EDITOR'S NOTE:
REFLECTIONSON IAJC AND THE JOINT
INTERNATIONAL CONFERENCEWITH ASEE
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Philip Weinsier, IJIME Manuscript Editor

As we in higher education and industry reflect back
the first decade in this new millennium, we realihat the
sharing of ideas and resources is the best waysdo cre-
ate a better future for the next generation of esiis] fac-
ulty, and researchers. In the competitive and tigjbbal
markets of the 21st century, leading companiessacio-
dustry have embarked on massive reorganizationgare
partnerships, and all sorts of collaborative prigewith
their like-minded peers and rivals in order to paty sur-
vive but grow and thrive. But, as industry changéth

people together at its conference venues, IAJ@agmyr-
iad journals that wish to publish the best of witsitatten-
dees have to offer, thereby creating excitemeicademic
communities around the world. IAJC is a first-af-kind,
pioneering organization. It is a prestigious glomaultilay-
ered umbrella consortium of academic journals, eoenf
ences, organizations and individuals committed deaac-
ing excellence in all aspects of technology-rela¢eldica-
tion.

time, so must academia. Conversely, as academic R&D Conference Statistic#\ total of 285 abstracts from more

efforts provide advancements in technology, so ringis-
try provide a quick turnaround from concept to nedrk
However, many academic organizations, journals, Gord
ferences have been slow to adapt and provide tbeseary
platforms for the dissemination of knowledge.

Beginning in 2006, the editorial board of the Inger
tional Association of Journals and Conferences Q)Adm-
barked on groundbreaking and unprecedented efforts-
tablish strategic partnerships with other majoalrjournals
and organizations to share resources and offeroeith
unique opportunity to come to one conference ardigu
their papers in a broad selection of journals regméng
interests as diverse as those of the researchérsdutators
in fields related to engineering, engineering tedbgy,
industrial technology, mathematics, science andhieg.
These efforts resulted in an innovative model @ftjmter-
national conferences that includes a variety ofinizations
and journals.

IAJC joint and independent international conference

have been a great success with the main conferdmieg
held in the United States and regional, simultasemnfer-
ences, in other parts of the world. In additiotwabringing

than 100 educational institutions and companies veeib-
mitted from around the world. In the multi-levelview
process, papers are subjected to blind reviewshimetor
more highly qualified reviewers. For this conferena total
of 80 papers were accepted. Most of these wereepied
and are published in the conference proceedings. fEd
flects an acceptance rate of less than 30%, wisia@né of
the lowest acceptance rates of any internationafecence.

This conference was sponsored by the Internatiéral
sociation of Journals and Conferences (IAJC), wthiich
cludes 13 member journals and a number of univessind
organizations. Other sponsors were the Americarie§oc
for Engineering Education (ASEE) and the Institoté&lec-
trical and Electronics Engineers (IEEE). Selecteghgus
from this conference will be published in one oé th3
IAJC member journals. Organizing such broad comigze
is a monumental task and could not be accomplistitd
out the help and support of the conference comejittiee
division/session chairs and the reviewers. Thus,offer
our sincerest thanks to all for their hard work dedication
in the development of the outstanding 2011 confargiro-
gram. We personally hope you will seek them outhtnk
them for their fine work.
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Editorial Review Board Members

Listed here are the members of the IAJC Internatidteview Board, who devoted countless hours tor¢lew of the
many manuscripts that were submitted for publicatdanuscript reviews require insight into the @ntf technical expertise
related to the subject matter, and a professioaaekdround in statistical tools and measures. Furtbee, revised manu-
scripts typically are returned to the same reviewer a second review, as they already have amané knowledge of the
work. So | would like to take this opportunity teank all of the members of the review board.

As we continually strive to improve upon our coefeces, we are seeking dedicated individuals toysion the planning
committee for the next conference—scheduled fdy 28112. Please watch for updates on our web siten(.|IAJC.org) and
contact us anytime with comments, concerns or stgge. On behalf of the 2011 IAJC-ASEE conferecommittee and
IAJC Board of Directors, we thank all of you whaigpated in this great conference and hope yduoensider submitting
papers in one or more areas of engineering anttdetachnologies for future IAJC conferences.

If you are interested in becoming a member of ¥ International Review Board, send me (Philip kger, IAJC/IRB
Chair, philipw@bgsu.edu) an email to that effeavigw Board members review manuscripts in theiasua expertise for
all three of our IAJC journals—IJME (the Internatéd Journal of Modern Engineering), IJERI (the intgional Journal of
Engineering Research and Innovation), TIIJ (thehfietogy Interface International Journal)—and papserismitted to the

IAJC conferences.
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ANALYSIS OF BRUSHED DC MACHNERY FAULTS
WITH COUPLED FINITE ELEMENT METHOD AND
EQUIVALENT CIRCUIT MODEL

Todd D. Batzel, Penn State Altoona; Nicholas C.KeecPenn State Altoona; Mihai Comanescu, Penre @#abona

Abstract

Although brush-type DC machinery has lost market

share over the years to its brushless counterpiartill
maintains a significant presence in the automotaero-
space, power tool, and home appliance industriespe-
cially in automotive and aerospace power-systenlicpp
tions, early detection of brush-type, or brushed, Da-
chine faults will help to avoid problematic systéailures,
decrease maintenance costs, and increase sysiabilitgl
This study focused on a modeling approach thasésl uo
investigate the effects of various fault mechanisshshe
brushed DC machine at an early stage in their pssjon.
Results from the proposed model were then usedaw s
the effects of a variety of DC machine failure meadad
identify observable parameters to assist in ealjt fdetec-
tion. The simulation results were then confirmbcbtigh
laboratory experiments performed on a DC generator.

Introduction

The brushed DC machine is still widely used in ende
tive and aerospace systems as an actuator, sgeterator
or starter/generator. The detection of impendiaduifes
associated with brush-type DC machines can be tsed
draw attention to the need for maintenance andgetbiee,
reduce the possibility of a catastrophic systenakaewn.
In this study, a modeling approach was developddves-
tigate the effects of various fault mechanisms tef tna-
chine and identify measurable parameters that eansed
as indicators of a developing fault.

Although research in this area is sparse, invetiigaf
DC machine failure modes have been reported iditéra-
ture. A mathematical model was used to investidhte
effects of short- and open-circuit armature coil$, [2].
Position-dependent machine inductances used imibigel
were pre-determined using finite element analyBBA),
and brushes were approximated by a variable resista
Experimental results suggest that field-currentriaarics

The approach was modified [3] to include saturatffiects
using a winding function approach.

A lumped-parameter mathematical model [4], inclgdin
mechanical parameters inertia and friction, wagl usede-
tect brushed permanent-magnet DC machine faulthis T
proposed technique uses the starting current gansis an
indicator of short- and open-circuit armature caitgl brush
wear. Application of this method was limited tossms
where mechanical parameters were well-known.
amount of sparking at the brushes in a DC mactsnani
accepted measure of commutation quality and, thezef
may be used as an indicator of excessive brush. w@trer
studies have presented methods for monitoring paekiang
index in the brush DC motor [5], [6].

In this study, a lumped-parameter circuit model wsed
where each individual armature coil was placed thase
the present commutation state. The resulting rdifféal
equation model was coupled with a time-steppingtefin
element analysis to obtain a solution for armatund field
voltages and currents. The model, which is reaaibdifi-
able to analyze machine faults, was then used &tuate
performance at the onset of faults such as armaipesn
and short circuits, field winding short circuitramutator
segment failures, and brush degradation. The rimdition
from these simulations was then used to identifyeotable
parameters that can detect and classify the orfiseushed
DC machine failures.

DC Machine Mathematical Equations

Figure 1 shows the armature coil and commutator seg
ment connections of a two-pole brushed DC genenatibr
12 coils and commutator segments. Coil positiorthie
armature slots is shown in Figure 2, where a dolayler
lap winding is used and each coil consists of 1Bese
wound conductors. A single brush pair is employédde
voltage across each of theoils in Figure 1 is

can be used to indicate armature coil short ciscuitiow- V.=e +i R = d/i +i.R. 1)
ever, armature open circuits were virtually undetele. oo gy
ANALYSIS OF BRUSHED DC MACHINERY FAULTS WITH COUPLED FINITE ELEMENT METHOD 5
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Figure 1. Coil and Commutator Segment Connectionof a DC Generator
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where,v ,e ,i and R represent the terminal voltage,coils were considered a function of the rotor anglector

induced emf, current, and resistance, respectivafiythe  notation shown in Equation (2) can be simplified to
coil. For a 12-coil machine with a wound field etfiux

linkages can be represented in matrix form, as show /=L@ 3)
Equation (2), whereg is the angle between the magnet ) ) ) ) .
axis of the field winding and rotating coil 1. The induced emf vectarin Equation (1) is determined by:
ezi/:WLi+Lii=eW+eL 4)
Field Pole d> dt dt
The first term on the right side of Equation (4pnesents
‘ voltage induced by armature rotation, while theosekcis

due to inductive (self and mutual) coupling betweeits.

DC Machine Circuit Model

A simplified model for the DC machine can now be-pr
sented. The analytical circuit model for a sanip( gen-
erator (with 12 armature coils) is shown in Fig8reln this
model, an indexj=1 through 12, was used to identify each
coil and commutator segmesst, The modulo 12 index was

commutator
segments

armature coil #
(go, return’)

% o assigned based on rotor positignaccording to Table 1.
The resistancedar la2 'm and',, , represent the
‘ brush-to-commutator contact resistance, which weiere
mined based on rotor position, contact surface, aaed
current density [7]. The contact conductance fdrealthy
Field Pole brush at nominal current density is shown in Figdse
where it was assumed that the brush never contacte
Figure 2. Coil Placement in the Armature segments simultaneously. The tegmy was used to repre-

sent the maximum brush-to-commutator conductance,
For simplicity, the self and mutual inductancesagetn ~ Which occurs when the brush has maximum contad are
all armature coils were considered to be constahile all ~ With the commutator. The use of a lookup tabledemtify

mutual inductances between the field winding amdagure ~ conductances makes it relatively simple to modetage
aspects of brush and commutator wear.
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Table 1. Index vs. Rotor Angle

Rotor Angle (q) Index (j) Rotor Angle (@) Index (j) Rotor Angle (qQ) Index (j)
19503 - 1% =1 132> g% 105 =5 259> 3 228 =9
45> 18° =2 162> g2 132 =6 28> 258 j=10
750> 45° =3 195> g3 16%° =7 310> 3 288° 711
102> g3 75° =4 228> g3 19%° =8 348> g3 31E° =12

and inductances. In vector form, Equation (5) ttean be
written as Equation (6).

. d.
e,=rn-+L—i 6
w o (6)
Conductance

' ! 1 ! !
(179) | ST 9max . .

' -\ 1 1 +\

' An)\ , . A

seg.1 0 - ————r—fe e - - * =
' 1 1 1

seg.2

seg3 of : i . : :
. LA - Oniax : : :
£ . W/ 1 1 A 1
i Alk ‘ ' m !
ef seg.12 0 de--- de--- .
0 60 120 180 240 300 360
Rotor Angle (6)
Figure 3. Circuit Model for Brushed DC Generator Figure 4. Brush-to-Segment Resistances

The model of Figure 3 can be further simplifieddoym- Time—Stepping DC Machine Analysis

bining series-connected coils, where the coils eoted in
series depend on the present brush position. &#dting

model is shown in Figure 5, wher&,, L, ard (n=1
to 4) are the induced motional emf, the inductatezens,
and resistance of the equivalent coils, respegtival any
rotor position. Applying mesh analysis to the aitof Fig-
ure 5 and including the mutual inductance terms daha not

obvious from the circuit diagram yields Equatioi, (there i
first uses the present current vector to compéje,L, and

€m and €, represent the induced voltages due to motior} based on the brush position and angular velocityith
only in the branches undergoing commutation, whélgs these FEA results, the differential equation idedi by

and €, are the sums of voltages induced due to motiofFguation (6) was used to update the current vectbne
only in the series-connected armature branchesunder  current determined at each time step becomes fkial in
commutation. The subscripts 1 through 4 have aimil condition for the following time step. The magretsdic
meaning when used with the branch currents, resissa  FEA tools used in the analysis can be used to miéterthe

The DC machine was modeled using magnetostatic FEA
tools [8] coupled with the differential circuit egfion given
in Equation (6). The magnetostatic FEA wass capaibl
determining the instantaneous self and mutual itzohoe
terms and the motional emé,j) terms of Equation (6). To
obtain the machine state at each time step, the pitBgram

€n (CRANE Y 0 “Taz “Ta1 0 i Ly -L O 0 -y iy
€2 0 (ry + Iy + 1) “ o1 ey 0 i -Ly Lp O 0 Ly P
€3 = - Ta2 - bt (F3+ T * a2 * Moaq) - Toad 0 i+ O 0 Ly -Lyy O —iz3 (5)
€ua “Ta T2 = Noad (fg+Tyg+Typ+hoag) 0 iy 0 0 -Liz Ly O ig
Vi - e 0 0 0 0 R i¢ -Li1 Lo 0 0 L ¢
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motional voltage, but voltages due to self and i In summary, the FEA calculation and associateduitirc

ductances must be incorporated into the differertiaa- analysis performed at a progression of time stepkigd
tions linking the FEA result to the time-steppimphysis. ~ armature voltage, armature current, field voltegdg cur-
The inductance values at each step are determiged b rent, and even quantities that would not be feadibimeas-
FEA [9]. ure on a physical system—such as the current indinid-

ual coil. Using this approach, it is rather sthafgrward
and relatively fast to analyze a DC machine opegatis a
motor or generator under various conditions—evercém-
ditions such as winding failures or brush/commutate-
fects.

Fault Simulations for a DC Machine

Coupled FEA simulations were performed on a DC ma-
chine operating as a starter/generator for norivasdline)
operation as well as a variety of winding and bfush
commutator failure modes. Scenarios evaluatedudiec!
field winding short circuits, armature winding fesjlbrush
resistance increase (due to uneven wear), commubato
open and short circuits.

A
r3 L3 €n3

Each of these scenarios was evaluated at variceiabp
ing speeds and load currents to determine obseralan-

As an example, the magnetic flux vector calculdtgd tities that are indicative of the respective fadlumode.

Figure 5. Circuit Model for Brushed DC Generator

FEA at a single time step is shown in Figure 6 Titag- Baseline simulations were first performed to chemaze
netic flux and the machine state variables attihat step the operation of a healthy DQ machine. . AIthough_LBa-
allows calculation of all coil voltages. Once ihduced tions were conducteq for various operating condtjcfor
(due to mechanical motion) coil voltages are deeeoh purposes_of comparison all results will be showithwhe
the rotor position dictates the electrical ciradnfigura- ~ PC Machine acting as a generator at a speed o0 a
tion (which is brush-position dependent). The sy load of 5 ohms, and a constant applied field veltagror
circuit configuration is then solved using standeirduit- this rotational speed, the 2-pole machine with d@muta-

analysis techniques. tor segments had a pole-passing frequency of 1G0tdza
commutation frequency of 600Hz. Figure 7 showsahe
mature voltage and current, the current in a sirgié
(which can't easily be measured physically), ang field
current FFT. Note the presence of the commutatien
guency in both the armature and field current.

Operation with a field winding short circuit waseth
simulated by altering the winding structure of €A ma-
chine description. Figure 8 shows the results sfnaula-
tion with 12% of the field windings short-circuitedNhen
comparing the baseline results of Figure 7 with fileél
winding short circuit, note that less armature agé is pro-
duced relative to the field current magnitude vétshorted
field winding. This results in the first identifleobservable
effect called theransfer impedancgewhich is defined as the
ratio of the induced armature voltage relative he field
current. The decrease in the transfer impedanamn e
field winding is short-circuited is readily explaid. With
fewer field turns available to produce magnetixfat any
Figure 6. Magnetic FEA Flux Results at a Single reference speed, the induced voltage is reduceéaog-

Time Step day’s law.

8 NTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 11, NUMBER 2, S’RING/'SUMMER 2011
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Figure 8. Simulation of Field-Winding Short

Since the induced armature voltage is also speed de
pendent, the transfer impedance is normalizediveldb
some reference speed, , so that the transfer impedance
is calculated by

e, w ()

it
wherew is the actual velocity.

Simulations of armature winding failures were then
performed. Results for short-circuit (5.6% of atuna
turns) and open-circuit (single coil) armatures stewn
in Figures 9 and 10, respectively. In both cagese was
a marked increase in the field current at the palgsing
frequency as compared to baseline performance.s Thi
increase also concurs with the results found byw@atz
& Zdrojewski [2]. Thus, the pole-passing frequemoyn-
ponent of the field current is an observable patantbat
indicates a possible armature-circuit problem. Phke-
passing frequency is defined as the number of pflése
starter/generator multiplied by the rotational spdm
revolutions per second:

pole-passing frequencyw (# poles). (8)

The field current at the pole-passing frequency whs
tained by performing an FFT on the field currend émen
determining the amplitude of field current at thelep
passing frequency.

Commutator segment faults were then simulated. A
commutator segment that does not make contactthith
brush was simulated with results shown in Figure 1A
significant pole-passing component (and harmonafs)
field current was again developed as a result isf blad
commutator segment. In addition, a field curresthpo-
nent at the commutation frequency of 600Hz appeared
The commutation frequency, similar to the pole-pass
frequency, uses the number of commutator segmants o
the machine:

commutation freq. wv# commutator bars). (9)

Physically, the field winding contains useful infeation
about commutation because the armature coils uoaeyg
commutation (i.e., the coils shorted by the brusles
well-coupled magnetically with the field windingSince

a short circuit across adjacent commutator segmisnts
similar to a short-circuited armature coil, as shoin
Figure 9, those results are not included here.

ANALYSIS OF BRUSHED DC MACHINERY FAULTS WITH COUPLED FINITE ELEMENT METHOD 9
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Figure 11. Open-Commutator Segment Simulation

Finally, simulations were performed to analyze @éased
brush resistance. This may occur for several regssuch
as decreased brush pressure or poor filming ofotish/
commutator interface. The result of a 22% incréad®ush
contact resistance is shown in Figure 12. Thoungnet is
little visible difference between the baseline tessand Fig-
ure 12, the transfer impedance was indeed reducdd/B8
from its baseline value of 1.77 as brush resistamoeases.
Physically, this drop in transfer impedance ocalus to the
increased drop in potential across the brushess éfffect is
increasingly observable under higher load condition

The various faults and associated observables -deter
mined through the coupled FEA simulations are giuen
Table 2.

Seeded Fault Laboratory Experi-
ments

As a follow-up to the FEA simulations, a seriedaifo-
ratory experiments were performed on a DC machne t
confirm the simulation results. For these tedts, faults
used for simulations were, where feasible, seedts the
machine. For each case, a 4-pole DC machine &ittom-
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mutator segments was operated at 1800RPM and aofoad
12.5 ohms. Thus, the pole-passing frequency w&$ii2
and the commutation frequency was 2160Hz.
the shorted armature coil test, the output voltags regu-
lated to 120V. The armature of the DC machine used
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Figure 12. Increased Brush Resistance Simulation

these experiments is shown in Figure 13.

Table 2. DC Machine Fault Observables

Exéapt

< ool
£ 100
5
50 1 1 1 1
0 002 0.04 006 008 01
12 T T T T
=
£ 10¢ i
8 1 1 1 1
0 002 0.04 0.06 008 01
06 " " T .
01 MR g A A s g
0'60 002 004 006 008 01
4 i T T T
z, ]

[T IIIu.J.J 1 I.‘ Lot onnalde s s ‘J.I.lm- .

Fault Type Transfer I.m- is at pple- is at comm 0 Ll ke el e -
ped. (e/{) passing frq Fraquency (Hz)
Field Short decrease no change no change Figure 14. Experimental Baseline Results
Arm Short decrease increase nochange  Baseline operation of the experimental DC machie i
X shown in Figure 14. For baseline operation of #xperi-
Arm Open decrease InCreasq no change mental DC machine, the transfer impedance was 217.3
. - ohms. Following the baseline test, a short cirotidipproxi-
Bad Comm|  decrease majorin-|  small in- mately 10% of the field winding coils was estabdigh The
Seg crease crease results, as shown in Figure 15, demonstrate thatder to
Comm Seg| decrease major in-| no change maintain the noml_nal output volyagg of 120V, a much
Short crease higher field current is required. This yields redd transfer
impedance as predicted by the FEA. Specificalllg,ttans-
Brush Wear| slight decrease no change no change fer impedance in this case drops to 180 from iteliae of
217.3.
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Shorted armature coil experimental results are shiow
Figure 16. For this test, a reduced field curreas used to
avoid permanent damage to the armature due todtigtt-
circuit currents. Despite the reduced output \gdtathe
results clearly show an elevated component of fieident
at the pole-passing frequency of 120Hz. This tescurs
with FEA simulation results.
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Figure 16. Armature Short Experiment

To increase overall brush resistance, the brusterse w
intentionally compromised, as shown in Figure 1With
these worn brushes, the machine was again runnergtor
mode under the same conditions. Very little chaingthe
armature or field currents was evident when congavri¢h
the baseline; however, the transfer impedance eéeiom

the baseline value of 217.3 to 208. This effect vaéso
predicted by the coupled FEA simulations.

Figure 17. Compromised Brushes

Conclusions

A method for detailed analysis of the brushed DG ma
chine operating under fault conditions was present€he
proposed method has been used to analyze the drixbe
machine under conditions including armature shoxtud
and open circuit, short-circuit field winding, badmmuta-
tor segment, and brush degradation. From theselaim
tions, several important parameters were identifieed may
indicate the onset of DC machine faults. Thosampaters
are the transfer impedance and the field-currempament
at both the pole-passing and commutation frequeheyno-
ratory seeded fault tests on a DC machine were ubed to
confirm the effect of various faults on the ideietif observ-
ables. The results of this study can be used staréing
point for a predictive diagnostics implementatiar DC
machinery.

The views and conclusions contained in this documen
are those of the authors and should not be intexgras
representing the official policies, either expresse im-
plied, of the Aviation Applied Technology Directoeaor
the United States Government.
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ENERGY HARVESTING WITH PIEZOELECTRIC FIBER
COMPOSITE FROM MECHANICAL VIBRATIONS

Faruk Yildiz, Sam Houston State University

Abstract nal. The piezoelectric energy cor]version produekively
higher voltage and power density levels than trexted-
magnetic system. Moreover, piezoelectricity hasabiity
to generate an electric potential of elements siscbrystals
and some types of ceramics from a mechanical qt3gss

The use of Piezoelectric elements has not beenstery
cessful for energy-harvesting systems even thoulngnet
have been many research studies in this area.dDeis not
mean that piezoelectric materials are not capabtnergy
harvesting, but more advanced piezoelectric mdsedee
needed to increase the efficiency of ambient energy
harvesting systems. ACI (Advanced Cerametrics ipaor
rated) has recently developed Piezoelectric Cerdfibier
Composites (PFC) for energy-harvesting systems. AF@
consists of uniquely flexible ceramic fiber capabfecap-
turing waste ambient energy from mechanical sousce$
as vibrations, motion, and bending via the piezadste ef-
fect. This device functions between ambient vilomti
sources and an electrical circuit with a storageicdeto

convert mechanical vibrations into electrical eryerghis In a study conducted recently by Marzencki [4] éstt
unique development allows some applications 10 08P e feasibilty and reliability of different ambiewibration
ered without t e neea for gttery power such asless energy sources, three different vibration energyrces
sensors, transmitters, microcircuits, smartcardh,phones including electrostatic, electromagnetic, and péectric
or other handheld devices. For the purpose of gnBag- 0 investigated and compared according to thuiptex-

vesting and_ storage, shoe or sneaker msples,@mﬁ)ra- ity, energy density, size, and problems encounté¢Tedble
tions from industrial machinery, shuddering railwegrs, 1)

flexing joints, and even the stomp of city's rusiuhcom-
muters could all be tiny, renewable sources of poWh_ese Table 1. Comparison of vibration energy-harvesting
are good sources of mechanical stress, deformatind, techniques

vibration since mechanical motion exists to gergefaiv
power. In this study, a piezoelectric fiber comp®dbi-

If the piezoelectric material is not short-circditethe
applied mechanical stress induces a voltage atmesmate-
rial. There are many applications based on pieztréte
materials, such as electric cigarette lightersthia system,
pushing the button causes a spring-loaded hammiit &
piezoelectric crystal and the high voltage produpedps
across a small spark gap, thus igniting the flamengas.
Following the same idea, portable sparkers are teséight
gas grills and stoves, and a variety of gas burnave been
built in piezoelectric-based ignition systems.

morph (PFCB) was investigated and tested to shaw th Electrostatic | Electromagnetic | Piezoelectric
potential energy generation capacity depends upaincs | complexity of | Low Very High High
characteristics by implementing an energy-harvgstir- process flow
cuit. Energy density
Introduction 4mien?  |24.8micni 35.4 mJ cni
Current size
) ) ] Integrated Macro Macro

A piezoelectric energy-harvesting method converés m :

chanical energy into electrical energy by strainingiezo- | ProPlems very high | Very low output | Low output voltages
. ; . . . . voltage and | voltages

electric material [1]. Strain or deformation of i@zpelectric need of add-
material causes charge separation across the devamtic- ing charge
ing an electric field and, consequently, a voltdgep pro- source

portional to the stress applied. The oscillatingtesn is
typically a cantilever beam structure with a matstha un-
attached end of the lever, since it provides higheain for
a given input force [2]. The voltage produced vaneith
time and strain, effectively producing an irreguiC sig-

The problem of how to get energy from a personts fo
to other places on the body, for example, has eenlsuita-
bly solved. For a Radio Frequency Identificatiorf-(B) tag
or other wireless device worn on the shoe, thegalextric
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shoe insert offers a good solution. However, thaiegtion
for such devices is extremely limited and, as nuewd
earlier, not very applicable to some of the low-poed de-

vices such as wireless sensor networks. Active Inuma

power, which requires the user to perform a spepdwer-
generating motion, is common and may be referrezkpa-
rately as active human-powered systems [5].

An example of energy harvesting using unimorph giez
electric structures was conducted by Thomas, Céarél
Clark [6]. This research focused on a unimorph qoédezc-
tric circular plate which is a piezoelectric lagssembled to
an aluminum substrate. The vibrations were drivemfa
variable ambient pressure source such as a scukaota
blood-pressure meter. The researchers showed thatht-
ing the proper electrode pattern on the piezoeteetement
(thermal “regrouping”), the electrode was able toduce
an increase in available electrical energy. Inghstem, as
the cantilever beam vibrates, it experiences vlaiatiesses
along its length. Regrouping the electrodes tangetpe-
cific vibration modes resulted in maximum changdeoo
tion. This type of design may add possibilities fi@niaturi-
zation and practicality to piezoelectric energyvesting
technology.

used to shake the PFCB to produce electricityHerenergy
-harvesting circuit.

Since cycle durability of fiber composites was dete
mined by the manufacturer, the life-cycle testhedf PFCB
material was ignored in this research. Manufactasale
tests show that fiber composite materials are mehg du-
rable and are able to handle one billion cycledhiout any
degradation of properties. Materials efficientlyngeated
constant continuous power during the tests. [7].

The PFCB was tested by itself by flicking the tighna
mechanical pencil without any mass attached. Tdwsep
output signal characteristics were observed usingsaillo-
scope and multimeter. A photograph of the PFCB whie
inter-digitized electrodes to align the field (eger
harvesting circuit) with the fibers is shown in &ig 1.

The piezoelectric active fiber composites (AFC) are
made by Advanced Cerametrics Incorporated (ACI) [7]
from a uniquely-flexible ceramic fiber that was albb cap-
ture wasted ambient energy from mechanical vibnatio

sources and convert it into electric energy. Thezpelectric
fiber composites’ fiber lines are capable of getiegaelec-
tricity when exposed to an electric field. In pielsxtric
fiber composite bimorph (PFCB) architecture, thefs that
are suspended in an epoxy matrix and connected ugier-
digitized electrodes create the AFC. It is alredaypwn
through tests by the manufacturing company that fibiers
with a dominant dimension, a length, and very sroadks-
sectional area are capable of optimizing both tleegand
the reverse piezo effects. The amount of energyuymed
by mechanical-to-electrical energy conversion tgfodhe
PFCB is much better than that compared to othexogiec-
tric materials, according to the ACI's internal diks. An
investigation into the improvement of performanaoe effi-
ciency, using a PFCB, of an energy-harvesting aysias
considered. The PFCB characteristics and propenee
intensively studied in order to build an efficieahergy-
harvesting circuit for further study. The power ggation
efficiency of the PFCB depending on various inpilira-
tions was measured by building an operational diffee
amplifier instrumentation test circuit. Only ongéyof pie-
zoelectric element, which is PFCB, was availabletest
with a small constant shaker. The shaker functicaedn
ambient vibration source (passive human power) \aad

Figure 1. Basic specifications of the PFCB

In the next sections, the PFCB energy source isefedd
as a steady AC power source for the circuit comptanfor
the energy-harvesting circuit. This AC source weantcon-
verted to DC voltage since all the electronic congas for
the energy-harvesting and battery-charging cira@itglired
a DC voltage source to operate.

Power Characteristics

A piezoelectric energy source is most often modeled
an AC voltage source because of its AC power cheariae
tics when excited with periodic vibration. Piezamie fiber
composites can be connected in series with thectapa
and resistors to reduce or smooth the high-voltaget
produced by PFCB. The simple connection diagrarhiarc
tecture of the piezoelectric material with a cafmacresistor
and load (representing a storage unit) is showFigare 2.
The AC-DC conversion circuit is not included ingtdia-
gram since it is explained in detail in subseqeeations.

ENERGY HARVESTING WITH PIEZOELECTRIC FIBER COMPOSITEFROM MECHANICAL VIBRATIONS
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Figure 2. PFCB as a sinusoidal (AC) voltage source

Because of budget and equipment restrictions, thieoa
was not able to purchase a variable-frequency shakiest
the PFCB and the system with different frequendirdy a

shaker (115V at 60Hz) was used as a constant wbrat

source. The tip of a mechanical pencil was useticio the

tip of the PFCB product in order to provide theialidistur-
bance for test purposes. The instruments usedef&iing
included a multimeter, a shaker, and an oscillosdoptake
voltage readings from the PFCB. The first testoltage
output depended on time variation and was condusttéd

out any mass placed on the tip of the PFCB. This fok

lowed by a test with variable masses that wereeplam the
tip of the PFCB to observe the output voltage Igvel

The more mass added on the tip of the PFCB, the& mol

time passed until vibration of the PFCB stopped.tiid
same time, the voltage from the PFCB increasedrabpg
on the mass and the force applied to the tip ofRREB.
The plots in Figure 3 are a summary of the peajetak
voltage levels and the corresponding time for 2.%gr,
7.5gr, and 10gr (gram) masses, respectively, addazthe
tip of the PFCB to increase the decay of vibratibhe AC
signals and voltage outputs were similar to eablerothow-
ever, the time required for the vibration to deeegs ob-
served to be longer with more masses attache:tBRCB.
The signal ringing lasted longer than the entimeticap-
tured on the oscilloscope. However, it was obsethatithe
time until vibration stops is longer with more magtached
to the PFCB. The resonant frequency does not deppod
the pencil flicks but rather upon the mass (inatgddistrib-
uted mass and lumped tip mass) and the distribspeitig
constant of the cantilevered beam. For a sinusageita-
tion, the most energy is transferred when excitatiereso-
nant frequency. The decay depends upon the irgsis-r
tance of the measuring device (electrical damparg) the
mechanical damping from the material and from the a

Furthermore, the output voltage produced by the BPFC

was observed mainly above 300V, as specified byPtHeB

manufacturer. The obtained voltage level is an apeuit
voltage and would decrease any time a load is aiede
between the inter-digitized electrodes of the PFCQBe
power outputs of the PFCB are discussed more irethe
ergy-harvesting circuit design section with the manging
simulation outputs.

The PBCB was carefully clamped on the table witspl
tic bumpers to avoid damaging the part during iilsations.
The wiring between all modules was done carefulgltow
reading of the voltage outputs from the oscillogeand
multimeter displays. The overall test system usedtiie
experiment is shown in Figure 4.

2.5 gram-tip mass

Pk-Pk(]1): 325V
Freq(1): 18.2Hz
Fall(1): 24.0ms

Pk-PK(1): 325V
Freq(1): 18.2Hz
Fall(1): 24.0ms

Pk-Pk(]1) > 352V
Freq(l): 14.4Hz
Fall(1) > 28.0ms

Figure 3. Plots of voltage decay of the open cirauPFCB
configuration
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Figure 3 continued: Plots of voltage decay of thepen circuit
PFCB configuration

Figure 4. The test fixture to test power charactestics
of the PFCB

The PFCB layer and material properties were notwno
accurately enough in order to predict the frequenatg, so
the value had to be determined experimentally @ntést
fixture. To allow a calculation of the current outpwires
from the PFCB electrodes were connected to thdl@sci
scope probes through a 1kohm resistor. The cumetpiuts
could not be measured by a multimeter and wererobde
on the oscilloscope screen when the FPCB was eithriay
the shaker at 60Hz. It was not possible to plotaheent
and power outputs due to a lack of the proper data
acquisition system. However, there were very lowreamnt
outputs produced that may be harvested with a prepe
ergy-harvesting circuit. From the vibration tessuls, it
was determined that with the variable frequencyg, gbwer
generated from the PFCB is sufficient to be usedawer
low-power electronic devices. The obtained valuesilad/
be enough to build an energy-harvesting circuitharge a
small-scale storage device such as a battery, itapax
super capacitor, albeit slowly.

Energy-harvesting Circuit Design

After testing the power output and the working elear
teristics of the PFCB at different stretches anchied

masses, the author built the energy-harvestingiitircsed
to charge the batteries under low current levelse Te-
chanical-to-electrical energy conversion is usuaignaged
by the energy-harvesting circuits, including cortiamal
buck-boost converters, bridge rectifiers, and Ibgtte
charging circuits [8-11]. The energy-harvestingceit was
designed, developed, and built according to the i@mb
source and piezoelectric fiber composites’ low-eatrcon-
straints in order to produce efficient power output

The following energy-harvesting and battery-chaggin
circuit design was built with typical componentsittitould
decrease high-input voltages and increase low-irguut
rents from the PFCB in order to provide sufficiemtarge
currents to the batteries. The circuit was desigtoedtart
charging when the battery voltage drops below ainaim
value, and stops charging when voltage reachesattery’s
nominal voltage. The LTSPICE simulation interfadett
shows the overall circuit is depicted in Figureltsrepre-
sents the system circuit modules which are simdlate
gether to test the output power level of the cir¢l2]. All
of the necessary simulations were conducted using
SwitcherCAD™ Spice 1l because of the Linear Technology
based DC-DC buck-boost converter and battery-chgrgi
circuit components [13]. Initially a full-wave bge rectifier
was added to the energy-harvesting circuit. A fdive
bridge rectifier is very efficient, converting ptige and
negative cycles from the PFCB and supplying DCagstto
the battery through the battery-charging part ef ¢nergy-
harvesting circuit. Since the current produced frtime
PFCB was low, an intermediate operational amplifi@p
amp) circuit was placed on the energy-harvestinguito
increase the current levels for test purposes [THis in-
strumentation circuit consisted of operational afigpk,
resistors, and intermediate/storage capacitorsnfeiment
the circuit at 15V, which was supplied by an exér
power source. A buck-boost converter and batteargihg
circuit is shown as the last part of the simulatioterface
before the storage unit.

ENERGY HARVESTER SIMULATION INTERFACE

.model SWIDL SWi{Vt=0.5 Yh=0.1 Ron=10m Roff=100MEG)
.ic V(n=0
dAran 5

DC-DC Buck-Boost
Battery Charger

Operational
Amplifier

Figure 5. Energy-harvesting circuit-simulation inteface

ENERGY HARVESTING WITH PIEZOELECTRIC FIBER COMPOSITEFROM MECHANICAL VIBRATIONS
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The pomp part of the energy-harvesting circuit ¢sies The general operational amplifier in Figure 6 wasd
of three single operational amplifiers that arefitpmed as  to observe the charging phase of the C11 internediar-
difference amplifiers. This demonstrates that tlidtage  age capacitor. An initial voltage of 5V was supg@ligcross
differential between the two branches is the outpfuthe capacitors in both circuits. In circuit A, the \adie across
circuit. The pomp instrumentation circuit is shoimrFigure  the capacitor with the 10Mohm impedance, which vegs
6. This pomp instrumentation circuit design is usedb- resenting a flux digital multimeter, was measurEde volt-
serve voltage outputs from the PFCB and the capacitage across the capacitor (C1) dropped almost 2\hwthe
changes of the capacitors when the PFCB was beaing vcircuit was simulated at the same input voltageweleer,
brated. The capacitors (C1 and C11) were chargpdmdk  the voltage across the capacitor (C11) in the djoera-
ing on how much voltage generated by the PFCB vias o amplifier circuit stayed relatively constant. Theltage
served by the oscilloscope through the operatianghifier level across both capacitors (C1 and C11) was siredi
instrumentation circuit. and is plotted in Figure 7 in order to compare agédt drops

across the capacitors.

Circuit B - Measure voltage across capacitor
with instrumentation amplifier

TLO81
.lib TLOB1.lib
-tran 100 uic
1
RA s
Circuit A - Measure voltage across capacitor vz
with high input impedance (10MEG) meter c11 T::
22p 1C=5
3 i V3
— —
15
(s} ol =
10MEG & >
22 1C=5 . o =
R11 TLO81
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7
Figure 6. Operational Amplifier instrumentation cir cuit
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Figure 7. Voltage levels across intermediate storagcapacitors
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When the PFCB was placed on the constant shaker, MOSFET switches, and resistors to transfer theggnttom

started generating voltages and charging the capsacilrhe
operational-amplifier circuit kept the initial valje level
constant to allow for accurate reading of the \gstdevels
of the intermediate storage capacitor. In circuitti#e volt-
age readings would not be accurate because ofditege
drops across the capacitor when measuring thegeoltath
a digital multimeter. However the capacity readiagsoss
capacitor C11 would be accurate since the operatiam-
plifier keeps the initial voltage level constant.

an intermediate capacitor to the battery througdG:DC

buck-boost converter [16]. The MOSFET switches and

Zener diodes on the voltage-sensitive circuit sehsevolt-
age in the intermediate capacitor and transferahergy
when the capacitor reaches specific voltage levidis. volt-
age level in the intermediate capacitor is congablby the
Zener diodes until the capacitor is discharged rapdfer-
ring its energy to the battery.

Depending on the Zener diode values, the storetygne

DC-DC Buck-Boost Converter and Batteryin the capacitor is transferred to the storage timdugh the

-charging Circuit

DC-DC converters efficiently step-up (boost), steEpvn
(buck) or invert DC voltages without the necessityrans-
formers. In these structures, switching capacioesusually
utilized to reduce or to increase physical sizaiiregnents.
DC-DC converters allow product size reduction fortpble
electronic devices where increased efficiency aglilation
of input power are necessary for optional requineisie

Taking the above features of the buck-boost coevert

into consideration, a linear-technology-based LT2LHIC-

DC buck-boost SEPIC constant-current/voltage bgatter

charging integrated circuit was used to regulae high
output voltage that was produced from the PFCBhiarge
small-scale batteries for test purposes [15]. AL&T2 bat-
tery-charging circuit was added to the energy-hsting
circuit. Since buck-boost converters are very spmsi
proper design in conjunction with supporting conmgas
and physical layout is necessary to avoid eledtmgase
generation and instability.

DC-DC buck-boost converter and battery-charginguiir
Due to known high-discharge rates of the capagittirs

Zener diode voltage values chosen were 12V and 6.2V

(which are small values for the purpose of enemyyéasting
from PFCB) in order to avoid losing stored energythe
intermediate capacitor. One of the most importanidiits
of the intermediate capacitor and voltage-sensisiwitch-
ing circuit is the increase in the amount of trensfd en-
ergy from the PFCB. There is a reduction in theutrloss
throughout the energy-harvesting circuit causedhleyelec-
tronic components. The circuit is shown in Figuran8l was
built in four phases to represent the overall eyerg
harvesting circuit modules in order to simulate ¢hreuit.

The first module is a mechanical-to-electrical eyer
conversion module and functions the same as a R#GB
ducing AC power.

The second module has rectification (the conversibn

AC voltage to DC voltage) and an energy-storaget uni

(intermediate capacitor). The third module is atagék-
switching circuit which senses the voltage levetha inter-
mediate capacitor and transfers it to the battbrgugh a
DC-DC buck-boost converter and battery-charginguiir

Considerations for LTSPICE modeling, converter &ele The fourth module is the model of a buck-boost ester

tion, circuitry building, debugging, and power-outpm-
provements were followed step-by-step in orderreate a
good energy-harvesting circuit.

This circuit would maximize the power flow from the

piezoelectric device and was implemented in coatibn
with a full-wave bridge rectifier, intermediate sige ca-
pacitor, and voltage-sensitive switching circuttwas ob-
served that when using the energy-harvesting ¢jrowier
twice the amount of energy was transferred to tageby
than with direct charging alone. However, if thewgo-

harvesting medium produced less than 2.7V, powaw fl

into the battery was reduced due to losses in doitianal
circuit components and the threshold charactesisticthe
LT1512. For the purpose of storing energy in ttrterimedi-
ate storage unit, a capacitor was placed beforexdliage-
sensitive circuit and buck-boost converter. Thetags-
sensitive circuit consists of diodes (including 2ediodes),

and battery-charging circuit representing exactatteris-
tics of the LT1512 SEPIC constant-current/voltagée-i
grated circuit, which will be discussed in subsetusec-
tions.

The circuit shown in Figure 8 was simulated using

LTSPICE (SwitcherCAD IIl). Mechanical energy isnzo
verted into electrical energy by the piezo, andeistified
and stored as charge on a capacitor. When thaggtara-
pacitor voltage V(in) reaches 15V, the voltage &imes
switch turns on allowing the energy stored on tapacitor
to be transferred to the buck converter which charthe
battery. As the capacitor charge is transferreti¢dattery,
the storage capacitor voltage will decrease untieaches
the lower threshold (about 8V), at which time thatage-
sensitive switch will turn off. Now, the storagapacitor
voltage will start increasing again as mechanicargy is
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converted into electrical energy, and the cycld veipeat. SEPic Consant Cuenttage BattryGharger o PGB
The charge and discharge steps are repeated WwhilRRCB
produces electricity from the vibrations.

SINE(0 20 25)

The DC-DC converter and battery-charging circuit de |re=m

sign, which is part of the energy-harvesting cir@imula-

tion interface, is shown in Figure 10. This circsiihulation

interface is employed to handle the decrease aease in

voltage levels and keep it constant according ¢okhttery
specifications. The voltage output of the circdhde eas-

ily modified by using different resistance valués idiffer-

ent battery is integrated with the system.

Vo

B sz

SGND PGND

Figure 10. Energy-harvesting and charging circuit
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Figure 8. Intermediate voltage-sensitive switch wit hysteresis
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Figure 9. Voltage input and output simulation of vdtage-sensitive switch
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Figure 11. Battery-charging values simulation

Circuit Simulation

The simulation graph of the major circuit compoisent
the LT1512 SEPIC battery-charging circuit

through
(including input voltage, battery-charging voltaged cur-
rent) were simulated and are depicted in FigureAllthree

important aforementioned parameters of the energy-

harvesting and battery-charging circuit were sirtadato-
gether to examine the consistency of the voltagefot
levels on the circuit design simulation interfasbpwn in
Figure 11.

The input-voltage () simulation plot was generated
by the vibrations through the PFCB while being simaks
shown. This voltage level was measured after ieatibn
of the AC voltage signal, which came from the PF@t
as a DC voltage and served as the input for th&-boost
converter and the voltage-regulator circuit. Sittoe maxi-
mum input voltage of an LT1512 integrated circust i
30Vuax, @ Zener diode was placed betweegr ¥®nd the
ground of the LT1512 in order to avoid damagingititer-
nal components of the LT1512.

levels were supplied at a steady state for proptety
charging kour= 5MA (which is a standard charging current
for the battery) and ¥t = 3.6V nominal charging voltage.
The charging current that was generated by the PRES
less than 1mA but was increased to 5mA by the rimbeli-
ate capacitors.

The intermediate capacitors were charged to thd- min
mum charging threshold of the battery and thenassld to
the battery terminals by discharging themselvesltow
them to accept charge voltages from the PFCB aghum-
ever, the current level was not able to increastcmntly

to charge the battery because of the low curresdymed by
the PFCB. The specific voltage and current leve aire
specified in the simulation plot can charge at 3.6V
60mAh for a fully discharged battery in approxiniate
27hrs with constant vibrations from the PFCB.

Building the Circuit

An energy-harvesting and charging-circuit was desiy
to charge small-scale NICD and NIMH batteries &t ¢bn-
stant charging phase. The printed circuit boardtlier en-

The input voltage (W) and regulated battery-charging ergy-harvesting circuit was designed and built mslkas
voltage (Mbut) were compared in order to check the input possible to fit even small places for power genenain-

and output voltage differences after regulatione Tiput
voltage levels that were greater or less than 3v&¥e regu-
lated by the LT1512 buck-boost converter and thiteba
charging IC (Integrated Circuit) in order to chatye bat-
tery at the nominal voltage level which is 3.6V6&mAh
for the test battery.

The battery-charging current gfyr) and battery-
charging voltage (Myr) simulation plots are depicted to
indicate battery-charging values. Both voltage andent

cluding the battery soldered on the circuit. Howefar test
purposes, the instrumentation circuit on the bis@ard and
the energy-harvesting circuit were placed nearntieasur-
ing equipment with the PFCB assembled to allowréad-
ing of output values on the oscilloscope displaye Energy
-harvesting circuit which is soldered on the prihtgrcuit
board is shown in Figure 12.

ENERGY HARVESTING WITH PIEZOELECTRIC FIBER COMPOSITEFROM MECHANICAL VIBRATIONS

21



Figure 12. Energy-harvesting, conversion,
and charging circuit

This circuit can be designed and built smaller,dqyro-
priate tools should be used during the solderiracgss of
the very small electronic components. The dimerssioh
the energy-harvesting circuit design on the PCB sanall
enough to allow it to be easily mounted in a snpédice,
including the storage unit soldered on the cirddiiwever,
a protective box should be designed and built tigut the
circuit components and the battery from bending ard
periencing deformations from the vibration sources.

Storage-unit Tests

E= %c.vz - %(400/#)(50/)2 - 05J

Then, 0.5J of energy would produce 1/8W (0.125W) of
power in 4 seconds as calculated here:

dt Dt 4Secont 8

It was assumed that 125mW of energy would be suffi-
cient to power a variety of low-power wireless artable
electronic devices. The calculations above aredvidlihe
PFCB is constantly shaken or vibrations are appiethe
PFCB material. According to the manufacturer’s testlts
(ACI), E=880mJ of energy can be stored in 13 ses@wla
result of the PFCB vibrations. Taking the storedrgyg into
consideration, the average output power and cufesmls
at different voltages were calculated as

E=880mJ;
t=13sec;

E
Pave = E 3(

One problem that was encountered when using power-

harvesting systems was that the power producetidpie-

zoelectric material was often not sufficient to ownost
electronics. Therefore, methods are needed to adeten
the energy in an intermediate storage device Soittmaay

be used as a power source. The method typicallg tse
accumulate the energy is a capacitor. However, aipa

have characteristics that are not ideal for mamgctal

applications such as limited capacity and high dgmkrates.
For the purpose of intermediate storage units,calpta-

pacitors were used in the energy-harvesting cinaittiout

causing any critical issues. A number of capacitoese

connected in parallel with the resistors in ordersinooth

the delivered voltage, making the output voltagslgaead-

able by the multimeter. Using the approximate @dispiment
and frequency levels, the stored energy in the dapa

could be calculated.

Displacement of PFCB: 4mm;
PFCB Voltage: 350V; and
Capacitor value: 400uF

where

Pavc=Average power;
E=Energy stored;
t=Time takes to store the energy;

_ 880mJ
3se

=6769mW

AVG

Vrus=0.1V, 0.2V... 10V,

_P 4
 ams(Vrus) = VAVG “)
RMS

6769MmW

| aus@V) = =1692mA

67.69mwW

| s V) = = 2256mA

The 400uF capacitor bank was charged to 50V in tabou

4 seconds by PFCB on a constant-frequency shakerafe
ing 350V. Taking the test results into consideratithe
energy stored in the capacitors was:

The current levels for battery-charging purposesewe
calculated according to the input voltage leveighé input

voltage is increased, the output current would matixcally

increase, thereby decreasing the battery-chargme. tAll
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the calculations were done according to the enstgped in
13 seconds (as reported by tests). The graph iaréij3
compares voltage and current levels and averagepout-
put in 13 seconds.

RMS Current vs. RMS Voltage

s

Irms (mA}

0.1 1 10
Viems (V)
Figure 13. RMS Voltage/Current comparison for energ
stored in thirteen seconds in capacitors

When a resistive load is relatively large, the powet-
put from the PFCB does not produce significantlyreno
power. The results of using a larger capacitomtoath the
output voltage suggest that the size of the smogtbapaci-
tor affects the amount of power that can be dedideio a
resistive load (battery). This is attributed to then-ideal
behavior of the capacitor, which leads to interluasses.
Following construction of the energy-harvestingcauit,
NICD- and NIMH-type batteries were charged to detae
the battery-charging time that could be effectivebserved
for each with a constant frequency. After testimg voltage
levels of the PFCB using the capacitors, the PF@B thien
tested with the batteries to observe its battegrgihg effi-
ciency. For this purpose, a permanent magnet shaer
used to induce vibrations; two rechargeable batesind an
energy-harvesting circuit were used for the expenmA
PFCB consisting of two active fiber composites (tiph)

was clamped to a thin piece of metal of the consthaker
for the energy-harvesting experiment. The photdyrap
the battery-testing system is shown in Figurel4.

Figure 14. Battery-charging test fixture

The batteries used in the experiment are listethlvle 2
with the basic specifications that are needed asgaig
parameters. In order to charge batteries, the PH@S-
digitized electrodes were connected to the batemyinals
through the energy-harvesting circuit.

The constant vibrations from the shaker were agple
the PFCB at 60Hz. The voltage measurements fronbdhe
teries were taken every hour and it appeared tmatirt-
crease was very small. The reason for the slowgahgwas
the very low current produced from the PFCB anddksees
across the energy-harvesting and battery-chargirayic
Because of the low charging current, the test battas not
able to be charged at the specified standard atmatiine.
However, this charging experiment was conductech wit
only a single PFCB, which is not recommended faargh
ing batteries. In some applications, more thanetiRECBs
are connected in parallel to increase the currevgl$ and
efficiency of the energy-harvesting system. The benof

Table 2. Rechargeable battery specifications

Quick
Nom. | Charge Charge Charge
Tvpe Name of Voltage Ampacity time with
yp Comp. (V)g (mAh) PFCB
A Time A T (h)
(mA) (h) (mA) (h)
NIMH Ps Sonic 1.2 80 8 15 47
NICD Various 3.6 60 6 14 20 7 36
Dantona
NIMH Industry 3.6 60 6 14 20 7 41
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PFCBs would be increased to charge the batteriaspeci-
fied time frame in order to avoid voltage dropsoasrthe
batteries while powering the electronic device.

Furthermore, this experimental test showed thathes
can be charged with constant current/voltage igéortime
frames than the specific time frame on the bataya-
sheets. The last column in Table 2 shows the tegeired
to charge the batteries with one PFCB. If more thame
PFCB is used for the energy-harvesting system,gamgr
time would be decreased considerably.

Discussion

Mechanical vibrations as an ambient energy souee w
considered as a possible energy source to genslestiic-
ity through a PFCB to charge low-scale rechargebatter-
ies. The batteries were expected to operate lowep@tec-
tronic devices such as a radio, MP3 player, mattiene or
GPS unit. It was proven that the PFCB was ablerdolyce
enough voltage with low current as an input power
charge a small-scale rechargeable battery, depgdirthe
time- and vibration-source characteristics. Howewuerthe
case of powering the electronic device, the batsewere
placed in the system fully charged. It is esseritatleter-
mine if the gained and stored power compensatethfer
consumption of the electronic device while it ieogting. If
the power produced compensates for the daily copsans
and the leakages of the electronic device, it cdddsaid
that vibrations as ambient energy sources are siblea
source for the electronic application.

Conclusion

The advances made from the work presented in ¢his
search will provide future researchers with thesowces-
sary to use PFCBs effectively in numerous apphbceti The
sensing capabilities of the PFCB were investigated its
abilities were shown
through an experiment and battery-charging circtitie
energy-harvesting circuit can be improved to insecaur-
rent levels from the PFCB while decreasing voltsgesls
for battery-charging purposes. The increase ofecuirdur-
ing the vibration of the PFCB would decrease theebg
charging time by supplying more energy to the etedt
device. Also, the PFCB can be placed around the diom
a hydraulic door closer to capture wasted humanepow
special design would be constructed to create tidma
when the door is opened by human power. The spdeial
sign should be located in a proper place wherentost
vibrations can be created for energy-harvestinppags.

References

[1]

(2]

[3]

[4]

[5]

[6]
t

[7]

(8]

(9]

[10]

r

[11]

in an energy-harvesting system

[12]

[13]

[14]

[15]

Sodano, H. A., Inman, D.J., & Park, G. (2004).
review of power harvesting from vibration using
piezoelectric material§he Shock and Vibration
Digest 36 (3), 197-205.

Roundy, S., Wright, P. K. (2004). A piezoeléct
vibration based generator for wireless electronics.
Smart Materials and Structures, 13, 1131-1142
Skoog, D. A., Holler, J. F., & Crouch, S. R0Q6).
Principles of Instrumental Analysis. 6th Edition,
Florence, KY: Cengage Learning, Brooks Cole.
Marzencki, M. (2005). Vibration energy scaverny
European Commission research Project VIBES (IST-
1-507911) of the 6th STREP Framework Program.
Roundy, S. J. (2003). Energy Scavenging for
Wireless Sensor Nodes with a Focus on Vibration to
Electricity Conversion. A dissertation, The
University of California, Berkeley.

Thomas, J., Clark, J. W., & Clark, W. W. (2005
Harvesting Energy from Piezoelectric Material.
University of Pittsburgh, 1536-1268 IEEE Published
by the IEEE CS.

Advanced Cerametrics Incorporated. (2007).
Retrieved December 16, 2009, from http://
www.advancedcerametrics.com/

DC-DC Converter Basics. (2008). Retrieved dagu
18, 2010, from http://www.powerdesigners.com/
InfoWeb/design_center/articles/DC-DC/
converter.shtm

Bridge Rectifier. (2008). Retrieved January 2010,
from

http://hyperphysics.phy-astr.gsu.edu/Hbase/
electronic/rectbr.html

Designing A SEPIC Converter Introduction. (3.
Retrieved February 11, 2010, from
http://www.national.com/an/AN/AN-1484.pdf
Switching Regulator. (2008). Glossary of Term
Retrieved February 16, 2010, from www.elpac.com/
resources/glossary/index.html
LTspice/SwitcherCAD lll. (2007). Retrievednisary
14, 2010, from
http://www.linear.com/designtools/software/
index.jsp#Spice

Linear Technology. (2007). Retrieved Februayy
2010, from http://www.linear.com

Maxim. (2007). Operational Amplifiers, Retviex
January 2, 2010, from www.maxim-ic.com/
appnotes.cfm/an_pk/1108

LT1512 SEPIC Constant-Current/Constant-Vadtag
Battery Charger, Linear Technology. (2007).
Retrieved December 1, 2009, from http://
cds.linear.com/docs/Datasheet/1512fa.pdf

24

NTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 11, NUMBER 2, S’RING/'SUMMER 2011



[16] Diodes. (2008). Retrieved January 20, 204dmnf
www.kpsec.freeuk.com/components/diode.htm

Biography

FARUK YILDIZ holds a BS in Computer Science from
Taraz State University, KZ, an MS in Computer Sci&én
from City University of New York, and a Doctorate in-
dustrial Technology from the University of Northdiowa.
He is an Assistant Professor in Industrial Techgpl®ro-
gram at Sam Houston State University. His rese#&dn
renewable energy harvesting, conversion, and ahgugys-
tem and ambient energy sources. Dr. Faruk Yildiz tna
reached at fxy001@shsu.edu

ENERGY HARVESTING WITH PIEZOELECTRIC FIBER COMPOSITEFROM MECHANICAL VIBRATIONS

25



DESIGN AND DEVELOPMENT OF A
HYPOCYCLOID ENGINE

Tom Conner, Arizona State University; Sangram Redkezona State University

Wiseman Mechanism [4] for IC engines. The Wiseman
AbStraCt Mechanism, based on the hypocycloid concept (Sgeré&i
1), replaces the conventional slider-crank or cshalt with
an equally simple mechanism that allows for pelydaiear
and sinusoidal motion of both the piston and cotingc
rod.

In this study, a hypocycloid engine was designed an
developed. This engine is based on the Wisemarhddec
nism. The Wiseman Mechanism, (patent # US
6,510,831,B2) allows the piston and connecting obdn
Internal Combustion (IC) engine to travel in a petflinear
motion while transferring the reciprocating enefgym the
piston to the rotational energy of the output sliaétreby
reducing frictional losses at the piston pin ane fiston-
cylinder sidewall by reducing piston side load. isTéngine
design offers significantly higher thermodynamiticééncy
compared to the conventional slider-crank IC engiftds
engine offers a high power-to-weight ratio, imprévieel
consumption, reduced weight, and increased endimelt
this paper, the authors present the design, dewelop and
simulation results of this novel engine.

Connecting
Rod

Introduction

Fixed
Intcrnal
Ring Gear

The IC engine is a dominating force in the modern i
dustrialized world with annual production exceedib@0
million units worldwide. The IC engine is the péany driv-
ing force behind generators, automobiles, airctattpmo-
tives and motorcycles, and the list goes on. lmofthese
applications and every other successful commeagiplica-

Rotating
Pinion
Gear

Rotating
Output
Shaft, L2

tion, the slider-crank mechanism is the method wsembn- Figure 1. Single Cylinder Hypocycloid Meclanism
vert the reciprocating motion of the piston inte trotary
motion of the output shaft. There has been tremescd- This simple mechanism is comprised of a rotatinmigpi

vancement of the IC engine over the past 100 ybatshis  gear that rolls around a fixed internal ring ge&vhen the
integral part has remained essentially unchangeditiénal  pinion gear is half the pitch diameter of the fixeternal
details about IC engine technology are given byldiajl],  ring gear, the point D1 (located on the pitch ditenef the
[2]. There are a number of limitations and disadages of  pinion gear) travels in a perfectly straight linen addition
the slider-crank mechanism, two of which are lidtetbw. to traveling in a straight line, the motion of Dslalso sinu-

soidal and a simple harmonic for any fixed engiffvVR[5].
1. The inclination of the connecting rod produces a

force on the piston perpendicular to the axis ef th In the Wiseman Mechanism, this unique motion nesgui
cylinder, causing piston side load. This side load  only two moving parts, which is unique and progrgtto
plays a significant role in frictional losses [[3]. this design and protected by a U.S. Patent [3]e §thaight-

2. The reciprocating motion of the piston combined line design feature eliminates piston side load altaws for
with the complex motion of the connecting rod is  perfect balance, even in single cylinder appliaagjowith-
very difficult to completely balance and virtually out adding significant complexity. A cutaway vief the
impossible in single-cylinder applications [1], [3] ~ Wiseman Mechanism in a small IC engine, curremilylé-

velopment, is shown in Figure 2. The engine prqtetis
A proposed solution to these problems is the patent shown in Figure 3.
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Fixed Ring

Pinion Shaft with
attached Pinion Gear

Pinion Carrier
OQutput Shaft

This point at the bottom of connecting rod
travels in a perfectly straight line.

Figure 3. 30cc Wiseman Mechanism Prototype Engine

This prototype is a modified version of a two-cy8lécc
string trimmer engine. The slider-crank mechanisas
been removed and replaced with the Wiseman Medadmanis
Virtually all other stock engine components are odified
including the cylinder, piston, carburetor, igniticand ex-
haust. The basic engine design parameters havebabn
retained including bore, stroke, and compressitin.rarhe
resulting prototype is nearly identical to the &tengine in

nism utilizes only 2 moving parts. In this papée futhors
present the dynamic balancing of this Wiseman masha
using Solidworks Motion Analysis software. The most
portant contributions of this work are the develepinof a
software routine that can be used to balance alesing
cylinder Wiseman engine and to use this prograrsinw-
late and balance the prototype Wiseman engine ant c
pare the engine performance. These simulation teesué
very important and the software program helps ustady
what-if scenarios and optimize the engine hardware.

Balancing a Hypocycloid Engine

The shaking force in a single-cylinder slider-cramigine
is given by [3]

Fo @ m(rw? cosut) - m, [ru? (cosm+|L cost

Fe, @ M (ru/ cosmt) (1)

whereFgand Fsy are the shaking forces in tieandY di-
rections, respectivelym, andm, are the lumped mass of the
crank and piston, respectivelyis the radius of the crank,
is the angular velocity of the crank, andl is the crank-to-
con-rod ratio. It can be noted that adding nmagg with a
radiusrga at 180° fromm. such thaimga rga. = mer would
cancel the directional shaking force completelg¢t balance
the shaking force in the direction of a recipratgtimass
that oscillates out-of-phase with the piston. Ih@ possible
to add this reciprocating mass in a single-cylindegine
and, hence, a single-cylinder slider-crank IC eagiannot
be completely balanced. Sometimes overbalancingsésl
to minimize the shaking force due to a reciproaatinass
(3], [11].

In certain applications like weed-whacker or string
trimmer engines, these undesirable shaking forease
operator fatigue. As the engine RPM increasesntagni-
tude of the shaking forces increase. A detailecherattical
treatment of the single-cylinder slider-crank eregbalanc-
ing is offered by Norton [3], Harkness [11] anditkh[12].

every aspect except for the Wiseman Mechanism genve On the other hand, the hypocycloid engine can ha-co

sion. This prototype engine runs quite well; howeveis
not perfectly balanced. Perfect balance would aitaw run
smoother, quieter, and last longer than the stamkven-
tional engine. The primary focus of this work isperfectly
balance this prototype engine using commercial omoti
simulation software (Solidworks Motion Analysis).

It should be noted that variations of the hypocigtlo
mechanism have been tested in the past [5-10].eTimgso-

pletely balanced reducing noise, vibration and sitak
forces, significantly. The basic method used ttyfohlance
a single-cylinder hypocycloid engine can be seeaplgr

cally in Figure 4, adapted from [6]. This methaaktbeen
implemented in the Solidworks motion analysis safiv

The four diagrams in Figure 4 are in 30° incremeriits
output-shaft rotation starting in the upper lefthere the
piston is at top dead center (TDC). The total nutptation

cycloid mechanisms were complex. The Wiseman mechashown is only 90° but it is possible to extend tliacept to
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the full 360° of rotation. The link, L2, is anatag to the
crankshaft of a conventional engine and is resyamdor
the output rotary motion. The link, L1, is attadh® and
rotates the pinion gear at twice the angular vefoand in
the opposite direction of L2. The total stroketié mecha-
nism from TDC to bottom dead center (BDC) is foumds
the distancer.

TDC

C1

L2

Figure 4. Hypocycloid Balance Concept Adapted Fron6]

According to Beachley & Lenz [6], when attempting
perfect balance in the plane shown in Figure Sait be
assumed that the mass of the piston and connethgs-
sembly is concentrated at D1; therefore, the pistwh con-
necting rod are not represented in this exercisae first
step in balancing this mechanism is to focus ontttel
mass located at point D1, which includes the pisiod
connecting rod mass. This mass is rotating aboint [C1
and, therefore, generates an inertial force wradhighest at
TDC. Note that even as D1 is rotating about Clenbains
on the vertical centerline at all times. In orderbalance
the mass at D1, a second mass at D2 is sized aatktb
such that the center of mass (CM) of D1 and D2dated
at C1. This CM location at C1 allows the balanaingthod
to continue by assuming the combined mass of D1hd
is concentrated at C1. The inertial forces geeeréty D1
and D2 when vector summed together act in-line pitimts
C1 and C2 at all times. This inertial force caertlbe bal-
anced by placing a counterweight, E, with its CMaled
180° and equidistance (r) from C1. The inertiatéovec-
tors will then cancel and perfect balance is adtdev

Baseline Prototype Balance Evalua-
tion

This analysis begins with modeling and simulatihg t
existing prototype in its current state in orderegiablish a
baseline of the vibration behavior. Once a basdbrestab-
lished, the balancing method in Figure 4 will belagal to
the prototype and validated in software simulatiofike
completed assembly, as shown in Figure 2, was ustte
first baseline simulation. The engine under inyggion has
an exact displacement of 29.80twith a stroke of 2.856cm
and bore of 3.645cm. The intent of this exercgséoi re-
duce the shaking forces generated by the rotatiwdgecip-
rocating masses in the engine assembly. To resivoga-
tion calculation time, a few of the rotating asséetwere
assumed to already be in perfect balance and, ftliere
were not included in the analysis. In order fag #imula-
tion to accurately predict shaking forces, the reassf all
components must be known. The density propertiese w
assigned for each component in order to determed t
total mass and CM location. The three bearingsiced in
the simulation were the only exceptions. Becabtsebear-
ings were symmetric simple shapes and already tedan
only their mass was required for the simulation.

With components and masses defined, the desired out
puts of the simulation had to be specified. Theerimal
forces that result from inertial effects in an emgidesign
play a very important role in bearing and comporieatls.
Another important design consideration when dealiritip
inertial effects was the amount of vibration thattians-
ferred from the engine to its mounts and ultimatelythe
entire system surrounding the engine. In UAV’s amahy
other applications, these forces are detrimentaNtise
Vibration and Harness (NVH) performance and must be
kept to a minimum. These shaking forces are trereid
outputs of this analysis, particularly in the horizal X-axis
and vertical Y-axis directions as shown in Figure Bhese
types of forces can be very large even for a seradine at
moderate speeds in a conventional engine. Thecdny-
petitive advantage of a single-cylinder hypocycleitgine
is the ability to eliminate these shaking forceshwiroper
balancing. Because the moving components are ghymiar
the plane shown in Figure 5, the shaking momerit dba
curs around the X axis will be neglected. In otherds,
this is a two-dimensional balancing effort. This@asption
greatly simplifies this exercise; however, to fulbalance
the engine, the shaking moment will eventually needhe
accounted for. This first simulation run is justget a base-
line of the peak shaking forces occurring in theaxd Y
axes as defined. The engine was simulated atational
speed of 3000 RPM for approximately one revolutibthe
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output shaft starting near TDC. The results shassume
that the engine is already running at a constao3RPM
and a snapshot of one revolution is taken. Theisba
force results of the baseline simulation in therXl & axes
are shown in Figure 6.

Vertical Y-Axis

Figure 5. Axis Definitions

The results of this first simulation show a pealaXs shak-
ing force of 9.0 N that occurred exactly midway vibetn
TDC and BDC. In the X-axis, the inertial effect the re-
ciprocating piston and connecting rod is hiddenamneg
that a rotational imbalance somewhere in the aslyewds
causing this shaking force. On the Y-axis, a muighér

peak shaking force of 118 N occurred at BDC and TDC

On the Y-axis, the inertial effect of the reciprtiog piston
and connecting rod was dominant. The high peagefdn
the Y-Axis indicates that the reciprocating compaseavere
unbalanced.

Balancing Method

o
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Figure 6. X and Y axis Shaking Forces

resulting design may be unacceptable due to simmgth,
and weight constraints. The ability to quickly siate dif-

The balancing method for the hypocycloid engine de-ferent solutions offers a tremendous cost and Senngs

scribed earlier (Figure 4) was then applied tophatotype

over a build, test, and modify approach using asplay

in an attempt to reduce both the X- and Y-axis Bfgak prototype.

forces. Material was carefully added and removed@ft-
ware) from the components involved until a perfealiance
was achieved. Theoretically, it should be posdibleeduce
the shaking forces to zero in the simulation. Hesvein
the real—world, limitations on manufacturing tolecas will
prevent perfect balance and zero shaking forcése simu-
lation results are intended to be a nominal stgntiaint for
the components in the engine.

An important outcome of this exercise was the fahsi of
this balance method. It may certainly be possiblger-
fectly balance the prototype in the simulation, tha

Early in the balancing process it is valuable tuee the
complexity of the system as much as possible. Bitoms
are repeated many times early on and unnecessanylex-
ity slows down the process. As noted previouslg, ithass
of the piston and connecting rod can be replaced bgn-
centrated point mass at D1 for the purpose of amalyThis
is done by placing a solid cylinder slug that is\@entric
with D1 and equal in mass to the piston and commgeod.
This not only simplifies the preliminary analysiatht also
verifies this mass-replacement approach. Whenfitisd
simulation is run with the piston and connectingd back in
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place, balance should still be retained. The cotimg rod
bearing must also be included as it contributethéomass
located at D1. The modified assembly shown Figurs 7
now ready for integration and simulation of theirnen-
gine assembly. The engine was again run at 300@ RP
the simulation and then analyzed for shaking foinghe X

- and Y-axis directions. The resulting shaking-és for the
balanced design are shown in Figure 8.

Figure 7. Balanced Assembly Model

Discussion and Results

Shown in Table 1 is a summary of the shaking foetes
3000 RPM before and after the balancing method apas
plied. The large percentage reduction of shakinge® in
both axes proves the feasibility of the hypocyclbalanc-
ing method for use in a Wiseman engine. It aldadates
the technique of replacing the piston and conngctiod
with a concentrated mass to simplify early analysi&he
size and shape of counterweights would likely stiéled
adjustment before manufacturing, but the desigmacey
appears feasible at this point. In addition, beilzen the
system does not require excessive material remowvailx-
cessive additional material in any specific companeThe
size and shape of the counterweights added arecatssis-
tent with similarly-sized conventional engines.
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20
. B
&
&
10
<20
0000 oamo 0020
Time (sec)
o0s2
00x
5
3
S 000 o
g
&
002
0052
oopo ogo o020
Teme {aec)
TDC BDC

Figure 8. Balanced Engine Shaking Forces

Table 1. Shaking Force Summary Before and After

Balance
Before | After Percent
Balance | galance | Reduction
X-Axis Shaking 9 .052 99.4
Y-Axis Shaking 118 2.0 98.2

Currently, the existing prototype hardware is beingACknow|edgmentS

modified and balanced. Once the balanced Wisemgimen
is built, dynamometer and vibration testing can peg-
formed. It is anticipated that the performance lu§ thal-
anced engine will be better when compared to tlistiag
unbalanced engine. These experimental resultsbeilfe-
ported in future.

The authors thank the Wiseman Group including Keith
Voigts, Jerry Blankinchip, and Mark Smith for thgna-
cious support, and extensive prototype developmehis
project was supported by the Governor's Office af-E
nomic Recovery and Science Foundation Arizona.
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THE IMPACT OF MOTORSPORTS ENGINEERING ON
AUTOMOTIVE PERFORMANCE

Pete Hylton, Indiana University Purdue Universitdianapolis; Andrew Borme, Indiana University Pwdiniversity Indianapolis;
Kirk Barber, Indiana University Purdue Universitydianapolis; Paul Lucas, Indiana University Purdnéversity Indianapolis;
Lee Beard, Don Schumacher Racing

Abstract

The application of sound engineering design priesip
in the development of vehicles intended for motortp
competition has come into more frequent use dutiegpast
decade. Instead of the trial-and-error mode ottgment,
which was prevalent in motorsports in the past,irees
are now playing a major role in the design of nessdn-
tended for competition. This has brought abouew field
of study at some institutions of higher educatite: field of
motorsports engineering. One of these schoolsds&aha
University Purdue University Indianapolis (IUPUWhere
students and faculty have been working with radegmns
and businesses associated with motorsports to peoda-
signs capable of improving vehicle performanceampeti-
tion.
world record for the quickest that a vehicle hasrexaveled
1,000 feet from a standing start. The record masrésult
of a unique collaboration between Don Schumacheiriga
(DSR) and IUPUI and was a demonstration of howetingi-
neering aspects of motorsports are making an impaen-
gineering education, as well as how motorsportinesg-
ing graduates will impact the future of the spawd auto-
motive design.

Introduction

In a world where engines produce over 8,000 homsepo
and vehicles achieve over 300 miles per hour ineaem
1,000 feet of distance in just over three seconfdsnee,
engineering analysis can be a very useful tool doiewve
performance optimization. In an effort to examirghicle
behaviors in this incredible environment, Don Schaher
Racing (DSR) and Indiana University Purdue Uniugrsi
Indianapolis (IUPUI) partnered on an educationakeezch
program [1]. DSR is one of the most successful teamthe
Top Fuel category of the National Hot Rod Assooiat
(NHRA) premier drag racing series. IUPUI is thesffitni-
versity in the United States to offer a bachelalégree in
motorsports engineering [2], with a curriculum gSfieally
aimed at training the next generation of engindersthe
motorsports industry [3]. The innovative motorsgoengi-
neering courses at IUPUI,
engineering slant, have drawn attention for themoiation

On June, 11, 2010, Cory McClenathan set & ne

with a distinct applied-

[4]. Plans of study that involve experiential leag and
research activities, which focus on undergraduateest
involvement, have been indicated in studies byNh&onal
Academy of Engineering [5] and numerous leadersngfi-
neering academia [6] as the direction of the fuforeengi-
neering education. IUPUI has been one of the Isage
attempting to develop innovative curricula for urgtadu-
ates and pre-engineering STEM students [7], with- mo
torsports-themed activities leading the way [8].

The relationship between DSR and IUPUI arose frben t
inspiration of Lee Beard, the DSR Team Manager.ceRa
teams are always looking for a competitive advastaomd
Beard believed that the coupling of bright youngndsi
from the university with experienced members of SR
team could yield new ideas. The first projecthaf partner-
ship was aimed at determining the characteristicshe
chassis of a Top Fuel class car, which might hatkereefi-
cial effect on performance. Cory McClenathan whs t
driver of one of the DSR Top Fuel cars, shown iguFe 1.

Methodology

With the tremendous levels of power being trangditt
to the ground by these cars, traction is paramotihe criti-
cal focus of the study became whether the chassikl be
optimized in a way that positively enhanced théscability
to maximize traction. The first step was to constra Fi-
nite Element Model (FEM) of the existing chassl&IPUI
students worked side-by-side with DSR fabricatarsun-
derstand the design of the frame and develop thedel, as
shown in Figure 2. The students had completedsesun
structural modeling, statics, dynamics, and vehiblaam-
ics, all under the guidance of IUPUI's engineertaghnol-
ogy and motorsports engineering faculty. The maouas$
constructed as a tube frame using a FEM routiretidalar
attention had to be paid to tube dimensions, nmaltproper-
ties, and configuration of the tube junctions.

The second step was to correlate the model. DSR co
ducted a static load test, fixing the frame atftbat suspen-
sion attachment points and at the rear axle houskgtatic
load was applied in the center of the frame andedgbns
were measured along its length. The model was toen
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strained at the same locations and the same loadawa
plied. Predicted and measured deflections were toan-
pared. This step required refinement of the mogladticu-
larly in the vicinity of the rear constraint, tocacately rep-
resent the frame in its test configuration. Thebkasis had
originally been on the frame members and not onattle
housing. This had to be adjusted in order to m#tehtest
results.

Figure 1. Cory McClenathan’s Don Schumacher Racingop
Fuel dragster was the object of a redesigned chasdiased on
analysis by motorsports engineering students
(Photo used with permission of DSR)

Figure 2. Finite element model of a Top Fuel dragst chassis

Ultimately, a good correlation was achieved, asnshin

Figure 3, allowing the analysis to continue. Thassis has

a different stiffness in twist, vertical bendingydahorizontal
bending. The next step in the process was foreiperi-
enced members of the DSR team to sit down withlithe
PUI students and faculty to discuss what flexipittharac-
teristics of the chassis they collectively believiead the
greatest impact on the vehicle’s ability to maxientzaction
and, thus, its ability to put the power to the grdu The
IUPUI team then began parametric studies utilizimeg cor-
related model. Over a hundred different configoret
were examined in a process that indicated seveealds
pointing toward the selected goals. To examinevdréous

configurations, three load cases were repeatedilieapto
the model. One case examined vertical bendingethas-
sis, one examined lateral bending of the chassid, the
third examined torsional twist of the chassis. |B&fon
results of the model, as shown in Figures 4 andvére
summarized for each configuration and were comphastt

against the baseline to see which configurationt bes

achieved the goals. In addition to the performgra@me-
ters, maximum stresses under various load congitieere
tracked to make sure that frame life would not lumi§i-
cantly impacted; weight was also tracked since ia ga
weight of the race car would offset any advantagmeyl
from the increase in traction.

1.2
0.8
0.4
== DSR Test Data
— Tast 1
0.0 — Test 2
0 2 4 6

Figure 3. Correlation of chassis deflection test ahanalysis
data

Figure 4. Predicted bending deflections shown for éoad case
on the Top Fuel chassis
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Another aspect of vehicle design that was examinesl
driver safety. Fire is always a safety concernnio-
torsports, especially in the Top Fuel classes whete®
methane is used as fuel. Figure 6 shows the matmiof
the fireball that can occur in a worst-case scenafsiven
the proximity of the driver to the engine, as shawirigure
7, there is a possibility of flame or engine pantsking their
way into the driver’s cockpit in such an explosidror that
reason, the DSR staff was interested in extendiegpto-
tective cowling from behind the driver's head, otlee top
of the cockpit, to create a barrier against fird,ahus, fur-
ther protect the driver. However, even to the ah®ib-
server, such additional bodywork would appear jik&
increase the aerodynamic drag around the coclpit car
running over 300 miles per hour, such drag coukbbee a
real competitive disadvantage.

Figure 5. Predicted torsional deflections shown fom load case
on the Top Fuel chassis

fueled dragsters (Photo used by permission of JefBurk/
DragRacingOnline.com)

DSR, relative to the aerodynamics of the car. tYdime

Therefore, another study was initiated by IUPUI and

Computational Fluid Dynamics (CFD) options of theMr
routine, the streamlines and turbulent-energy ibistion
around the cockpit were examined, as shown in Eigur
This was done in order to ascertain whether thetiaddl
protective cowling would, as expected, create urnegn
drag. When it was determined that the effect wdudda
performance disadvantage, further analysis wasopadd
to determine if there existed a means to counteitaist
negative effect. A proposed modification to thexdgcreen
was determined, which would subtly deflect air ambuhe
cockpit in a manner that prevented the new proteatdwl-
ing from being an aerodynamic disadvantage. Howewoe
further ensure that no detrimental effects occudheel to the
changes, the flow of air around the cockpit waswrad to
determine if it would hinder the air flow into trengine’s
inlet or if it would alter the airflow over the daoworce-
producing rear wing. Figure 9 shows results of portion
of the analysis.

Y= \. ; _ \
e i O \ :
“\ q" V ‘ |
: s\\ “\“\“Iﬁ.—_
Figure 7. The air flow around the cockpit and engie of the
Top Fuel car was an area of interest (Andrew Bormg@hoto)

Figure 8. CFD analysis model showing airflow streatines
over and around the cockpit and engine
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CFD analysis is akin to conducting a wind-tunnet tn
a computer; it provides both a visualization toad & calcu-
lation tool, and will allow the engineer to calcdoth lift
(or in the case of a racecar, downforce) and dsag fanc-
tion of the shape of the car. Flow energy, as waelturbu-
lence, was studied. In the end, an appropriatebawation

Pressure data was also taken around the engingank no
loss of air flow was detected. These results wandticate
that the use of engineering tools and analyticdlsshil-
lowed a configuration to be designed that had tbsirdd
safety provision with no detrimental performancepaut.
But more importantly, from a safety standpoint, wHeny

of cockpit cowl and windscreen angle was determined Schumacher’s engine exploded after the end of dribeo

which provided the desired protection without mgtithe
drag, the engine inlet flow, or the downforce pded by
the rear wing.

Figure 9. CFD analysis model showing airflow energgver and
around the cockpit, engine, and rear wing

Results

Motorsports of any form is, by definition, a vergro-
petitive business. For this reason, those worlingthe
DSR/IUPUI project are not at liberty to discussheit the
precise goals that were set or the exact chasgiffications
that were used to achieve them. However, the tebalve
been stunning. An initial configuration change vimple-
mented in Cory McClenathan’s frame in June, 20The
second event after the change was held at Old Bflagvn-
ship Raceway Park in Englishtown, New Jersey. fBaen
set the fastest thousand-foot time in NHRA histatry.752
seconds and a top speed of 324.75 miles per hbvuthe
post-qualifying interview, McClenathan acknowledgi
work of the university, saying, "We have been wogkivith
IUPUI, and those kids are just unbelievable whetoihes
to aerodynamics and how the chassis should workhsve
been working close with them and they were a big pa
some configurations we have used. This car ischlgiset
up the way they would like to see it go in the fetli[9]

The configuration of the cowling around the cockpés
tested on two of the DSR cars during practice dayshe
annual U.S. Nationals race at O’'Reilly Raceway Piark
Indianapolis, held on Labor Day weekend, 2010. hBxars
ran equivalent elapsed times and top speeds todltecon-
figuration, while utilizing the new cowl and windsen.

test runs, no fire entered the cockpit and, in,fdw driver
was initially unaware of the explosion. Subsegiyent
Schumacher, on March 27, 2011, in a race in PonOak,
fornia, set the fastest-ever top speed for a thuis$aot run,
at just over 327 miles per hour, using the new paatowl.
Clearly, this new design offers protection withdwatrming
vehicle performance.

Conclusions

1. Proper selection of racing-chassis stiffnessamar
ters has been shown to affect the ability to maz@mi
vehicle traction.

2. Small changes in body shape can create noteeabl
improvements in air-flow around the race car, dffec
ing drag, downforce, and inlet flow.

3. The use of engineering-design skills to achigwe
proved vehicle designs in motorsports can determine
subtle changes capable of producing significant re-
sults.

4, Engineering programs focused on motorsports can
develop curricula and research projects with the ab
ity to develop unique skill specialties applicalite
motorsports, and produce students capable of making
a significant impact within the industry.

5. Since developments in motorsports can lead to im
provements in street cars, a program such as the on
discussed here may one day influence the design of
everyday vehicles.

6. Industry/academia partnerships can yield botio4in
vative improvements and excellent learning opportu-
nities.
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TOOL-CONDITION MONITORING IN CNC TURNING
OPERTIONS: A STATISTICAL APPROACH FOR
QUICK IMPLEMENTATION

Samson S. Lee, Central Michigan University

Abstract

This study presents the development of a tool-damdi
monitoring (TCM) system that utilizes signal decasition
techniques and multi-sensor methods. The raw sigola
tained from multiple sensors under a series of doatlon
of different machining parameters and tool condgiavere
examined. The most significant components of eaghas
were employed to develop a tool-condition monitgrgys-
tem. Fairly simple and quick statistical model iemkenta-
tion methods are proposed to eliminate the effeftma-
chining parameters from the signal sensor to awaitticol-
linearity among independent variables. The statsfi CM
system developed in this study showed 90% accuracy
151 test samples with a reject flank wear size.afrn or
larger. The test results demonstrated the pradimalicabil-
ity of the TCM system developed to reduce machioerd
time associated with tool changes and to minimigertum-
ber of scraps in existing machine shops.

Introduction

Metal-cutting processes, such as milling, drillirejpyd
turning operations, are primary manufacturing psses
and finishing operations used to achieve very tdghen-
sional accuracy close to the desired surface fiffifhEven
though automated metal-cutting processes, suchoas c
puter numerical control (CNC) machining, has predd
cost-effective solutions by replacing highly skdlebut
costly laborers, manufacturers have faced incrgasiass-
customized product demands in the past couple cddbs
[2-4]. The products have become more individualjstar-
ied, and complex to manufacture. Manufacturers irequ
new technologies and methods that allow small-batch
duction to gain the economic advantages of mass$ustmn
[1], [5], [6]. Computer Integrated Manufacturingl@) and
Flexible Manufacturing Systems (FMS) provided idsalu-
tions by increasing machining flexibility (the cégilgy to
perform a variety of operations on a variety oftfigpes) in
addition to flexibility in routing, process, produgroduc-
tion, and expansion [1].

Although the combination of CIM and FMS technolo-

gies showed a great promise as cost-effective isakiffor
current industry demands, CIM-FMS systems require
number of prerequisites, such as uninterrupted manghto
achieve maximum efficiency [7]. However, deterigrgt
process conditions often force manufacturers teriopt
machining processes to respond to deterioratingumtoon
conditions such as machine conditions. Thus, deiedpan
effective means of monitoring machine conditions ba-
come one of the most important issues in the auiomaf
the metal-cutting process [8].

Among the many possible machine conditions to
monitored, tool-condition is the most critical fensuring
uninterrupted machining as poor tool conditions canse
degraded surface quality, dimensional work piecteds,
and even machine failures [8]. Any effective monitg
system must sense tool conditions and allow foeatiffe
tool-change strategies when tools deteriorate aahtain
proper cutting conditions throughout the procesgdmjuc-
ing machine downtime caused by changing the tdulst
leading to fewer process interruptions and higticiency
[9]. The information obtained from the tool-weamsers
can be used for several purposes including thélkstanent
of a tool-change policy, economical optimization thie
machining operations, on-line process manipulatooom-
pensate for tool wear, and, to some extent, thedamnce of
catastrophic machine failure.

a

be

Since advanced machining was introduced in the mid-

1900s, various methods to monitor tool wear hawenlgo-
posed, thereby expanding the scope and complekitadi-
tional methods. However, none of these efforts hasn
applied universally due to the complex nature & tha-
chining process [10]. More automated approache® \aer
tempted using computer-numerical control (CNC) tedth
ogy. However, several obstacles, such as 1) theowar
learning capability of CNC machines, 2) the limifekibil-
ity of the CNC controller, 3) the relatively larghnamic
errors encountered in CNC operations, 4) sens@espand
5) the inconsistency between machines, halted prées!
implementation [11]. Many studies attempted to overe
these limitations by finding and utilizing variowsensor
technologies and signal-processing techniques.
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Tool-condition Monitoring Studies

Tool-condition monitoring methods can be classified

into direct and indirect methods, depending onsitnrce of
signals collected by sensors. Direct methods serdecon-
ditions by direct measurement of the tool. Direatinods
include optical, radioactive, and electrical remiste. Alter-
natively, indirect methods sense the tool condgidmy
measuring secondary effects of the cutting procassh as
acoustic emission (AE), sound vibrations, spindled feed-
motor current, cutting force, and machining vitwas. Di-
rect methods are beneficial because they take cézstings
directly from the tool itself. In contrast, inditemethods
must rely on conditions other than the tool itdelfjudge
tool conditions. However, direct methods are lingtibe-
cause the machining process must be interruptetatice

the direct measurements [12-14]. As a result, nmechi

downtime increases, as do costs for tool-conditiamitor-
ing, which is contrary to the purpose of the TCMstsyn.
Researchers, therefore, have preferred indirechadst to
study in-process tool-condition monitoring systems.

Because indirect methods do not require accesfeo t

tool itself to measure the tool conditions, signlat indi-

cate the tool condition can be gathered in reagfimhile

the machine is running. However, despite the b&nefiin-

process measurement, indirect methods also have d@n
advantages. Because the information (or signaiplilected
by sensors which do not measure the tool conditidins
rectly, additional components are required to dateethe
indirect measurements with tool conditions. Additity,

indirect measurements are weakened by noise faatss-
ciated with the machining process and environme¥itsse

factors tend to weaken or totally eliminate relasiips
between the indirect information and actual toalditons.

For indirect, in-process measurements to be effectneth-
ods that can identify significant signal componeatsd

eliminate the interfering noise are required.

In the many studies attempting to correlate indissmn-
sor signals with actual tool conditions, the follogr meth-
ods have been actively employed: 1) statisticataggon
techniques [9], [15-18], 2) fuzzy logic [10], [19) artifi-
cial neural networks [20-25], and 4) fuzzy-neuratworks
[11], [26-28]. In many of the aforementioned stli¢he
relationships between indirect signals and tool ditoom
were weak because unknown factors and noise fadiers
luted the signals collected by the sensors duriaghiming.
Some studies attempted to eliminate or minimizesadac-
tors from the information collected by indirect sers.
Wavelet transform methods were used to remove ratse
tors from the information collected by the sendaf}, [29-
31]. These studies showed that a wavelet transfooess

can increase the correlation between the de-nagguhls
and tool conditions. However, these studies stillld not
separate the significant component of the indisgghals to
provide a strong relationship with tool conditions.

A limited number of sensors have been adopted ist mo

studies involving indirect sensing systems. Thetnaodely
adopted sensors are 1) dynamometers [9], [11], B3],
2) acoustic emission (AE) sensors [3], [34], [3%),micro-
phones [4], [36], and 4) accelerometers [2], [8B]] How-
ever, the limitations of the sensors must be cameid in
TCM studies, such as high cost, lack of overloaztemtion,
and noise integrity [37], [38]. Some studies shoved
provements in tool-condition recognition by combipi
multiple sensing technologies [2], [28], [39-41].

From a review of previous studies, this study erygtb
the following technologies to develop a TCM systeja
tri-axial accelerometer and condenser microphomenidi-
rect sensors, 2) wavelet decomposition for sigmategss-
ing, and 3) statistical analysis for signal compusenaly-
sis and tool-condition prediction. The sensors ey
provided relatively easy mounting methods with l§alow
costs. The wavelet decomposition technique was @yegl
not only to filter noise factors but also identgignificant
signal components for tool conditions. The stat#tiap-
proach was employed for a relatively short model-
development time and quick implementation into tha-
chine. Figure 1 illustrates the overall procesth study.

Figure 1. lllustration of Overall Process

Experimental Setup

For this study, a Hass SL-10 CNC Turning Center was
employed. For simultaneous multi-directional vibwatsig-
nal collection, an ICP tri-axial accelerometer, miod
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Figure 2. lllustration of Experimental Setup

356B21 from PCB Piezotronics, was employed. Itpoase
frequency range (2 to 2000Hz) and high sensitig@gmV)
allowed for the exploration of various signal compots.
For sound signal collection, a PCB condenser miwoop,
model 377B02 from PCB Piezotronics, and a preampif
model 426E01 from PCB Piezotronics, were employdu:
condenser microphone provided a wide range of &aqies
(3.15 ~ 20,000Hz), which was crucial for this stualy it
allowed for the exploration of various frequencyesmning
windows. For signal conditioning, an ICP Sensornalg
Conditioner, model 482A22 from PCB Piezotronics,swa
adopted. It provided four input and output chaarsinul-
taneously with significantly lower noise. The sifppassed

direction from the work piece holder to the tooldes; and,
the positive y (+Y) direction, the tangential ditiea, which
was assigned using the right-hand rule. This serdgloyed
the straight cut (a major cutting type in turningecations),
with hardware setup that included a general-purpodex-
able insert tool, a befitted shank, and a tool é@olidr the
indexable insert tool. To ensure a stable cuttipgration,
the cutting tool was aligned with a radial line tbé work
piece.

In this study, the tri-axial accelerometer was ntedn
under the shank, which was determined to be acieffi
position for detecting the vibration from the cogi tool

through the signal conditioner were sent to a data-during machining. The condenser microphone was mhealn

acquisition system. For the data-acquisition systemn

in the machine, aiming the contact point betweencilitting

DagBook 2005 A/D converter and DBK85 input module tool and specimen. To avoid direct contact withpshia
from IOtech were employed. DaqView data-acquisition customized fixture was designed and inserted inutet of

software was also employed in this study to rectath on a
PC. A series of post processes, including signatgssing
and data analysis, were performed on a PC. Figusteo®s
the illustration of the experimental setup.

There were three directions of vibrations measured
this experiment: the positive x (+X) direction, ithefd as the
radial direction from the center of the work pi¢oehe tool
tip; the positive z (+2) direction, defined as tbagitudinal

the machine. Figure 3 shows the schematic illustmabf
the microphone and the fixture in the turret.

The goal of this study was to develop a tool coadit
monitoring system using the signals detected by tiine
sensors with three machining parameters (spindeedp
feed rate, and depth of cut). To conduct the erpant, an
experimental design was established. Two sets taf ware
designed for the development of a TCM system is thi
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Figure 3. Microphone Fixture Design

study. The first set was designed to develop a Tédlic-
tion model. Three different spindle speeds, feadsraand
depths of cut were determined. These machiningnpatiers

The raw signal obtained from the sensors contaots n
only the signal caused by the interactions of tha &nd
work piece, but also background “noise” signalsrfrother
sources, such as the hydraulic pump motor, feedmot
and environmental vibrations. Therefore, it is ewriely
difficult to detect or obtain any desired charaistés free of
all the others. There is also no guarantee thatctiagy only
the desired signals is an effective means of madngothe
tool condition.

Several studies employed a signal decompositioh-tec
nigue for TCM systems [10], [30], [31], [45], [46How-
ever, these studies utilized only the noise-caatielt as-
pect of the wavelet transform. Using this methdarée is
also no guarantee that the filtered signals, obthiafter
canceling the signals categorized as noise, afiisut for
monitoring the tool condition. Therefore, it is Besary to
analyze each signal component obtained by the Isigna
decomposition process to find those most suitablehe
task of detecting the tool condition.

Data from each raw signal were transferred to Natla

were determined based on the combination of thekwor and decomposed into six components. For the deceimpo

piece material and cutting tool. Appropriate parersare
recommended by the machine-tool manufacturer tarens
the quality of the product and the life of the maehIn this
study, general ranges of spindle speeds, feed, rate$
depths of cut were chosen with combinations of tts
that have different amounts of wear. Mactgnibehav-
ior was determined by signals captured by the temssrs
(tri-axial accelerometer and condenser microphanmger
different combinations of tool and machining coiudis. A

tion process, the 4-level Daubechies decomposgaireme
was employed [47]. After the decomposition, theuatid
mean value of each component was stored for fudhaéa
analysis. This study employed Matlab and its adavame-
let toolbox to decompose the signal.

The outcome of the decomposition process of the raw
data was six component signals from each of thesignal
data. The adjusted mean value of each signal coemton

second set was designed to test the TCM model, hwhic was calculated and utilized as the statistical prigpof each

shows its prediction capability of under the ideati ma-
chining conditions of the first data set. The setdata set
also included two different spindle speeds, feadssaand
depths of cut, with machining conditions not inaddn the
first data set. These data were included to tesfléxibility
of the TCM system. From the experiment, a totakad0
signal data were collected for model build and S4fnal
data for system test.

Signal Processing and Post Process s org

Among the many statistical properties of the ragnals

(such as mean value, maximum value, minimum value, Y

standard deviation, etc.), several studies havgesigd that
the adjusted mean value or root mean square (R¥M8)eo
signal data can be used to represent the chasttsrf the
raw signal [15], [42-44]. Based on these findintpss study
utilized the adjusted mean values of each membehen
data set to define the overall characteristichefdata from
the experiment.

component. To find the most significant componetated
to tool conditions, a simple statistical analysiaswper-
formed using a multivariate test using JMP from S&8r-
relation factors of each signal component to toaamw
amounts were determined. The test results are shown
Table 1.

Table 1. Correlation factors of tool wear and
signal components

Cmpl Cmp2 Cmp3 Cmp4  Cmp5 Cmp6

.05623 .0008 .0246 .0793 .3043 .2414 4944
1035 .0167 .0233 .0314 .0753 .0831  .3808

.0090 .0240 .0436 .0503 .1929 .2013  .4716

S .0186 .0973 .0895 .0604 .0800 .0293  .0506

The test revealed that th& 6omponent of the three di-
rection vibration signals had the most significaglation-
ship to tool wear. Compared with the original signara-
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matic increases of correlations with tool wear wkrend.
Results from microphone signal analysis showed ttieatf"
component had a more significant relationship vl tool
wear than the other components. From the testtsedhke
6" component of each vibration signal and tfectmpo-
nent of the sound signals were employed to reptesach
of the signals for further analysis.

To develop a tool-condition prediction model, thiady
employed a statistical multiple regression analy§lee in-
dependent variables in this analysis were: differeachin-
ing conditions; the combinations of spindle spdedd rate,
and depth of cut; and, the signals obtained from tthio
sensors. The dependent variable was the amounbobf
wear under each cutting condition. However, striongrac-
tions were expected between the machining paramatet
signals employed as independent variables. Thisse
relationship among independent variables is refetoeas
multicollinearity. The existence of multicollinetrican be
interpreted as the duplicated effects of some iaddpnt
variables on the other independent variables. Athe in-
dependent variables were used to predict the deménd
variables.

—

The following sections introduce the method usetesd
multicollinearity among the independent variabledich
are machining parameters and signals. Additiondahgse
sections describe the method used to eliminateffieet of
the variables of machining parameters from thealdeis of
signals. To find the existence of the duplicateféa$ of
independent variables on dependent variables, veaihte
test was performed. The Pearson correlation factbesach
of the variables were calculated based on the \iatig
equation.

(x- x)(y- y)
JexPy (v vy (1)
where

r = Pearson correlation factor of variables x and y
X, Y =mean of variables x and y

r =

Table 2 summarizes the test results showing thaifsig
cant relationships among the machining parameg&rsgin-
dle speed, F: feed rare, D: depth of cut), thréeation sig-
nals ¥, VW, V,), and the sound signal§{). The existence
of a relationship between the machining parametedstwo
sensor signals was observed. In other words, tistesxce
of multicollinearity among independent variables swa
found.

To eliminate the effects of machining parameteosnfr

S = fi(SR,FR,DC) +E +¢ )
where § = measured signals from a sensor
SR = spindle speed
FR = feed rate
DC; = depth of cut
E; = effect of other factors during machining
€ = error
Table 2. Pearson correlation factors between
machining parameters and sensor signals
Vy v, Vv, Sn
S -.1290 -.4066 -.2663 -.2847
-.0179 -.0974 -.0776 -.4340
D .0144 .0358 .0167 -.0725
S F -.0648 -.3102 -.1932 -4570
-.0938 -.3074 -.2016 -.3515
F'D -.0387 -.0540 -.0636 -.2994
S"F' D -.0803 -.2729 -.1811 -4279

Vi =Vy - an\ =Vy -

This assumption allowed a multiple regression &sialy
with interaction terms to be used to eliminate ¢fffects of
the spindle speed, feed rate, and depth of cut tteraw
signals. In the analysis, each signal was testegnaiside-
pendent variable, and the machining parameters esre
ployed as the dependent variables. By subtractiegpte-
dicted values of each signal from the observedesland
the machining parameters, a new signal value wtsiradal.
Finally, the new signal values can be assumed mdiate
the effects of machining conditions, spindle spéeed rate,
and depth of cut.

Based on the ANOVA test results of each signaly fou
prediction models of each signal could be deterthifigach
signal model employed the spindle speed (S), faéal (F),
and depth of cut (D) as independent variables. Eletiee
vibration signals {x, Vv, andV;) and the sound signaV/d)
could be transformed by the following equationsediaen
each predicted signalv(, : predicted x-dirgctitorations;

Vy : predicted y-direction vibrationsy, predicted z
direction vibrationsyV, : predicted sound sigha

.012547 +.000001S; - .332111F;

the vibration signals of the three directions andr&l sig- - -9671704D; - .0000667S;F; +.000526S,D; + 38.12174F, D, 3)
nals, the following assumption was applied: - [0170011S,F D,
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V=V, - Vi, =V, - .020332+.000005 - .047187E,
- 1.056858®, - .000116% F, +.0007645 D, +32.24364F D,
- 01872%FD,

(4)

V§ =V, - Vg =V - 055719 .0007263 - 3.9698506"
- 3831594, +.02177SF, +.048365 D, +961286F,D,
- 1.3856098F D,

(%)

V=V, - Vi, =V, - .0197943+.000007%, - .225695F,
- 1.881946D, +.00017% F, +.0015925 D, + 45.37295 D,
- 034318 F D,

(6)

Statistical TCM System

To test the benefit of the decomposition proceas, t
statistical models were developed. One model enggloy
significant signal components obtained from theotiggosi-
tion process, and the other model employed rawatign
obtained from the sensor. Statistical multiple esgion
models with interactions among the independentatées
were developed, employing the raw signals of thation
and sound sensors (Model A). As shown in Tablh&,R
value of the model that employed the raw signa deith-
out a decomposition process was 0.733, which inelictnat
73.3 % of the observed variability of the tool wean be
explained by the independent variables. Becausé! at-
torial analysis was performed, 128)(2erms for the multi-
ple regression models were obtained from the sévee-
pendent variables.

Table 3. Summary of the model with raw signal data

(Model A)

R? Adjusted B Observations Root Mean — Mean of Re-

Square Error sponse
733 439 243 .002895 .016071
Source Df Sum of Mean Sig.

Squares Square
Model 121 .00265198 .000021 2.4909 <.0001
Error 115 .00096408 .000008

C.Total 242 .00361607

In the same manner, another model was developed, em

ploying the significant components of the vibratiand
sound signals found in the decomposition processd@
B). The statistical test results are shown in Tabléccord-

ing to the test, the Rvalue of the model was 0.818, which
indicates that 81.8 % of the observed variabilityhe tool
wear can be explained by the independent varialides.
cause the model also employed a full factorial ysig) it
had 128 (2) terms from the seven variables. From the com-
parison of its Rvalues, the model with a signal decomposi-
tion process showed 12.6% improved prediction perfo
ance over the model without the signal decompasipimc-
ess.

Table 4. Summary of the model with significant sigal
component data (Model B)

R?  Adjusted R Observations <00t Mean Mean of
Square Error  Response
.818 .617 243 .002391 .016071
Sum of Mean .
Source f Squares Square Sig.
Model 121 .00295844 .000023 4.0735 <.0001
Error 115 .00065763 .000006
C. Total 242 .00361607

A statistical test was also performed to furthest the
significance of the improvement of Model B, whicim-e
ployed the significant signal components from tleeam-
position process, versus Model A, which employed ra
signals. The following hypothesis was testBld: 7yogei a=
Fmodets Hi: Fvodela? Fvodel 8 \Where Fyogel a= deviation of
Model A in the data set, anfi;,qe g= deviation of Model B
in the data set. From the test results shown if€Bab, the
hypothesis was rejected, which means that the rdesia-
tion values of Model B were significantly smallérah the
mean deviation values of Model A. These test result
proved that there is a significant benefit of adugpg signal
decomposition process in the development of a pialti
regression model for the TCM system.

Table 5. Comparison of test results of Model A an#lodel B

N Mean Standard Standard
Deviation Error Mean
Deviation 243 0015517 0012514 .0000803
Model A
Deviation 243 .0011655 0011131 .0000714
Model B
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Levene's Test for .
Equality of Variance t-Test for Equality of Means
Sig. Mean ESr tr%r
F Sig. t df (2- Differ- -
: Differ-
tailed) ence
ence
5.275 .022 3.595| 484 .000 1.383E-4 | 8.9E-5

Results and Discussion

The model developed (Model B) was tested with a new

set of data. The test included 151 data with varitaol
wear amounts and independent variable values. Tédig
tion capability of the model was tested based @ndtite-
rion of detecting the rejecting tool condition, SF-GO),
which has a practical applicability in actual maamifiring
situations [39], [48]. The amount of tool wear &ect was
set to 0.2mm or more. This threshold representartari-
mum practical amount of flank wear in a turning igien
for precision machining. This threshold for flanleay is
smaller than the value suggested by ISO 3685 (0)3fom
general machining [39], [49], [50]. Table 6 showe tre-
sults of the TCM model with 151 tests, including €2arp
tools and 89 worn tools based on the criterion dfaak
wear size larger than 0.2mm. From the 62 sharp texik,
10 samples were predicted to be worn tools (typerrdr),
83.87 % accuracy in sensing sharp tools. From the/@n
tool tests, 5 samples were predicted to be shaip {type |
error), 94.38% accuracy in sensing worn tools. @Wethe

TCM system developed showed a 90.07% (136 out df 15

accuracy in identifying the tool conditions basedtbe cri-
terion of a 0.2mm flank wear size.

Table 6. Summary of test results

Predicted
Sharp Tool | Worn Tool Total
Sharp Tool 52 10 62
Ob-
served Worn Tool 5 84 89
Total 57 94 151

Despite the increasing need for in-process tootitmm
monitoring systems in metal-cutting manufacturimglus-
tries to eliminate or minimize the defective paréaised by
tools that fail to be identified as “worn tools,” lemited

number of studies showed the economical yet suftdess

integration capacity of the systems proposed [(8]]. In
this study, a tri-axial accelerometer and condemsiero-
phone, one of the most cost-effective and access#ahsors

on the market, were proposed as the sensors for-dinect
tool-monitoring system. To minimize the disadvametaf
the in-direct sensing method for tool-condition rntomn
ing—the higher integration of noise factor from ignals
obtained—a series of signal-processing and stzistech-
niques were proposed. Following is a summary offitie
ings of this study.

1. By eliminating the effects of the machining paea
ters (spindle speed, feed rate, and depth of coih f
each vibration and sound signal, a 12.6% increase i
the prediction capability was found from the statis
cal multiple regression model compared with thedat
found when disregarding the machining parameter
effects on the signals.

2. The statistical multiple regression model depetb
showed 90.07% accuracy in detecting tool conditions
from 151 tests when it was adopted as a “STOP-GO”
tool with a reject flank wear amount of 0.2mm or
greater.

This study showed the successful development df-an

process tool-condition monitoring system. Howeubaere
are limitations that must be resolved to integrhie tool-
condition monitoring systems into current CNC teabn
gies. The following are recommendations for furterdy
of the tool-condition monitoring system development
CNC machines to resolve the limitations.

1. The adoption of a tri-axial accelerometer antba-
denser microphone showed successful results. How-
ever, there is a need for further study for sensor
mounting and shield method to eliminate the interfe
ence of chips created during the cutting process.

2. In this study, the raw signals were decomposéal i
six components. To test the performance of the vari
able ranges of signal components, testing the decom
positions with different numbers of components and
the correlations between the components with tool
conditions is recommended.

3. In this study, limited tool conditions, machigipa-
rameters, and work piece materials were utilizenl. T
practically use the system in industry, enlargihg t
number of tool conditions and machining parameters
with various materials is recommended to build a
larger database for the tool-condition monitoring
system.
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OVERVIEW AND DESIGN OF NEAR-NET FORMED
SPHERICAL INVOLUTE STRAIGHT BEVEL GEARS

Haris Ligata, American Axle & Manufacturing; Herfy Zhang, Purdue University

Abstract

Near-net formed straight bevel gears are used exte
sively in the automotive industry today. The design
mostly made by using tools developed for cut shiaizpvel
gears. In this study, the forged (near-net formaal cut
straight bevel gears are compared in terms of thesign,
gear blank form, manufacturing process and dutgbili
(strength). In addition, current design methodologgs
reviewed and the necessary steps for the propegrdes
straight bevel differential gears (cut or net-fodhevere

dinates of the gear surface must be modified toaucfor
thermal distortion, elastic spring-back of mateaald pat-
tern ease-off. The coordinates are then exportetiarap-

rbropriate form to the CNC machines used in the rfeamu

turing of dies, or electrodes used in die produrctieinally,
due to the risk of thermal distortion and die wehe, theo-
retical and actual gear-tooth geometry must beufeaty
compared.

proposed. Influence of the number of pinions, lagdiype
(fully-released, or fully-reversed) and gear bldokm on

durability of the gears was investigated. Finathyodifica-
tions to the existing design approach were propdseat-
count for the specific shape of the forged geanlbfarm.

Introduction

Straight bevel gears are used for transmissionoofep
between intersecting shafts positioned at, or ckosed0°
angles. They are mostly used in relatively low-spappli-
cations. Their most important application is in fiedd of
automotive differentials.

Unlike other types of gears, straight bevel geans loe
forged to a finished tooth shape. The forged ghave sev-
eral distinct advantages over their counterpansiypced by
cutting. Such gears have considerably higher natprop-
erties due to the undisturbed grain flow and addél sup-
port (webbing), they are much cheaper (in producéavi-
ronment) and faster to manufacture, they can bhigifer
quality, and the geometry of their teeth is notitéd by the
tooling or existing tooth-generation methods.

Forging of straight bevel gears starts with thenklde-
sign, followed by the surface geometry (and micro-
geometry) definition. In the next step, the dieéfined as
the negative of the gear surface. Finally, the drwotvarm
billets are forged into the gears. A process cbhistraight
bevel gear forging is shown in Figure 1.

This process has several challenges. First, thengeg
of teeth must be accurately defined as no additiowhin-
ing of teeth will be performed after forging. Nettte coor-

Figure 1. Process chart of straight bevel gear foigg

Comparison of Cut and Near-net
Formed (Forged) Straight Bevel
Gears

Comparison of Design Processes

Both of the processes follow the same preliminagy d
sign, originally intended for cut gears. The pracesll be
described in more detail in the next section. Tlesigh
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stage of the cut gears finishes with the designnsary,
which also contains cutting-machine setup. Toottmfof
the forged gears is obtained in an additional steghich
specialized software is used to provide the coatém of
the surface points. The coordinates are used tgrdsslid
models of the gears, to perform contact analysils tmally,
to design and manufacture forging dies.

Comparison of Production Processes

Cutting of straight bevel gears is a natural exten®f
the process used in the manufacture of other tgpgears.
The material from the blank is generally removeduling
circular cutters [1]. While the gear teeth in pbeladixis ap-
plications (spur and helical) have involutes todthms,
such a tooth form is not easily applicable to thedpction
of straight bevel gears. The cutters for involuteaight
bevel gear applications would have to have slightiywed
blades instead of straight ones used in the pramudaif
spur and helical gears. For that reason, the strdigvel
gears are usually manufactured by using differeatht
forms, most often ones being Coniflex® (with ocadid
tooth form) [1-3], and Revacycle® (with circularoth
form) [1-3]. Cutting of straight bevel gears in guztion
requires specialized machines and cutters, andk®laither
forged or cut from a solid. When a small numbeigeérs
are required (prototypes), it is possible to useega mill-
ing machines for production of cut bevel gear pngies

[4].

Dies used in straight bevel gear forging are gdiyera
manufactured by using two methods, graphite eldetro

electro-discharge machining and direct milling. EDM
machining, a graphite electrode (shaped as a geded
into the solid block of material to produce a cavitr the
die. Direct milling uses end-milling on CNC millinga-
chines. Direct milling is regarded as a more adeupaoc-
ess of production [5] due to the fact that it regsifewer
steps for gear forging. Finally, forged bevel gears pro-
duced by hot or cold forming of cylindrical billeits a two-
part die. Cold forming yields better accuracy, beguires
much larger forging presses and is usually usedrwaller-
sized gears. For improvement of accuracy in hoinfiog,
cold forming (only minor deformation) can be addexlan
additional finishing step.

Both of the aforementioned processes (cutting ang- f
ing) are followed by additional machining that exdds
toothed portion of the gears (spline broaching aling,
pinion-bore machining and sizing, back-face mactghi
The final operation is heat treatment, followed $unale
cleaning.

Production cycle time for the manufacture of aigtra
bevel gear is much shorter when forging processsed.
Generally, cutting would require 4 or more secompds
tooth [6] (yielding at least 40 seconds per geaddition to
mounting and dismounting time), while forging rewsi
approximately the same time for the manufacturethef
whole gear. This advantage, in addition to thensgjtle im-
provements to be mentioned later, makes the forgnog-
ess a clear choice for straight bevel gear manufadh a
production environment. On the other hand, beval geo-
totypes are more efficiently produced by gear ngttivhere
small changes are easily implemented. The forgingegss
often requires more than one iteration (more thandie) to
properly account for heat distortion and desiredtact pat-
tern.

Comparison of Durability

An increase in strength is the biggest advantage
forged over cut gears.
(durability) benefit of gear forging was observadoughout
history, with test results ranging widely. The twain rea-
sons for the improvement of durability come frora thvor-
able microstructure of the forged material and,spukty,
adding webbing (reinforcement) to the forged gears.

Grain structure of the material remains mostly manty
oriented during the cutting process. Flow of thetemal
(grain flow) during forging creates a favorableigratruc-
ture that is capable of resisting higher loads. &bémates
of bending-fatigue-life benefits of forged spur geaange
widely — from 30% [7], to over two times [8], to meothan
seven times longer [9]. The contact-fatigue improeat is
also expected due to the compressive residualsstrethe
surface of the teeth.

The shape of the gear blanks produced by these
processes is rather different. This can be obsenvdeg-
ures 2 and 3, showing cut and forged gear pairdlevitne
tooth surfaces of both gear pairs must remain #mesto
properly transfer power, the forged gear pair hiditeonal
material (web) added to its back (heel) and froo¢) por-
tion. This additional material lowers the bendingesses
further by 8 - 10% (according to FEA analyses airgewith
and without webbing), which translates to up toirBes
longer bending-fatigue life. Cut gears cannot haueh
form because the reinforcement (webbing) would ée
moved during cutting.

Figure 3 compares the shape of toe and heel pertbn
the cut and forged gears. Closer examination otdbepor-
tions of pinion and gear reveals another potemtiablem
with cutting of straight bevel gears. Namely, cattp in the
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figure have very thin toe portions (~ 0.3mm) andldanot
be used in a practical application. The possiblgswa in-
crease thickness of a toe (front) portion of the gears in-
clude reducing face width and reducing contaciorafe-
duction in face width increases stresses, whileaehse in
contact ratio leads to a rougher transfer of poavet possi-
ble premature failures due to dynamic (impact) ingd

Figure 2. Example of a) cut and b) forged straighbevel gears

Figure 3. Comparison of the front (toe) and back (kel)
portions of @) cut straight bevel gears, and b) faed
straight bevel gears

In addition, forging offers more freedom in choagthe
shape of the gear root region, which can lead tthéu
benefits in terms of strength. It can also prevamat least
delay undercutting, which becomes a limiting facfor
gears with long face widths.

Figure 3 shows that the length of the gear-toqih(tip
length) on the cut gears is usually larger than ¢bee-
sponding length on forged gears. In order to deserdsend-
ing stresses, designers are tempted to furtheredserthe

outside diameter of the gears to make more spacéhéo
reinforcement (webbing) on the back of the matirgrg
This causes higher contact stresses at the tipr@otdre-
gions of the gears, which can lead to prematularé&idue
to contact fatigue (pitting and spalling). In sucdses, the
tip length should be extended and heel (back) waphi-
ther reduced or completely removed.

In summary, there are considerable differences dxtw
cut and forged gears in terms of design procedyresiuc-
tion procedures, blank shape and performance. Baygars
have considerable benefits in almost all of thetegories,
and that makes forging the preferred productiorcese in
industry today. Unfortunately, a considerable mortof the
existing design process was developed for cut gears
Changes to the design and development of analysisep
dures will be addressed in the following partshi$ tvork.

Design Procedure

Review of the Currently-used Design Pro-
cedures for Straight Bevel Gears

Straight bevel gears are traditionally designedubing
either the Gleason program package or AGMA equation
The methods yield almost identical results, thowglth
several differences which will be pointed out laterthis
section.

Gleason, as a main manufacturer of gear-cuttingpequ
ment and machines, offers a program package thaigdli-
tion to a gear blank (design geometry) summary affers
machine setup and cutting summaries. The packaggsts
of two main programs, A261 (used for Revacycle@iglgs
and A201 (used for Coniflex® design). Both of tAkeason
programs utilize optimization procedures based esirdd
bending-stress factors and tip-thickness ratios imormal
plane. Bending-stress factor is based on the geSémss-
Life (S-N) curve and is used as a measure of tipecard
life ratio of the pinion and gear. The factors dqoa0 and
0.18 designate ‘equal stress’ (gear and pinion heweal
bending stresses) and ‘equal life’ (gear and pin@ve
equal fatigue lives) concepts, respectively. Initaid, the
programs check if the gears are undercut, whicdnither
limiting factor in the design. The undercut, asinkd by
Gleason, is a function of both gear and tool geoynetnd
for the forged bevel gears which do not use cuttiads the
tool-related undercut does not play a role.

The AGMA procedure [10], [11] for design of straigh
bevel gears is similar to the Gleason Coniflex®aigtnt
bevel gears. The procedures yield very similarltesu
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Design of Straight Bevel Differential
Gears

Several modifications should be made to properlghyap
these procedures to differential gears. They caditided
into two groups — modifications to account for tbading
histories, and modifications to account for thecspe ge-
ometry of the differential gears.

Figure 4. Straight bevel gears in a differential asembly
(differential case not shown)

A typical differential consists of two side geansdaat
least two pinions (Figure 4). The Gleason and AGphtA-
cedures, being written for a general applicaticonsider a
different arrangement in which one side gear aralginion
are in contact. Assuming that the gear ratio (nunafeide
gear teeth divided by the number of pinion teeshgqual to
1.5, such an arrangement would result in the geathtload
(stress) history shown in Figure 5a. The streg®tif the
gears in the differential assembly from Figure 4uigobe
represented by Figure 5b. Comparing loading of gioke
gears in Figures 5a and 5b reveals that the sideigehe
differential with two pinions experiences double tiumber
of cycles. In the differential with four pinionsi@fare 5c),
the side gear would experience four times the nunadbe
cycles. This difference in the cycle count coulch@ly be
taken into consideration after obtaining resultseéses)
from the design procedures. The modified numbesyofes
could be then used in the bending and contactueatanaly-
sis to predict the durability of the differentiads gears.

Figures 5a and 5b show pinion-tooth loading histori
with completely different characters. The pinioraimiffer-
ential assembly contacts two side gears by the o
sides (flanks) of the teeth. Such an arrangemesniteein a
reversed loading (Figure 6b), which causes moreagann
the root region of the teeth than the loading ef pimion in
contact with one side gear (Figure 5a). Bendingguiat
analysis must be evaluated by using a reversedngaxy-

cle for each pinion revolution. Due to the factttitacon-
tacts two side gears with the opposite flanks differential
pinion accumulates one contact fatigue cycle petian.

The above review of the loading histories shows itha
necessary to additionally process the results dsd® ob-
tained from the currently available design procedur

Figure 5. Loading history in the system with a) oneide gear
and one pinion, b) two side gears and two piniongnd c) two
side gears and four pinions

Figure 6. Example of a) fully released loading, and
b) fully reversed loading
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Traditionally, strength of pinion and side geajudged
by a calculating factor, proposed by Gleason,
s
log(_*)
F=— P

N
log(—9)

whereSg ané p are bending stresses orgsideand pin-
ion, andN,, and\y,  are their respective ners of teeth.
It is easy to show that the factor becomes equatet@
when the stresses on pinion and side gear are.ddfeabf

a component can be predicted by using Basquin'stému

(2)

(1)

Sai =5t (Np)P (@)

Sa=(Smax- Smin)/2

©)
(4)

Sm =(Smax*Smin)/2

Where Nj andszj are predicted life (numbfecycles)
and alternating stress (number of cycles) of thmpanent
i, s; andb are material properties;a s alternating
stress and,  is the mean stress componenatiBgy?2) is
created by usindully reversed loadingin which a test
specimen is cyclically loaded in tension and coregien
(Figure 6b,R=smin /Smax=-1,5a =Smax Sm =0 ),
but it can also be created by using lpad historgh veiny
other ratio,R . The material constafts aind deter-
mined from the tests are valid only for test streg® R .
From the previous discussion, it is clear that $hene SN
curve cannot be used for pinions and side gearstaltiee
different ratios of R of their load historiesidathe stresses
must first be converted to thegjuivalent alternating stress
by using Goodman’s equation

S3S
Sae= _Javu (5)
Su-Sm
where S is theltimate tensile strengtof material. Now,

Sae can be determined from Equation (2) for wno(or

desired) lifeN; . Assuming that ratl®  isokvn, the maxi-
mum stress, which is also the result of the Gleason
AGMA procedures, can be obtained from

Ng = Nony P -
97 PP Ny (7)
where Ny is the number of cycles that side geeth ex-

perience when the side gear is rotated while tiferdntial
case is held stationary (fixed). If the number wlesgear
revolutions with respect to differential caseNg/c , is
known, then the number of side gear cycles canbbaireed
as Ng =Ng/c’np ) Finqlly, Equatior) €an be qsed to
calculate the number of pinion cycles for the dabinum-
ber of side gear revolutions.

Equations (2), (5), (6) and (7) can be used toutale
the desiredF factor by using Equation (1) andximum
stresses for side gear and pinion in place&gfand S p .
As an example, let us use material 8620H (casé) pyiip-
erties s =1790 MPa,s, =1600 MPa, andb =- 0.109
[12].

These material properties were not correlated eoptio-
gram and they are used here only for the illusiratf the
procedure. In general, the test results of alreaxigting
gears, preferably in a differential assembly, stidug used
to obtain the Stress-Life curve. The system in éxample
has side gear number of teethy =15 nippinumber of
teeth Ny =10 andp =2 number iofgns. For a de-
sired life of 10x16 side gear revolutions with respect to
case, the number of side gear cycles is 28xdfd the num-
ber of pinion cycles is 15x2qEquation (7)). Using Equa-
tion (2), the equivalent alternating stress forigninand side
gear becomes 608 MPa and 627 MPa, respectivelyn Fro
Equation (6) , and with ratilR=-1 | the rimam stresses
for side gear and pinion are found to be 881 Mipd, @27
MPa, respectively. Finally, thE  factor for aglife of the
gears is calculated to be 0.84. The value is ratigr, and
it could be considerably different with actual vdufor ma-
terial (experimentally determined), and stresorkti .

As shown in Figures 5b and 5c, the number of pinioas
influence on the load history of the side gear autord-
ingly, on theF factor. If the number of pinioissincreased
to Np=3 andnp =4 ,the factor becomes 0.76 and
0.70, respectively.

It should be mentioned that the case with 4 pisiwould
not be used in this case because it would not issilple to

_ SaeSu place them equally (at 90° angle from each oth@gner-
Smax = 1+ R 1- R (6) ally, the possibility of equal spacing of pinionanc be
Sae* Su checked by using the following rule:
The number of pinions in the differential assembly, , 2Nig .
can be taken into account by using Equation (7) np = Integer (8)
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Differential gears have a considerable number gibres
with high stress concentrations. For that reasenbending
stresses obtained in the design stage must bewediand
verified by using an analytical tool capable ofle@éing the
effect of stress concentrations (e.g., FEM analysisacks
leading to premature failures often initiate in tk@n,
through-hardened sections at the front of the pimiod side
gear or thin webbing portions at the back, where dtiess
state cannot be analyzed in the design stage.

Finally, the application of the currently-availalesign
procedures comes from the root (fillet) radius lvdé near-
net formed gears. These gears do not depend ccuttieg
tools and can have considerably different filledivg from
the cut gears. It would be preferable to use theahdillet
radius, which can be done by modifying the AGMA gzo
dure [10], [11].

Contact stress on the differential gears is andthpor-
tant parameter in the differential gear design.sEhgears
are heavily loaded and they rotate slowly, prevenproper
elastohydrodynamic film formation. In such casés, metal
-to-metal contact leads to high contact stresselsfaiture
due to spalling. Generally, contact stress depamdthree
parameters: contact line length, relative curvafused in
Hertzian contact pressure calculations) and apploedi.
Differential gears usually have reduced outsidengir to
reduce the size requirement of the differentiakcagmdow
through which the gears are placed into the caseadHi-
tion, as shown in Figure 3, the tip length of thegkd gears
is generally shorter than the length of their catirterparts
to make space for webbing reinforcement. NeitherGltea-
son nor the AGMA procedures take into account ttikel4
ence of shorter tip (i.e., contact line) lengthtbe contact
stresses. Both of the procedures calculate tlesssfiactor
(Gleason), or stress (AGMA) at the®west Point of Single
Tooth Contact(LPSTC) orHighest Point of Single Tooth
Contact(HPSTC). The applied load above LPSTC or below
HPSTC is carried by a single tooth. Two teeth shhe
load outside these borders, so it is expectedthigatontact
stress would get lower. At the same time, the mdiucur-
vature of a tooth surface gets progressively smaifeen
moving from tip towards the root. With the low tigngth
and small curvature radius, it is possible to abtadry high
contact stress at the place where the tip of oae eiches
the mating gearStart of Active Profiler SAP). The contact
stresses of unmodified surfaces can be calculaasddon
the profiles ofequivalent spur gear@igure 7). The curva-
tures, as well as sliding and rolling velocitiestloé equiva-
lent spur gear teeth surfaces, can be calculatesb\aral
points along the profile [13-15] and used to unters the
influence of tooth truncation and geometry on tloatact
stresses. Table 1 shows that the contact line €cdosthe

pinion root) is reduced, and contact stresses rameased
when the outside diameter of the side gear is rdifiom
104.8 to 93mm.

Figure 7. Definition of the equivalent spur gear athe
midsection of the overlapping face width of piniorand gear

Table 1. Influence of the side gear outside diameten the
contact stresses

Conclusion

Straight bevel gears produced by using two methods,
cutting and forging, were compared in this studge&al
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attention was given to straight bevel differengahrs. Cur-
rent design procedures were reviewed and modifioati
were recommended to account for the factors tHatence
durability of the differential gears, namely, numioé plan-
ets, blank shape and root geometry. Modificationttod
contact analysis procedure was proposed to accfmunt
modified blank geometry (reduced outside diametethe
gears).
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BIT-ERROR AWARE LOSSLESSIMAGE COMPRESSION

Li Tan, Purdue University North Central; Liangmo fga Nanjing University of Science and Technologkira

Abstract

In this study, the authors investigated simple epitr
aware lossless compression algorithms for the cesson
and transmission of image data under the bit-ezrmiron-
ment. The authors focused on enhancing two-staggeles
compression algorithms. The first stage uses alsifinear
predictor, whereas at the second stage, the audpgpised
bi-level block coding, interval entropy coding, astandard
entropy coding. The key coding parameters of tiegligtor,
bi-level block coding, or entropy coding parameters
protected by the use of a forward error-correcsoheme
such as (7,4) Hamming coding. The residues frone\es}
block coding or the residue offsets from Huffmardiog
are not protected to compromise the performanceoai-

pression ratio. These compression experiments demo

strated that when the bit-error rate (BER) in ¢hannel is
equal to or less than 0.001, the lossless compidssage
can be recovered with good quality.

Introduction

that a standard entropy coder generates instaniareales,
which are sensitive to bit errors. Although thisigem can
be cured by applying a forward error-control schdiie

adding additional bits required by the error-cotiget cod-
ing can significantly degrade the performance @f tom-
pression ratio and may even cause the expansiamagfe
files. For example, if an 8-bit grayscale imagedadssless
compressed to 5 bits per pixel, using a (7,4) Hamynsiode
(adding three parity bits for every 4 data bitsdaingle bit-
error correction) for bit-error protection will irgase the
compressed data size by 75%; that is, 8.75 bitsppe,

which indicates image file expansion.

This study investigated two new, simple algorithms:
predictive bi-level block coding and predictiveental en-
tropy coding for bit-error aware lossless image pos-

ion. To gain a compromised compression ratio, dhéy
prediction parameter, bi-level block coding andeial
entropy coding parameters are protected by the {Hadn-
ming codes. The standard predictive entropy codiitly bit
-error correction was also included for comparigmur-
poses. The authors evaluated and compared theithfgor
performances in terms of the compression ratiotaageak

Lossless image compression methods are usually reSignal-to-noise ratio (PSNR) versus the bit-erede (BER).

quired for compression and transmission of imagta da

whenever a lossy compression approach cannot Heedpp
Such systems include medical imaging, remote sgnaimd
high-cost archiving systems. Especially in the itelddata
transmitting and archiving system, the usage afylasom-
pressed images for diagnostic purposes is probilyelaw
in many countries. It is also preferred for the gmalata of
mechanical fault diagnosis to be lossless compdesse
general, a lossless compression algorithm consistsvo
stages [1-6]. The first stage performs predictitmsemove
data correlation in order to produce residue deite. resul-
tant residues have reduced amplitudes and are adston
be statistically independent with an approximat@laeian
distribution [1-3]. The second stage further corspes resi-
due data using an entropy coding algorithm—thaHisff-
man coding or arithmetic coding [1-6]. Much reséanork
has been conducted to improve the compression watiag
a more complex predictor as well as either adaptuéf-
man or arithmetic coding with increased algoritbom-
plexity. In addition, the use of lossless image pogssion
could improve transmission throughput if the conspesl
image data is transmitted over a network systenweyer,
if bit errors occur in a noisy channel during treassion or
in the storage media, the recovered image will dmabed
and will become useless. This outcome results fitwerfact

Bit-error Aware Two-stage Lossless
Image Compression

Figure 1 shows a block diagram of a bit-error aweue-
stage lossless compression algorithm. For the firstlic-
tive stage, up to three neighboring pixels wereduss de-
picted in Figure 2: the left-hand neighbor (A), thpper
neighbor (B), and the upper-left neighbor (C). sXhe pre-
dicted pixel.

Residues

Image data Bit stream

—

Residue
coding

Packing
"| scheme
Y

—¥{ Predictor

Predictor parameters, residue
.| coding parameters protected by
Hamming coding (7,4)

Figure 1. Bit-error Aware Two-stage Lossless Image
Compression Scheme
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Figure 2. Neighboring Pixels for the Predictor in @ Image

Predictive coding is a simple and effective metliod
removing redundancy of image signals [1-3]. LossIHREG
[3], [8] contains simple predictors that use théghboring
pixels in Figure 2. The JPEG-LS standard [1] cdities an
improvement to lossless JPEG prediction by addiegne-
dian filtering process. In addition, the CALIC afgbm [2]
offers slightly better performance of the compressiatio
by significantly increasing the amount of compuaél
complexity. For this study, the authors adopt edinpredic-
tor [3], which is expressed as

P(X) = (3A+3B- 2C)/4 (1)

This predictor is effective for error resiliencenc the
predictor output is essentially a weighted sum @fjhbor-
ing pixels with coefficients less than 1. The potdli pa-
rameters required to be stored include the predigfme (3
bits), and the image pixels in the first column dinst row
each with an 8-bit pixel size. These parametersfuatber
protected using the feed-forward error-correctiohesne—
the (7,4) Hamming coding.

As shown in Figure 1, the second stage is a residde
ing stage. The authors applied bi-level block cgdand
interval entropy coding methods [9] to encode imags-
due data line by line. In each line, the key codiegame-
ters are protected using the error control schente the
residue samples are left as they are to gain a mmipe of
the compression efficiency. Therefore, the recaveneage
is no longer lossless when bit errors are introdubg a
transmission channel.

Second-stage Residue Coding

For the residue image obtained from the predictibtne
first stage, it was assumed that the redundanciymafje
signals was removed. The residue samples were asistan
be uncorrelated and to follow the Laplacian disitidn
approximately. The objective here was to developdres
coding schemes so that they would be less sensditke
bit-error environment.

Bi-level Block Coding for Prediction
Errors

The authors first applied a bi-level block codirpeme
[9]. Although it is not as efficient when comparedan en-
tropy coder in terms of lossless compression, ih@e ro-
bust to bit-errors. Furthermore, after applying tleed-
forward error-control scheme, the authors were able
achieve better compression efficiency since thdevea
block coder requires a smaller number of bits gy Ibhit-
error protection algorithm than the amount requibgdthe
entropy coder. Assuming that the authors code thege
residue sequence line by line, the coding rulesgaren in
Table 1.

Table 1. Bi-level Block Coding Rules

1. Divide a line of residue data with a length Bf=m" X into
m blocks, in which each block consists &f samptiest is,

X is the block size. There are two types of blo¢ks: level-0
block and the level-1 block.

N,” x+ 1 bits N,  x+ 1 bits

[L[N[N] [N
x data sample

L0 [No[No| [No]
x data sample

a. Level-1 block b. Level-0 block

2. For a level-1 block, any sample in the blockuiegps only N,
bits (N, < N, [original sample size]) to encode. Encodehe
sample usingN, bits and add the prefix “1” to deatgrthe
block as the level-1 block.

3. For alevel-0 block, at least one of the sampiehe block
needs more tharlN,  bits to encode. Encode each samtple
block using N, bits and add the prefix “0” to indiedhe level
-0 block.

As shown in Table 1, there are two types of residue
blocks, as indicated by a prefix “1” (level-1 blgcnd pre-
fix “0” (level-0 block), respectively. In the levdl block,
the authors assume that each sample in the blapkres
N, bits to encode, whereas for the level-O blocks ias-
sumed that at least one data sample would regtirebits,
where N; <N, . The authors expect that the probability of
level-1 blocks is much greater than the probabditjevel-0
blocks. Hence, the block siz¢  and level-1 samizle of
N, has to be determined optimally to achieve codifig e
ciency. Considering that the probability of thedkl block
is P =p*, the probability of the level-0 blocks becomes
P =1- B=1 p‘, where P=1- p, is the probability of a

BIT-ERROR AWARE LOSSLESSIMAGE COMPRESSION
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data sample requiring less than or equaN{o lwedimg
to be encoded, and (which is close to zero) isptiod-
ability of a data sample requiring more thah laitsdl

less than or equal ttl,  bits to encode. For an inmage
due sequence containingn  blocks in which there lare
level-1 blocks and in- k ) level-0 blocks, the codingdth
and its probability are, respectively:

L(k)=m+ N X m B+ Nxi )
PIO= | RE-R™'= P BT

One can obtain the average total length ~ as
L= POOLR =(me N (B Ny xof (4)

k=0

By minimizing the average length for a fixdd, , theti-
mal coding parameters fax’ arlg,
cording to the algorithm listed in Table 2. Theidation of
the algorithm is given by Tan et. al. [9].

Table 2. Algorithm for Searching the Optimal
Coding Parameters

1. FindN, for a given data sequence. Initially, set
N,=Ny-2andx =4 .

2.ForN;=1,2,3N,- 1

EstimatePo , the probability of the sample reipgir

more thanN, bits to encode, and calculate the optima
block size:

X =1/J(Ng- N) py
Round up the block size to an integer value.

If X~ p,£ 0.3, calculate the average bits per sampl¢:

(Lave/n)min = 2\/ (NO - Nl) p)+ N

RecordN;, and( values for the next comparison

End loop

After completing search loops, seldd and

sponding to the smallest value (itave/ n)

corre-|

min

The data format of predictive bi-level block codimgy
proposed in Figure 3. As shown in Figure 3, thekpar
scheme packs the predictor type and coding paraspete
which are further protected using the (7,4) Hamnindes
as a header. After prediction, the residue codinocgss

operates line by line. Similarly, the bi-level blocoding
parameters are protected by Hamming coding followged
the unprotected encoded residue bit steam.

3bits M” pixel size bit: (N-1)” pixel size hit

Precicti X X@M) 2 ) "ng codiy
o | P XAD XAM) | XL2) X(LN} protection
9 bitsd bitsA bits9 hitsvariable bit
Line 1 Booq Hanming codin| .
m X
N | N ection m xbiHevel block residues
) " « Bock Hamming codinf el ok resi
Line 2 N | N protecion m xbiHevel residues

Figure 3. Data Format of Predictive Bi-Level BlockCoding

Interval Entropy Coding for Prediction
Errors

can be searched ac-

The interval Huffman coding (its arithmetic versioan
similarly be developed) can be considered as amraitive
method for the second-stage image residue codiogin~
terval entropy coding, the authors divided eacldresinto
the residue interval and defined its offset port{oesidue
offset) as

q(r) = floor r(r)/ 2% "] ©)

offset= (f- 2™ ™" ¢ p (6)
where each interval (symbof)(n) , which is quantizeirf
a residuer (n) , is entropy-encoded and error-proteldted
the coding parameters, leaving the offset bitshey tare.
Functionfloor(x) runsX into the nearest integer towards
negative infinity. It has been shown that the emgrooding
can only compress approximately one to two bitssaenple
of a perfect Laplacian sequence [6]. The authossirasd
that the entropy coder used in this study wouldieagh
N,- b bits per pixel, wherev »1- 2 bits. Assuming that
q(n) follows a perfect Laplacian distribution, choositing
smaller symbol size, for the interval entropy codeuld
gain approximately the same compression performamce
this study, the authors chodé =3 | since it yieldedbibst
experimental results. The interval Huffman codes lated
in Table 3. The data format for predictive intertlffman
coding is depicted in Figure 4.

Table 3. Interval Huffman Codes

q(n) | Interval g(n) | Interval
codes codes

0 1 +2 01011

-1 00 -3 010100

+1 011 +3 010110

-2 0100 -4 0101011
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Predictior

Line 1

Line 2

3 bits M” pixel size bits (N- )" pixel size bit:

Hamming codin
P XY XAM) | X0 XAN) | oecion
4 bits4 bits Variable bits
N N Residue interva |Hamming codin ¢ resic
Huffman coding | protection reside
N, Residue interva| Hamming coding Offset residue
N.|  fimen coding| protection :

Figure 4. Data Format of Predictive Interval Entropy Coding

Standard Huffman Coding for Prediction

Errors

(ABPP) and compression ratio (CR), the authors aksed
the peak signal-to-noise ratio (PSNR in dB) asraorenet-
ric for measuring the recovered image quality. PIBNR is
defined as

PSNR dB= 20 log _255 (7)
RMSE
where RMSE is the root mean squared error given by
1 N O
RMSE=\/—, [X@.i)- X @i)F ®)
M i=1 j=1

Note that X(i,j) represents the original pixel, while
X(i,j) is the recovered pixel. Figure 5 shows the typical
experimental results for compressing the “Lena” gman

For comparison purposes, the authors also included this study using each algorithm under the bit-emaie

standard Huffman coding scheme, as shown in Tapler4
residue coding. These Huffman codes coincide vhighfirst
nine (9) lines in the baseline JPEG algorithm fompress-
ing the DC coefficients [8], [10]. Each image resdwas
encoded using a prefix for code word size, as shiowra-
ble 4, cascaded by the binary amplitude bits. Famgle,
to encode -3,-2,+2, and +3, the authors hal/#00, 01101,

(BER) =5" 10° . Figure 6 depicts the compression results
for the “boat” image. It can be seen that the reced im-
age from predictive bi-level block coding matcheslwith
pixel levels when compared to their respectiveinabim-
ages.

Typical compression results at BER1G® for the

01110, and11111, respectively. For experimental purposes,ABPPs, CRs, and PSNRs are listed in Table 5. Far-co

the only codeword size bits were protected using4(7
Hamming codes. The data format is similar to tHdtigure

4,
Table 4. Huffman Codes

Code Amplitude code Code size Amplitude code
size (No.bits)
(No.bits)
00 0 110 -31,...,-16,+16,...,+31
0 (5)
010 -1,+1 1110 -63,...,-32,+32,...,+63
(€] (6)
011 -3,-2,+2,+3 11110 127,...,-64,
2) @) +64,...,+127
100 7,..,-4,+4,. .. +7| 111110 -255,...,-128,
3) (8) +128,...,+255
101 -15,...-8,+8,..,+15| 111110 -512,...., 256,
4) 9) +256,...,+512

Performance Evaluation and
Comparisons

The authors applied their proposed bit-error avass-
less compression algorithms to eight-bit graysdéalages
(“Lena” and “Boat”), each with the image size of2x512
pixels. To evaluate the performances for the bitreenvi-
ronment, in addition to using the average bits pixel

pressing the “Lena” image, the predictive bi-levmbck
coding offers the lowest ABPP of 5.73 bits, thehieist CR
of 28.38%, and the highest PSNR of 34.24 dB. Simia
sults were achieved for compressing the “boat” ienag
However, the standard predictive Huffman codingeess
tially has a data expansion with 8.02 bits per lpixgtead of
compression.

Figures 7 and 8 show experimental results of thdR&S
versus the BER for coding the “Lena” and “boat” ges,
respectively. The authors obtained the final PSNBeld on
an average of ten (10) independent runs at thengBER.
When the BER20?® , the predictive bi-level block coding
algorithm offers the highest PSNR, hence produding
best signal quality. On the other hand, when th& BEO®
the predictive interval Huffman coding and predietHuff-
man coding algorithms tend to gain a better imagity at
the same PSNR level. However, the predictive Wélle
block coder still offers a good quality of the reeced im-
age with the highest compression ratio. Similaultsswere
obtained for compressing other types of imagahendata-
base used in this study.

BIT-ERROR AWARE LOSSLESSIMAGE COMPRESSION
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Predicile+biHewel bl coding

orgiral Image

v

Prediclie: inlerus Huthan coding PFredizhie+ Huian oding

Figure 5. Compression results using predictive bielvel block
coding, predictive interval Huffman coding, and predictive

Huffman coding for “Lena” Image at BER =5" 10°

orgiral Image Predicile+biHewel bl coding

PFredizhie+ Huian oding

Prediclie: inlerus Huthan coding

Figure 6. Compression results using predictive bielvel block
coding, predictive interval Huffman coding, and predictive

Huffman coding for “boat” Image at BER =5 10°

Table 5. Performance Comparisons of Lossless Com@sion at

BER=10° (Each PSNR is in dB and is obtained by averagin
10 independent runs)

Algorithms

Image: Lena

Image: Boat

Predictive

bi-level
block coding

ABPP: 5.73 bits
CR: 28.38%
PSNR: 34.24 dB

ABPP: 6.12 bits
CR: 23.5%
PSNR: 31.72 dB

Predictive

interval
Huffman
coding

ABPP: 6.63 bits
CR: 17.13%
PSNR: 30.89 dB

ABPP: 7.10 bits
CR: 11.25%
PSNR; 28.98 dB

Predictive

Huffman
coding

ABPP: 7.39 bits
CR: 7.63%
PSNR: 33.04 dB

ABPP: 8.02 bits
CR: Expansion
PSNR: 29.97 dB

FSMNR (dB)

+: predictive bi-level block coding;

o: predictive interval Huffman coding;
*: standard predictive Huffman coding

Figure 7. PSNR Performances Versus the Bit-Error Ree
for “Lena” Image
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PSNR (B

+: predictive bi-level block coding;
o: predictive interval Huffman coding;
*. standard predictive Huffman coding

Figure 8. PSNR Performances versus the Bit-error &e
for “boat” Image

Conclusion

The authors developed the predictive bi-level blocH-
ing and interval Huffman coding algorithms for bitor
aware lossless image compression. The predictioanpe
ters at the first stage and the bi-level block ngdind inter-
val Huffman parameters are protected by adding) Hain-
ming error correction codes, thus leaving residuesffset
residues as they are to gain a compromised conipress
ratio. When the bit-error rate is larger than 0,00& devel-
oped predictive bi-level block coder offers betsgnal
guality, as well as the highest compression raba. the
other hand, when the bit-error rate is less th&@0D. the
developed predictive interval Huffman coding tentds
achieve higher signal quality. However, the predeti-
level block coding can still maintain a commendaditmal
quality with a higher compression ratio.
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ANALOG BREAKTHROUGH DETECTION USING LASER-
INDUCED, THERMAL DIFFUSION SHOCK WAVES

Jun Kondo, University of Hartford; Saeid Moslehpduniversity of Hartford; Hisham Alnajjar, Univetgiof Hartford

Abstract

The efficiency of a jet engine is improved by irasimg

the temperature in the engine combustion component
Combustion-chamber temperatures have increasedoup

1600°C over the past decade [1]. Therefore, jetrengom-
bustion components must deal with high temperatimese-
air-flow cooling holes are critical for cooling theompo-
nents. But the process of drilling cooling holes mamer-
ous problems, and “back wall strike” is the majoolgem

this process is known as “partial breakthrough.tig next
laser shot, the laser beam completely penetratedample;
this process is known as “full breakthrough.” Butbse-
quent laser shots continuously drilled the adjacample

Surface after full breakthrough in the laser pesous

tdriIIing process of actual jet engine turbine blkad&his
unavoidable process is known as “back wall strika.br-
der to diminish the effect of back wall strike, ltibe Hysol
7901 polyamide hot melt might be injected in caatof jet-
engine turbine blades. But the adjacent sampleasarf

might receive serious surface damage despite tisteare

that must be solved. This project presents innogatp- of the hot melt

proaches to designing controllers for the lasercyssion-
drilling process to determine the exact moment i&fak-
through to eliminate “back wall strike”, which dages the
adjacent surface of jet-engine turbine componérite. PCB
106B pressure sensor was used to measure therffuziat
shock waves, and National Instruments LabVIEW safen
was used to establish control algorithms. The testlts
clearly indicated that the second derivative of @B 106B
pressure sensor output was positive at the heateqge of
the laser percussion-drilling process, and negativehe
cooling stage of the drilling process. Therefoteyas con-
cluded that the second derivative of the pressems@ out-
put indicated nothing but temperature conditionthefsam-
ple during the laser percussion-drilling procesighRafter
the exact moment of breakthrough, the temperattirthen
sample dramatically decreased. Therefore, the mbmkn
breakthrough was precisely determined by procestieg
output of the PCB 106B pressure sensor, which veasl u
for measuring thermal diffusion shock waves.

Introduction

Figure 1. Laser Percussion-drilling Process at Coretticut
Center for Advanced Technology (CCAT)

The laser percussion-drilling processtia¢ Connecticut
Center for Advanced Technology (CCAT) is shown ig-F
ure 1. The laser beam was generated by the neodymiu
doped yttrium aluminum garnet (Nd: YAG) laser okth
Convergent Prima P-50 laser drilling machine at CCA
The laser beam passed through the center of theecowz-
zle, and impinged upon the surface of a Waspallegls
plate sample. The angle between the laser and sawgs
20 degrees, which is the standard for cooling hisling
for jet-engine turbine blades. After a few percossilrilling
operations, the laser beam started penetratingsaneple
and making a small diameter hole on the sampleaseyf

In order to solve this problem, the exact momenfudf
breakthrough must be detected by the sensor, andadh-
troller must turn off the laser immediately aftéietexact
moment of full breakthrough. Many approaches hasenb
developed to minimize the effect of back wall srilEull
breakthrough can be detected by frequency chanigdseo
drilling sound signatures using the Fast Fouriesngform
(FFT). Also, it can be detected by spectrum chamddbe
percussion-drilling arc. It can also be detectedabyideo
camera, which is mounted to view the area beingedri
through a path coaxial with the drilling laser befh In
this project, the PCB-106B pressure sensor was tsed
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measure “Laser-induced, Thermal Diffusion Shock ¥&iv
to monitor temperature conditions of the sampleriter to
detect the exact moment of full breakthrough. Thipot of
the PCB-106B pressure sensor was differentiatedetwo
show more detailed information about the pressereser
output. The objective was to show the distinct algwhich
indicated the clear evidence of the exact momentutyf
breakthrough when the laser beam completely pedeetra
the sample.

Related Research

The effects of Laser-induced, Thermal Diffusion &ho
Waves have been investigated and the fundamente-eq
tions were established by Sorasak Danworaphongl&Gér
Diebold and Walter Craig in the book “Laser Indudéuer-
mal Diffusion Shock Waves.” When a neodymium-doped
yttrium aluminum garnet (Nd: YAG) laser induceshert
mal diffusion shock wave, the thermodynamic proper-
ties speed U, density r, and pressure P are draozdly
different before the shock front and after the ghéront.
The figure of the shock front is shown in FigurSR

Uy, 1, P Uy o, P

\ 4
v

Shock Front
Figure 2. “Shock Front”

Thermal diffusion shock waves have several properti
identical to fluid shock waves generated by sup@cso
flight [4]. The difference between thermal diffusishock
waves and fluid shock waves is as follows [4]:

1. Thermal diffusion shock waves depend on the
existence of externally-imposed temperature gra-
dients, while fluid shock waves have no such re-
quirement.

Thermal diffusion shock waves always appear as
a pair of identical shock fronts that propagate in

opposite directions.

The dissipating force is viscous damping and
mass diffusion in thermal diffusion shock waves.

Therefore, the speed of thermal diffusion shock
waves will be eventually equal zero even in the
absence of mass diffusion.

The thermal diffusion shock waves and the massidiff
sion shock waves are governed by the following ggoa

[4]:

ey
1

12c(z,t)

1z°

(1)

- e et

The significance of this equation is stated aofed [4]:

1. The first term corresponds to thermal diffusion
shock waves, and the second term corresponds to
mass diffusion shock waves.

2. The sinusoidal function governs the first tehatt
represents thermal diffusion shock waves.

3. is the thermal diffusion factor that governs the

dominance of thermal diffusion shock waves over
mass diffusion shock waves, and expressed as
follows:

D'T,
D

(2)

D = Mass Diffusion Constant
D’ = Thermal Diffusion Constant
To = Temperature

Initial Research

Temperature changes are directly related to thgrpss
of the laser percussion-drilling process. The tenajpee of
the sample dramatically increases when the laspinges
upon the sample surface, and it dramatically dsa®aight
after full breakthrough. In order to prove the tielaship
between the output of the pressure sensor and tetope
conditions of the sample, the following experimehts/e
been conducted in a laboratory. A cigar lighter wepsted,
and the flame was passed in front of the PCB106@82-
sure sensor, as shown in Figure 3. Then it was thaway
from the sensor and extinguished. The results lzogs in
Figure 4, and summarized as follows:

1. When the flame was passed in front of the
PCB106B52 pressure sensor, the output of the sec-
ond derivative was positive.

2. When the flame was moved away from the

PCB106B52 pressure sensor, the output of the sec-
ond derivative was negative.

Therefore, it was considered that it might be gassio
measure the thermal diffusion shock waves using a
PCB106B series pressure sensor at the laser peEncuss
drilling process at CCAT. The major difference beén
this lab experiment and the laser percussion-dglexperi-
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ment at CCAT was the magnitude of the thermal ditfn hole. This condition is called full breakthroughéBe con-
shock waves. The magnitude was approximately 3.6&RPa ditions are shown in Figure 5. The diameters @séh
the lab experiment and approximately 81kPa in #merdl  holes can be estimated using the diameter of edidor
percussion-drilling process at CCAT. The PCB-106B52dots.

pressure sensor was used in this lab experimeteaithsof

the PCB106B pressure sensor because the PCB-106B52

pressure sensor provides the highest sensitivitiytiag low-

est resolution in the PCB-106 series of pressune@s [5].

Figure 5. Partial Breakthrough, Full Breakthrough and
Calibration Dots (0.25mmd)

Methodology

The laser percussion-drilling process setufC&AT is
shown in Figure 6. The laser beam was generatethdy
neodymium-doped yttrium aluminum garnet (Nd: YAG)
laser of the Convergent Prima P-50 laser drillirechine at
CCAT. The laser beam passed through the centeheof t
copper nozzle and impinged upon the surface of apala
loy steel plate sample. The thermal diffusion shedves
were measured by the PCB-106B pressure sensowtsat
placed under the sample. Also, the penetrating laseer
was measured by the breakthrough detector thaplaasd
above the sample in order to confirm the momertirefik-
through that was detected by the PCB-106B pressmnsor.
After full breakthrough, subsequent laser shotdinanusly
drilled the adjacent sample surface in the actasén per-
cussion-drilling process, and it is the major pesblthat
must be solved. In order to eliminate the effect‘ldick
wall strike”, the exact moment of full breakthrougtust be
detected by processing the output of the PCB-10&Bgure

Figure 3. PCB106B52 Pressure Sensor Setup

Figure 4. PCB106B 52 Pressure Sensor Output (top)rst
Derivative (middle) and Second Derivative (bottomX Axis:
Time in Second Y Axis: Sensor Output in Pa

Partial Breakthrough and Full Break-
through

In the percussion-drilling process, the laser beame-
trates the sample after drilling repeatedly and esak
small diameter hole. This condition is called parhireak-
through. At the following laser shot, the laser ineeom-
pletely penetrates the sample and makes a big tkame

Figure 6. Laser Percussion-drilling Process Setupta
Connecticut Center for Advanced Technology (CCAT)
Breakthrough Detector (top) and PCB 106B Pressure
Sensor( bottom)
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sensor, and the controller must turn off the ldsemnedi-
ately after the exact moment of full breakthrougtptevent
the excessive laser drilling process that damagesatja-
cent sample surface.

Apparatus

The analog approach uses LabVIEW to differentinée t
PCB106B pressure sensor output twice to get thenskec
derivative output that indicates temperature comalét of
the sample during the laser percussion-drilling cpes.

When the laser beam impinges upon the sample syrfac
the sample is in the heating stage, and the second- 4

derivative value becomes positive. When the |dmss&m
completely penetrates the sample after full breakiph,

the sample is in the cooling stage, and the second- 6
derivative value becomes negative. When the alesolut '

value of the negative second-derivative value edsea
predetermined threshold value, it is consideret Hrgak-
through and the resulting signal shows a clearcatin of
full breakthrough to turn off the laser to prevéack wall
strike.” The National Instruments PXI-4462 Dynarfiig-

nal Acquisition Device and PXle-1062Q PXI Express

Chassis were used for this purpose, and are shovsaigt
ure 7.

Figure 7. National Instruments PXI-4462 Dynamic Sigal
Acquisition Device (the first module from the righf) and
PXle-1062Q PXI Express Chassis

The LabVIEW Breakthrough Detection program is
shown in Figure 8 and consists of the followingrfowajor
DAQmx tasks:

1. *Timing” configures the number of samples to
acquire.

2. “Start Task” transitions the task to the running
state to begin the measurement.

3. “Read” reads the sampled data from the task.
“Clear Task” clears the task. Also, it aborts the
task if necessary.

This program differentiates the PCB-106B pressame s
sor output twice, and the second derivative vakiedm-
pared against the predetermined threshold valudetect
the moment of full breakthrough. Also, it can retdhe
following six signals in the Technical Data Manags
Streaming (TDMS) format and save the data on the ha
drive:

1. Output of the PCB-106B pressure sensor

2. First derivative of the output of the PCB-106B
pressure sensor

3. Second derivative of the output of the PCB-106B

pressure sensor

Results of the breakthrough detection function

5. Laser power output from the Convergent Prima

P-50 laser drilling machine

Breakthrough detector output

Figure 8. LabVIEW Breakthrough Detection Program

Results

Pressure Sensor Output

The pressure sensor output and the breakthrougle-det
tor output are shown in Figure 9. The top line dadiés the
output of the PCB106B pressure sensor in Pa. Thierho
line indicates the output of the breakthrough deren
volts. The horizontal line indicates the time irc@eds. In
this experiment, the data were collected usingraptiag
rate of 10kHz. So signals above 5kHz, which wasftbe
guency range of the system gas noise, were allireded
according to the Nyquist-Shannon sampling theoréin [
Therefore, system gas noise from the copper nozake
not observed. The total number of laser shots weasrs
and the laser power was 13 joules per shot. Pdntedk-
through occurred at the third shot, and full breadtigh
occurred at the fourth shot. The pressure senstpubu
shows the distinct vertical line which represehtsthermal
contact between the laser beam and the sampleulAt f
breakthrough on the fourth shot, the vertical lgisap-
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pears. Therefore, the pressure sensor output liriscti-
cates the moment of full breakthrough without anglgsis
tools.

Figure 9. Pressure Sensor Output (top) and Breaktlough
Detector Output (bottom) X Axis: Time in Second
Y Axis: Sensor Outputs in Pa (top) and Voltage (babm)

The operations of the seven laser shots are sumedads
follows:

1. The first laser shot impinged upon the sampite su

face and had the highest negative pressure.

2. The second laser shot had the second higheat neg

tive pressure.

3. The third laser shot partially penetrated thada
(partial breakthrough) and had the third highest
negative pressure.

4. The fourth laser shot fully penetrated the sampl

Figure 10. First Derivative (top) and BreakthroughDetector
Output (bottom) X Axis: Time in Second Y Axis: Sener Out-
puts in Pa and Voltage

Second Derivative of Sensor Output

The second derivative of the output from the PCHL06
pressure sensor is shown in Figure 11. After tie diistinct
vertical line that represents the thermal contativben the
laser beam and the sample, the sample temperatmeat-
cally changes, and the output of the second dérevatas

(full breakthrough), and the pressure sensor did no positive at the heating stage and negative at tiwing

show any vertical response.
5. The fifth laser shot cleaned up the existinghol

and the pressure sensor did not show any vertical

response.

6. The sixth laser shot further cleaned up thetiexjs
hole.

7. The seventh laser shot further cleaned up ttst-ex
ing hole.

First Derivative of Sensor Output

The first derivative of the output from the PCB106B

pressure sensor is shown in Figure 10. It is symoa
against the horizontal axis, and the absolute velag con-
sistently close to zero between the third shottiglaoreak-
through) and the fourth shot (full breakthrough).

stage. Therefore, the second derivative of thespressen-
sor output was nothing but temperature conditiohshe
sample. Right after full breakthrough, the valuéshe sec-
ond derivative gradually reached the minimum value.
Therefore, the moment of full breakthrough can btected
when the output of the second derivative becomes tlean
a predetermined minimum threshold value. At thi;pdhe
output of the breakthrough detection circuit tuofé the
laser to prevent subsequent “back wall strike.” Tledo-
VIEW breakthrough detection program, which is shdawn
Figure 8, was implemented using this approach anghar-
ticularly useful when the conditions of the laserqussion-
drilling process are continuously changing. Thesad¢
tions include the angle between the laser beanttendam-
ple, the thickness of the sample, and the surfandition of
the sample. Because the sensor output is basedordyn-
plitudes of thermal diffusion shock waves during tfaser
percussion-drilling process, breakthrough detecisoteter-
mined by the temperature conditions of the sampl ia
not affected by other factors.
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Figure 11. Second Derivative (top) and Breakthrouglbetector
Output (bottom) X Axis: Time in Second Y Axis: Sesor
Outputs in Pa and Voltage

Discussion

Overload Condition

The results of the experiments with laser-indudbdy-
mal diffusion shock waves are often mistaken tadHeere-
sults of overload conditions. An overload conditioccurs
when the power supply of the sensor is not ablsujgply
sufficient voltage to the sensor. When the PCB1p6&s-
sure sensor is used with the National InstrumeXis4d62
dynamic signal acquisition device, the power suppdwn
provide up to 5 volts for the PCB106B pressure gernthe
power supply voltage consumption at the first ladgot in
Figure 9 was calculated as follows:

Sensitivity of the PCB106B pressure sensor: 43.5kiR¥
Maximum negative pressure in Figure 9: -81.099kPa

Maximum supply voltage required to operate the PQEBRL
sensor: 43.5 mV/kPa * 81.099kPa = 3,528mV = 3.528V

It was under 5 volts. Therefore, it was proven titwet
acquisition device supplied adequate voltage to the
PCB106B pressure sensor.
condition is shown in Figure 12. The sampling retas
100k samples/second, and the frequencies below 30KH

An example of an overload""

which was the major frequency range of system gésen
The power supply voltage consumption at the fiestel
shot in Figure 12 was calculated as follows:

Sensitivity of the PCB106B52 pressure sensor: 7 2Ry
Maximum negative pressure at the first laser shdtigure
12: -13.316kPa Maximum supply voltage required pere
ate the PCB106B-52 sensor: 725 mV/kPa * 13.316kPa
9,654mV = 9.654V

It was over 5 volts. Therefore, it was proven tifet acqui-
sition device did not supply adequate supply vatém the
PCB106B52 pressure sensor, and an overload comditio
occurred.

Figure 12. Overload Condition; PCB106B5 Pressure &sor
Output (top) and Breakthrough Detector Output (bottom)

Pressure Sensor versus Microphone

The PCBD20 ICP array microphone had been used since
2006. But it was damaged by high pressure causethdy
percussion-drilling process in the summer of 200here-
fore, the PCB106B-series pressure Sensors weremreco
mended by PCB engineershey decisively said that pres-
sure caused by the percussion-drilling process begend
the microphone’s measurement range. A system based
microphone was inappropriate for the percussiottisayi
process because the maximum pressure reaches BRa299
at 1 inch from the sample. This pressure is appnately 80
percent of the theoretical limit pressure of 105/32a at 1
atmosphere environmental pressure [7]. Even ifdikance
is increased twice to decrease the pressure ta2KP2, it
is still over the allowable maximum pressure, 1P&kof
the PCB377A12 microphone that has a sensitivity
0.25mV/Pa [5]. In addition, PCB377A12 does not pdev
high sensitivity for the laser-induced, thermalfasion
shock waves as the PCB106B pressure sensor does. Th
PCB377A12 microphone is one of the lowest sensjtivi
icrophones made by PCB and is used in a high-press
environment. Therefore, the pressure sensor mussée in
the laser percussion-drilling process at CCAT tovjate

of
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both the high-pressure resistance and the hightsémysfor
the laser-induced, thermal-diffusion shock wavesstab-
lish a consistently reliable control system thatkgounder
any conditions.

Cleanup Shots

After full breakthrough, the resolidified materimight
be left in the hole. A photograph of resolidifisterial is
shown in Figure 13. The size of it can be estimatsidg
the diameter, 0.25mm, of the calibration dots. tdeo to
take out the resolidified material from the holéganup
shots are required after full breakthrough. Butanlgp
shots also continuously drill the adjacent sampldase
after full breakthrough; it is yet to be determingtether
or not the laser shots should be continued at pbitt..
Therefore, the minimum amount of laser power, whgh
required to take out the resolidified material frtme hole,
is predetermined, and should be consumed for cpeanu
shots after full breakthrough.

Figure 13. Resolidified Material and Calibration Dds
(0.25mm @)

Next Research Phases

The first fundamental experiments have been accomj?]

plished in a limited time period to prove that thigthod is
feasible. The future objectives of this project asdollows:

Pattern Matching Algorithm

In this project, the moment of breakthrough waspéym
determined using the threshold function, whichhieven in
Figure 8. The moment of breakthrough can be alderde
mined using the National Instruments pattern matglal-
gorithm. Mr. Michael Callahan of the University Wfnois
at Urbana-Champaign successfully controlled hisepts
wheelchair using a similar approach in 2005 [8]. iHter-
preted his patient’'s nerve impulse signals as gpjate
control signals for his wheelchair.

Various Conditions

In the actual laser percussion-drilling procesg, tir-
bine blade is always rotating and all parametegscantinu-
ously changing. But the exact moment of breakthinoligs
to be determined, regardless of these unsteadyitmomsd
Only 20-degree angle shot has been used in thjeqir&o
varieties of angles will be tested. The tested Walpy
samples have a thickness of only 0.05 inches. &keh
samples will be also tested. It is known that therinal
coating on the sample surface dramatically incredbe
sound signature. So thermal coated samples wit&ted.

Summary

The PCB106B pressure sensor output showed disténcti
patterns before partial breakthrough, at partiabkthrough,
at full breakthrough, and after full breakthrougis, shown
in Figures 9 — 11. Therefore, the system succdgsfid-
tected the moments of breakthrough using the anajpg
proach. Also, these results proved that breakthraan be
detected using a simple threshold value and alsoptax
algorithms to analyze the second derivative vaBRecause
all drilling conditions are constantly changing itigr actual
fabrication of jet-engine turbine blades, sample$i e
tested under many different conditions to proveoasts-
tently reliable control system that works under @oydi-
tions.
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A CUSTOM VIBRATION TEST FIXTURE
USING A SUBWOOFER

Dale H. Litwhiler, Penn State Berks

Abstract

There are many engineering applications for a soofc
controlled vibrational excitation. Popular apptioas in-
clude fatigue testing of mechanical componentsragded-
ness and survivability testing of electronic asskasbfor
harsh environments. Other applications includeatibnal
energy-harvesting device testing, and accelerontetting
and calibration. There exist several piezoeledigsed
energy-harvesting devices that are designed taucapan-
dom and/or single-frequency vibrational energy.tihgsof
these devices requires a source of controllableatidn.
The static characteristics of micro electromecharsgstem
(MEMS) accelerometers can often be tested using
earth’s gravity or centrifuge apparatus. Testhmydynamic
characteristics, however, requires the applicatibiknown
vibrational acceleration inputs. Single-frequen@cedera-
tion inputs are very useful for characterizing therform-
ance of accelerometers. The applied frequencyatsmbe
swept to determine the frequency response perfarenah
the device under test. Commercial vibration systesften
called shakers or shaker tables, typically uselectremag-
netic voice-coil assembly to move the test fixturgoice
coils can also be found in common audio loudspeak&he
construction of automobile subwoofers is partidylaug-
ged. A very useful vibration test fixture can beated by
modifying a subwoofer to include a table area tdciha
reference accelerometer and the component undecades
be mounted. This paper describes the design, reatisin
and application of a subwoofer-based vibrationingssys-
tem in an undergraduate engineering technology atauc
environment. Some experimental results from tisértg of
energy-harvesting devices and low-g MEMS acceleterse
are also discussed. System component selectiofgrper
ance and future enhancements are also presented.

Introduction

As part of an investigation into vibrational energy
harvesting devices, the need arose for a conttellsturce
of vibration. Initially, some salvaged automob#8eund-

system speakers were evaluated for their perforenasc
transducers for creating the controlled vibratioRsom this
evaluation, it was determined that with the propeeaker
and driving signal, a useful, inexpensive vibratiest sys-
tem could be created. Therefore, a custom vilmeagistem
using a car stereo subwoofer as the transducer deas
signed, built and implemented in an undergraduaigi-e
neering technology laboratory.

Figure 1 shows the custom vibration system equipmen
diagram. Automobile audio subwoofer speakers abeist
acoustic transducers with performance capabilitiesd|-
suited for low-frequency vibration excitation. Asrea to
which test specimens can be mounted was glued theto

th%peaker cone. The excitation signal was produged b

laboratory function generator. A unity-gain povaenplifier
was used to provide the current required to drhe lbw
impedance of the subwoofer. A wideband acceleremet
was used as the reference acceleration measurei@edne.
An oscilloscope was used to measure and displagcdbel-
erometer output signal.

Reference
Test

Plate
PVC Pipe \
p i Fé/\ "
e

8" Subwoofer
Speaker

Function
Generator

> i

Figure 1. Vibration System Equipment Diagram

System Construction

The shaker table was fabricated using an automobile
audio subwoofer speaker as the transducer eleméhe
frequency response range of a subwoofer is ap@tepfor
the desired range of the vibration table. A subf@oavas
chosen for its large size and rugged constructithe suit-
ability of the speaker cone area for acceptingitivended
modifications was also an important consideratidm.par-
ticular, the Pioneer® model TS-SW841D, 8-inch subfgo
was selected. Some key specifications of this sulfev are
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given in Table 1 [1]. Figure 2 shows the subwoddfefore
modification.

Table 1. Pioneer Subwoofer Specifications

Music Power, Max 500W
Nominal Power Handling 120W
Frequency Response 30 — 1500 Hz
Nominal Impedance 4

Dimensions 8-7/8" x 3"

The subwoofer was modified to create a flat shakbele

surface. First, a short length (about 1 inch)-@rich diame-
ter PVC pipe was bonded directly to the speakee coate-
rial with Goop® adhesive. Goop adhesive bonds well
PVC and the speaker cone material. The PVC spgwips

to raise the test surface above the recessed ceaeaad
also provides separation from the influence ofgheaker’s
very strong magnet.

Figure 3. Vibrational Test System

Figure 3 shows a photograph of the completed viomat
system. The subwoofer is shown mounted in a custix
net constructed of medium-density fiberboard (MDIFjg-
ure 4 shows a close-up photograph of the vibreatidue
area to reveal the construction details.

Figure 2. Pioneer Subwoofer Speaker Figure 4. Subwoofer Shaker-table Detail
The vibration amplitude of the shaker table was snea

ured by a calibrated reference accelerometer. PICi Pie-
zotronics model 333B30 accelerometer was chosethier
application due to its low cost, sensitivity andadinsize and
mass. The 333B30 can be seen mounted to the stzditer
surface in Figure 4. Table 2 shows an excerpt ftbm
333B30 datasheet [2].

A 0.25-inch thick disk of Delrin® acetal resin wased
as the shaker-table mounting surface. The disk fass
tened to the PVC pipe using eight machine screvemged
in a bolt circle around the edge. The Delrin diskvides
an interchangeable and replaceable surface witkellext
stiffness and machining properties. The devicbadested
was mounted to the shaker table using machine scesw
needed.
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Table 2. 333B30 Accelerometer Specifications by the low impedance of the subwoofer. The vibrasys-
tem will find application at frequencies below thedio

PARAMETER ENGLISH Sl band; therefore, a DC-coupled amplifier was desirdte

Sensitivity(+ 10 %) 100 mV/g 10.2 mV/(m/s?) Feedback® model TK2941B unity-voltage-gain power am

plifier was used. The amplifier was part of an eational

Measurement Rang§ 509 pk + 490 m/s?|pk sensors package already in use in the engineezottnol-
Freq. Range(x 5 %) 0.5t0 3000 Hz 0.5 to 3000|Hz ogy laboratories.
Resonant Frequency 40 kHz 40 kHz S t P f

itati m rmorman
Excitation Voltage 18 to 30 VDC 18 to 30 VDC yste ero ance
constant Current 210 20 mA 210 20 mA To characterize the performance of the subwooferavi
Excitation tion system, the frequency response of the taldelation

Output Bias Voltage 7 to 12 VDC 7to 12 VDG  versus speaker input voltage was measured. Th wgbt-

age was held nearly constant at about 40Qm%r each

frequency tested. Figure 6 shows a plot of the sunesl
The accelerometer requires a constant-current powefrequency response. The data shows a distinctisenant

supply with a compliance voltage between 18 and30V  peak near 45Hz. Therefore, care must be taken apply-

The accelerometer then produces an output DC EVél-  jng signals with frequency components around 45Mihe

12vDC. The dynamic acceleration output signal e@ser-  frequency response also indicates that the sysienseful

imposed on the DC bias output. The power supply &80  gpove of 180Hz.

custom-designed and built in the engineering teldgyo

laboratory. Figure 5 shows the schematic diagrérthe The input impedance frequency response was alss-mea

constant-current power supply. ured. A Tekronix® active current probe was usedas-

ure the subwoofer input current. The speaker invpitage

As shown in Figure 5, the current-regulator diode,was measured using a standard voltage probe. Atwn

1N5306, provided the required constant-current lbashe  input voltage was held nearly constant at 40QmV The

accelerometer. In operation, the DC input voltages set  frequency response of the magnitude ratio of measur

to 26VDC, while the DC output voltage was monitovéth  speaker input voltage to input current (input imgueck) is

a DVM. The DC output voltage typically settlesaifout  shown in Figure 7. The input impedance data irndica

10.9VDC. When the DC output voltage settles, theeker-  jstinct, high-Q, electrical resonance near 42Hz.

ometer is ready for use. The ¥capacitor allows only the

AC part of the accelerometer output to pass tootmllo-

scope input. The user can also access the combiGeahd

AC output of the accelerometer at the port, whismor-

mally connected to the DVM, as shown.

1N4002 ff 1N5306 (2.2mA)

BNC 10uF BNC
1

To +|( N To
Au—

Figure 5. Constant-current Power Supply Schematic
Figure 6. Vibration Table Acceleration Frequency Rsponse
The magnitude and frequency of vibration was con-
trolled by a function generator. The function geer was
set to produce a sinewave output with zero offgepower
amplifier was needed to provide the current driequired
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Impedance (Ohms)
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Figure 7. Subwoofer Input Impedance Frequency Respse

Example Applications

Energy Harvesting

Figure 8. Joule-Thief™ JTRA-e5mini Evaluation Kit

The Joule-Thief™ JTRA-e5mini energy-harvesting
module manufactured by AdaptivEnergy is a randobmai
tional energy-capturing and storage device. Wdiapplica-
tion in vehicular vibration-powered sensor systeniBhe
JTRA-e5mini contains a tuned cantilever spring-mags
tem with an integral piezoelectric generator. feestigate
the performance of this device, the evaluationwds used.
As shown in Figure 8, the evaluation kit containsigaro-
power wireless communication board, USB commurocati
dongle and application software. The evaluatidrakows
the user to remotely monitor and chart the averzmeer
output of the JTRA-e5mini [3].

Figure 9. Joule Thief JTRA-e5mini Mounted to ShakerTable.

The Joule Thief JTRA-e5mini energy-harvesting uvas
mounted to the subwoofer shaker table using a l@mpyzing
bar arrangement, as shown in Figure 9. The pednoa of
the energy harvester was evaluated for severalsl@fesi-
nusoidal vibration at about 15Hz. The output o tefer-
ence accelerometer was measured using a digitdloesc
scope to determine the vibration level. FigureshOws a
plot of the data obtained from this test.

Average Power (mW)
=]
&

0 005 0a 015 a2 0.5 03 035 04 045

Acceleration (g rms)
Figure 10. Joule Thief JTRA-e5mini Evaluation DataPlot

MEMS Accelerometers

A custom centrifuge system for the evaluation of th
static performance of MEMS low-g accelerometers was
presented by Litwhiler [4]. To evaluate the dynarper-
formance, the accelerometers were mounted to the su
woofer shaker table. The output for each acceletemvas
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compared with that of the reference acceleromet€he
Freescale MMA2201D (+40g) and MMA2260D (+1.5Q)
MEMS accelerometers were tested. Figure 11 showes t
test setup for the MEMS devices.

Figure 11. MEMS Accelerometer Test Setup

The MMA2201D has a nominal sensitivity of 50mV per

g. The acceleration output signal was superimpasec
zero-g bias voltage of 2.5V when powered from 5Vhe
frequency response of the MMA2201D versus the egice
accelerometer is shown in Figure 12. The MMA2201&%
found to have a very flat frequency response witteient
bandwidth.

Sepy -
- %

accelerometer putput

Ratio of MMA 2201 to refurencs

100 150 200

Frequency (Hz}

Figure 12. Frequency Response Data for MMA2201D

The MMA2260D has a nominal sensitivity of 1.2V per

g. The acceleration output signal was superimpase
zero-g bias voltage of 2.5V when powered from 5Vhe
frequency response of the MMA2260D versus the esies
accelerometer is shown in Figure 13. The MMA226G83

found to have a bandwidth of about 50Hz which ie th

nominal value given in the manufacturers datasheet.

%'&" -

Ratio of MMA2260D to Reference
Accelerometer Output
4

%&"
%' %" %"
Frequency (Hz)

Figure 13. Frequency Response Data for MMA2260D

Future Work

Work continues with making the vibration test syste
more useable by students with less supervisionis i
cludes developing LabView software to create thé-su
woofer input signals from a USB sound-card devideis
software will allow for the creation of complex weferms
and vibration profiles.

Some nonlinear vibrational behavior was observed at

lower frequencies, especially those below 10Hz. rkMe
continuing to test various methods of correcting tionlin-
ear behavior to obtain more repeatable acceleratiave-
forms.

Summary

A vibration test apparatus using a modified subwoof
speaker was designed and fabricated. The moddficat
were quite simple and inexpensive. The vibratigstem
was characterized and found to have very accepiade
formance. The system was used to evaluate therperf
ance of an energy-harvesting device. MEMS accelero
ters were also tested using the system with exdealésults.
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BORDER GATEWAY PROTOCOLS

Sadeta Krijestorac, Morehead State University; Mgck, University of Louisville; Jonathan BagbypRtia Atlantic University

Abstract

A Border Gateway Protocol is a path vector roufing-
tocol that coordinates the routing of packets thromulti-

Model and Terminology

Figure shows the Chart of BGP Between AS’s. The
Internet Engineering Task Force (IETF) created B&P

ple administrative domains by computing routes leetw RFC 1771 and service providers first introducedhithe

every IP address the packet passes. Certain roufgtsd
BGP speakers, are assigned to run the protocol. §@Bk-
ers across different Autonomous Systems (AS) aezdan-
nected in order to exchange routing information.F-Bskp-
ports a feature called multihoming, which meansneating
to multiple ISPs from different routers or pointsthe net-
work. However, BGP still have several serious siégcwul-
nerabilities, which are currently being addressaft dis-
cuss Pros and Cons of BGP and possible securitgneeh
ments.

Introduction

The Border Gateway Protocol (BGP) can be seenes th

core interdomain routing protocol of the Internktis an

inter-autonomous system routing protocol designed f
TCP/IP networks which maintains a table of IP netwo

prefixes that designate network reachability amauatpno-
mous systems. BGP is a path vector protocol whiekes
routing decisions based on paths and network gslian-
stead of using conventional Interior Gateway Protg¢ksP)
metrics. The main role of a BGP system is to exghamet-
work reachability information with other BGP systenin
this paper we provide an overview of how BGP woliis,
purpose, and how it interacts with other componentshe
Internet as well as advantages and disadvantag@&Gef
alternative protocols.

Overview of Operation

The Internet is a very large-scale decentralized/omk,
consisting of smaller networks. When a packet ing aeross
the Internet it may pass through multiple netwogkéadmin-
istrative domains, so-called Autonomous Systems) (ABe
interdomain routing of all AS’s on the Internet dsordi-
nated by the Border Gateway Protocol (BGP) runrong
routers that connects the AS’s. The task of BG#® isom-
pute routes between every AS and every IP addhedsat
packet is passing on its way from one computerniatreer
[1]. BGP is the interdomain routing protocol used ex-
change reachability information between AS’s on ltiter-
net. To choose best routes, BGP allows each ASéaide
distance based metrics with policy based metrits [1

early 1990s as a scalable, standardized schenoait® traf-
fic between the AS’s of their customers and otlewise
providers [2]. In order to create a BGP networkstaia
routers need to be assigned to run the protocotaise
they speak the BGP “language”, these routers deereel to
as BGP speakers. To actually create the BGP irtigonk,
the BGP speakers bordering each AS are physicalty c
nected to one or more BGP speakers in other A@'sring
any topological differences. The direct connecti@iween
them permits them to exchange information aboutsA®’
which they belong. BGP speakers are most often exxted
to multiple other speakers, which provide more difgaths
to different networks for better efficiency. Thilsa offers
redundancy, allowing the Internet to deal with eitdevice
or connection failure. It is likely for a BGP speako have
neighbor relationship with other BGO speakers hwithin
and outside its own AS [2].

Figure 1. Initial Research Configuration with
Commercial Devices

Initialization of Routes

In network-layer reachability information (NLRI) -
gation, routing data to a given network in a giv8 is

passed along by BGP speakers in a chain domairh Eac
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BGP speaker in the chain appends information alitsut
own identity and the preceding AS in the chain.tlhes AS
routing data passes through the Internet, augmenetie
list of AS’s that have been passed so far, BGP $oam AS
path to prevent routing loops. Once the desiredltagy has
been defined, network administrator can deterntieeopti-
mal paths and begin to set policies establishingchvhet-
work destinations and communities of network dedioms
can exchange information [3].

Properties of the Protocol

BGP is a path vector routing protocol. Each rouge d
scription has several components, such as thefliztefixes
being withdrawn or added, the AS path to be folldvie
reaching the prefix, and the address of the nextercalong
the path [4]. The initial data-flow across a BGRKki#ne
fills the complete BGP routing table and it getdaied
incrementally when the routing tables of the otrmuters
change. A BGP speaker must retain the current versf
all of its peers’ BGP routing table and only updatbanges
instead. Routers periodically send keepalive messdg
verify that connections are still working. BGP nedmm-

municate via the Transmission Control Protocol (J.CP

BGP guarantees that networks within an external ah&
reachable before exchanging any information by gisn

Based on this analysis, the current BGP-based itpodn
seems not to be appropriate to control the incorpiacket
flow. It is suggested that changes to the Inteanehitecture
might be necessary to achieve this kind of corf&pl

Performance Measure

Packet delivery is the most important performaneasn
ure for routing protocols, since this is the prigngurpose
of routing. The hop count can also be used as padnce
measure for BGP to determine the end-to-end path.

The path with the fewest links between a sourceaaddsti-
nation will be chose. An ideal routing protocol sltbadapt
rapidly to any change in topology and deliver paskas
long as any path to the destination is availablarig et al.
examined the packet delivery performance in a newo
running the BGP proposals when a destination maglive
connected from time to time [6]. Existing BGP prepls to
improve convergence could negatively impact deliveur-
ing transient failure [6]. Most currently availabteuting
protocols usually take seconds, or even up to sévein-
utes, for converging after a failure. In that tirmeme pack-
ets may already be on their way to their destimatiand
new packets might have been sent. These packetercan
counter routing loops, delays, and losses. Thecairiently
not much information available about how many aofnth

combination of internal BGP peering among the AS’sactually arrive at their destination and how mamy lpst

routers and by redistributing BGP routing inforroatito its
interior gateway protocols [4].

Performance Evaluation

For cost or performance reasons, it is often necgder
AS’s to control the flow of their interdomain traff The
technique of AS-Path prepending is actually usefyboint
out that a backup link should best be avoided sside, but
it is not easy to use it for balancing incomingffica AS-
Path prepending is used for multihoming, which nseeo-
connecting to multiple ISPs from different routerspoints
in the network. Quoitin, Pelsser, Bonaventure, &lidig
have used large-scale simulations to evaluate e Beci-
sion process and AS-Path prepending in the Inteifiet
They found out in their simulation that the tie-dkeules of
the BGP decision process account for the seleaifo80-
50% of the routes in the global Internet. In orttecontrol
the flow of incoming packets accurately, an AS reidbe
able to predict which route a distant AS will s¢lethis
prediction is very difficult to make, because the&s'#\
knowledge of the entire Internet topology and thating
policies if often insufficient. Even if the compéetopology
was known, predicting the outcome of the tiebradks of
the BGP decision process would still be very coogtéd.

during routing convergence periods [7].

Pros

One of the greatest advantages of BGP is that caipo
users can set up flexible connections between twipo-
rate network and multiple Internet Service Provsd@EPs).
For, example, enterprise users can multihome aeg ¢hn
also set up BGP routers to automatically rerousdfitr
among two or more ISPs for load-sharing or backup p
poses. Two major features distinguish BGP from rotbat-
ing protocols:

It uses aggregation as a way of disseminating NLRI
across routers.

It uses path attributes for implementing routimdj{
cies [8].

Cons

BGP has been found to be vulnerable to attacksrss
configurations [9]. The cause of this problem iattBGP
depends on information to update routing tablesighdiffi-
cult to verify. Corrupted routers can add falseiniation to
the messages they transmit which other routers dukerand
further propagate when uncorrupted routers seneghsikins
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of these forged messages. It is easy to image hawym G.F.Riley, “A BGP Attack against Traffic Engineer-

serious problems a successful compromise of a raae ing,” Simulation Conference, 2004. Proceedingshef t
cause throughout the Internet [9]. 2004 Winter, V1, Issue 5, December 2004, pp 318-326
[5] B. Quoitin, C. Pelsser, O. Bonaventure, S. ghiiA
i i i performance evaluation of BGP-based traffic enginee
Optlr_nal AppllC&tIOﬂS (Topology, ing,” Intl. Journal of Network Management, Vol. 15,
Architecture, Layer 1 Medium) Issue 3, May 2005, pp. 177-191.
[6] B. Zhang, V. Kambhampati, M. Lad, D. Massey, L.
BGP is able to connect any internetwork of AS’snmat- Zhang, “ Identifying BGP Routing Table Transfers,”
ter what topology these systems use. It can haatifepos- Conference Proceedings of thé 2CM SIGCOMM
sible topology (full mesh, partial mesh, chain,.ets well Workshop on Internet Measurement, 2002, pp243,
as change to the topology that may occur over tivhen www.cs.arizona.edu/~bzhang/paper/05-minenet-
systems connect or disconnect. The only requirensethiat mct.pdf
at least one router in each AS is able to run B&®that [7] A. Khan, “Border Patrol-BGP,” Packet Magazine
this router is connected to at least one other AP Arhives, 1998, http://WWW.CiSCO.Comlwarp/publicl784/

router. BGP is completely unaware about what hagpen  Packet/oct98/6.html _
within the AS because it is autonomous. This mezach [8] C.M. Kozierok 2005 TCP/IP guide, No Starch Bres
AS has its own internal topology and set of routprgto- ~ [9] D. Pei, L. Wang, D. Massey, S. F. Wu, L. ZhatW,

cols that it uses to make its own decision to deiee study of packet delivery performance during routing
routes. BGP takes only data that it receives fronA& and convergence,” Dependable Systems and Networks,
shares it with other AS's. 2003. Proceedings of IEEE International Confereste
Dependable Systems and Networks, 22-25, June 2003,
. 183-192.
Conclusion PP

BGP has been an integral part of the Internet trctire Blographles
for almost two decades now. It has evolved sin@n tim
order to adapt to changes in technology, performames SADETA KRIJESTORAC is an assistant professor in
quirements, and security concerns. A great amouaffort Applied Engineering and Technology Department até/o
has been undertaken to add new features to thénalig head State University in Morehead, KY. She inssuct
specifications. That show that even new additioas be  graduate and undergraduate computer engineerinqerd
made and existing problems can be solved. Despiteog-  working courses, directs graduate research, antbrpes
als for findings a replacement it seems that BGIP most research involving Wireless Communications, Datéa-Ne
likely evolve further in years to come in orderrteet the  working and Microprocessor Based Design courseg- Sp

demands of it users. cific projects involve digital communications, sajnproc-
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A M ULTIPLE -ACCESSPRrROTOCOL FOR MULTIMEDIA

TRANSMISSION OVER WIR

ELESS ATM N ETWORKS

Hong Yu, Capitol College; Mohammed Arozullah, Thatliblic University of America

Abstract

In this study, the authors developed and evaludtied
performance of an advanced multiple-access protémol
transmission of a full complement of multimedia reitp
consisting of various combinations of voice, videlata,
text and images over wireless networks. The proétéso
called Advanced Multiple-Access Protocol for Mulédia
Transmission (AMAPMT) and is to be used in the Data
Link Layer of the protocol stack. The protocol gsaper-
mission to transmit to a source on the basis ofiarify
scheme that takes into account a time-to-live (Tp&njame-
ter of all transactions, selectable priorities gissd to all
sources and relevant channel state information)(@Sthat
order. Performance of the protocol is evaluateteims of
quality-of-service (QoS) parameters like cell-losatio
(CLR), mean cell-transfer delay (MCTD) and Throughp
Models can be simulated based on OPNET simulatdn s
ware under various traffic loads with constantribsitions,
various mean arrival rates and transaction sizesuls
indicate whether performance is improved or not niies
priority scheme is used.

Introduction

Wireless Networks can be used to transmit multimedi
services consisting of voice, data, video, ftp, texd. These
networks are required to provide desired qualitieservice
(QoS) to the various media with diverse flow ché&edstics
[1]. For example, cell-loss ratio requirements &bl loss-
sensitive services such as email and cell-delayirexgpents
for all delay-sensitive services such as voicetaree satis-
fied simultaneously and adequately. For a givgruirraf-
fic load, a certain amount of resources (e.g., dyufipace
and link capacity) are needed to satisfy these f@o8ire-
ments. Thus, it is necessary to develop simpleedficient
resource-management protocols for these netwogkscdn
provide better use of network resources. In thigepasuch
a protocol for multimedia transmission called Adead
Multiple-Access Protocol for

Multimedia Transmission Protocol (AMAPMT) is pre-
sented. Performance of this protocol is evalu@tetbrms
cell-loss ratio (CLR), mean cell-transmission dglishCTD)
and throughput under various traffic loads with stant but

varying mean arrival rates and transaction sizés. froto-
col uses parameters like time to live (TTL) of saations,
priority of individual media and relevant channgdie in-
formation (CSI) in order to grant permission to gources
to transmit. Performance is evaluated by impleimgna
simulation test bed using OPNET simulation softwdre
this test bed, a wireless network consisting otlectable
number of source stations, mobiles and a baseistatis
been implemented. The performance of the AMAPMT- pro
tocol is evaluated by using this test bed. RedoltsCLR,
MCTD and throughput are obtained and presenteabular
and graphical forms for various combinations of #fiere-
mentioned parameters. Also, performance of thigooam
was compared to that of a currently-available mlgti
access protocol called Adaptive Request Channetipled
Access (ARCMA) and AMAPMT protocol was shown to
out-perform the ARCMA protocol [2].

Service Types of Multimedia Signals

A multimedia signal may consist of some or all bét
five service categories: constant bit rate (CBRgltime
variable bit rate (RT-VBR), non-real-time varialié rate
(NRT-VBR), available bit rate (ABR) and unspecifibd
rate (UBR) [3]. Constant bit rate (CBRErvices generate
output at a constant bit rate and require time Issordza-
tion between the traffic source and destinationvadl as
predictable response time and a static amount rdilth
for the lifetime of a connection with low latendyeal-Time
Variable Bit Rate (RT-VBR)services compressed video
stream or mobile Internet access application geaendor-
mation at a rate that is variable with time, regsitime syn-
chronization between the traffic source and destinaand
that the delay be less than a specified maximumevahd a
variable amount of bandwidth. Non-Real-Time Valéab
Bit Rate (NRT-VBR)services that include file transfer and
image applications generate variable bit-rate itrafbr
which there is no inherent requirement on time kyoiza-
tion between the traffic source and destination seglire
no guaranteed delay bound. Available Bit Rate (ABRa
best-effort service, where neither data rate ntaydis guar-
anteed. The minimum and maximum rates are guamntee
as is a bound on cell loss rate. This serviceuoes data
and allows wireless systems to fill their chanrtelsnaxi-
mum capacity when CBR or VBR traffic is low. Unspec
fied Bit Rate (UBR)services are similar to NRT-VBR but
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without a guaranteed minimum rate or bound on thk c tions, and Channel State Information (CSI) pararseteay

loss rate. It is used for connections that trartspariable
bit-rate traffic for which there is no requiremem time
synchronization between the traffic source andidabn,
file transfer, back-up transfer and email withoatay guar-
antee.

Wireless Networks

Introduction

A typical Wireless network consists of a base stata
number of mobiles and source stations. Each mdbien-
nected to a number of source stations. The satat®ns
may be of different types such as voice statiomga cta-
tions, ftp stations and email stations. In thiswoek, the
source stations generate and save information €yeideo,
data, ftp, email). The source stations send Reqhesess
(RA) packets to the relevant mobiles to ask perimis$o
send information. The mobiles forward these retsués
the base station. The base station considersual se-
quests for a time frame and grants permission ansmit
information, according to some multiple-access grol, to
the source stations via relevant mobiles. Perfoomaf the
protocol is measured in terms of some desired tgmlof
service.

Available Multiple-Access Protocols:
Their Applicability and Shortcomings

Three multiple-access protocols are available. s&érae
Packet Reservation Multiple-Access (PRMA) [4], Dist

improve the situation [6]. A protocol that assigmorities
on the basis of TTL, explicit priorities for then@us media
and CSl is proposed and evaluated in the nextaecti

The Advanced Multiple-Access Pro-
tocol For Multimedia Transmission
(AMAPMA)

Introduction

In this study, a new multiple-access protocol faeless
network called Advanced Multiple-Access Protocolr fo
Multimedia Transmission (AMAPMT) was developed and
its performance evaluated. This protocol handles ftiil
complement of multimedia signals and uses the tivdére
(TTL) parameter and explicit priority assignmerdgsnedia
types to improve its performance and to treat thgous
types of media fairly. It also uses channel stafermation
(CSI) (e.g., bit error rate) in assigning accesméalia. Me-
dia received over a channel with unacceptably |annel
state information (e.g., high BER) are denied asces

The Principle of Operation of the
AMAPMT Protocol

In this protocol, the stations generate and saf@rma-
tion (voice, video, data, ftp, email). The statisend Re-
qguest Access (RA) packets to the relevant mobiteask
permission to send information. The mobiles fodvdrese
RA packets to the base station over a reservati@amreel

uted Queuing Request Update Multiple-Access (DQRUMA ysing a multiple-access protocol like slotted ALOHAd
[5] and Adaptive Request Channel Multiple-Access TDMA [7]. The base station acknowledges the retyuasd

(ARCMA). The currently available multiple-accesio-
cols deal with voice and data and not a full comgat of
multimedia signals. Further, these protocols dbassign
explicit priority to the different types of inforrtian,
namely, voice and data. There is a need for mekigcess
protocol for handling a full complement (CBR, RT-RB

NRT-VBR, ABR and UBR) of multimedia signals. Sonfe o

the media may be delay-sensitive while others ass-|
sensitive. However, the problem with priority assigent
according to the type of the media type only ist thame
lower priority media may have to wait too long aheé in-
formation may become stale. Also, the stationsHemited
buffer space, so some of the information may bedae to
buffer overflow and discarding traffic coming thgiuchan-
nels with inferior transmission quality can imprgqwecess-
ing and transmission times for other traffic comthgough
channels with superior transmission qualities. Tlwoesisid-
eration of explicit priorities, Time to Live (TTL9f transac-

saves the RA packets for a period of time. The RsgAc-
cess (RA) packets contain information on the sowde
dress, media type, bit rate, time to live, CSI dhd re-
guested quality of service (QoS) of the traffiche trans-
mitted. The base station processes the RA packeds
grants permission to the relevant stations to tréinen a
fair-queuing basis using the parameters containgdd RA
packets in the order of TTL, CSI and traffic type.

The Flow Charts of Operation of the
AMAPMT Protocol

The flow charts in Figures 1 - 5 describe the wasiaspects
of operation of the AMAPMT multiple-access protacebr
the flow chart in Figure 1, the protocol for hamdji RA
packets at the base station presents the way e dtation
handles the arriving Request Access (RA) packets fall
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mobiles. All arriving RAs are saved at the buffehe RAs
are selected in ascending order of TTLs. The RAR tie
lowest TTL are selected first. If there is only odRA with
the lowest TTL then the mobile that generated BR¥s is
given permission to transmit if the correspondif@mnel
CSl is acceptable. Otherwise, this RA is rejected RAs
with the next TTL are selected. If there are midtiRASs
with the same TTL, then the TTLs with unacceptab&is
are discarded and the remaining RAs are sortedndiwid-
ual queues of RAs from CBR, VBR, ABR and UBR
sources. These queues are serviced in this ooder,by
one, according to the Serve Queue Function in Eigur

Figure 1. Protocols for the Handling of RA Packetst the Base
Station

For the flow chart in Figure 2, the Serve Queuedion
block at the base station presents the way the sasen
assigns time slots and Permission to transmit ¢0GBR,

Figure 2. Serve Queue Function Block at the Basédfion

The flow chart in Figure 3 shows the protocol foet
handling of data packets at the base station piees way
the base station and assigns time slots and péomiss
transmit to the CBR, VBR, UBR and VBR mobiles. After a
mobile is given  permission to transmit, it transmits to the
base station data packets requesting permissiorrdos-
mission for further packets. If this is the firgquest for
permission to transmit, then it sets the piggybbkitkn the
requesting data packet to O; if it is a repeat estjdor per-
mission to transmit, then it sets the piggybackimithe re-
guesting data packet to 1. The base station usepitigy-
back bit to give preference to mobiles requestiagrssion
to transmit for the first time, according to thiofocol.

Figure 3. Protocol for the Handling of Data Packet at the
Base Station

For the flow chart in Figure 4, the Protocol a¢ to-
biles for Handling RA Packets from Stations presethie

VBR, UBR and VBR mobiles according to FIFO queuing way the mobiles assigns time slots and Permissidrans-

strategy. At the same time, the signal informatigth the
lowest priority will be discarded by the base statbf the
network. The signal with the highest priority witceive
the acknowledgment response to upload the infoonati
data.

mit to the CBR, VBR, UBR and VBR mobiles. RA packet
arriving at the mobiles are queued in CBR, VBR, ABR
UBR queues and are served in this order accordiisgoto-
tocol using the Data Packet Process Function atMbe
biles, as shown in Figure 5.

A MULTIPLE-ACCESSPROTOCOLFOR MULTIMEDIA TRANSMISSIONOVER WIRELESSATM NETWORKS

79



Simulation and Performance Evalua-
tion of the AMAPMT Protocol

Introduction of the Network Simulation
Model and Architecture

The wireless ATM network that is simulated consistts
a base station, five mobiles, and four stations rpebile.
The five traffic types—namely voice, video, datgp &nd
email—are simulated in OPNET by using CBR for the
voice, RT-VBR for video, NRT-VBR for ftp, ABR forata
traffic and UBR for email. The performance of fivetocol
is evaluated under various combinations of opematicon-
ditions of relative priorities of various mediamg-to-live
(TTL) and channel state information (CSI) parangeten
each case, three performance metrics, namely, IGsl$

Ratio (CLR) and Mean Cell Transmission Delay (MCTD)
Figure 4. Protocol at the Mobiles for the Handlingof RA are obtained and compared.
Packets from the Stations

PGBK = Piggyback
TA = Transmission Access
ACK = Acknowledgement

For the flow chart in Figure 5, the Data Packetcess
Function at the Mobiles presents the way the melskdect
and transmit the requests for service from stations

Figure 6. Simulation Model of a Wireless Network

The network model, shown in Figure 6, consists of a
base station, five mobiles and four source statjggrsmo-
bile. The source stations are of different typesthis net-
work, the source stations generate and save intma
(voice, video, data, ftp, email). The stationsds&equest
Access (RA) packets to the relevant mobiles topesinis-
sion to send information. The mobiles forward thes-
quests to the base station. The base stationd=yssall
such requests for a period of time and grants pssion to
the stations to transmit information according toe t

Figure 5. Data Packet Process Function at the Maleis AMAPMT multiple-access protocol. A number of simula
tions are run and results are collected to evalttageper-
formance of the protocol in terms of Cell Loss B4CLR)
and Mean Cell Transmission Delay (MCTD).
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Simulation Results for Performance
Evaluation of the AMAPMT Protocol

Simulation results in terms of cell loss ratio (QLR
mean cell transfer delay (MCTD) and throughput abe
tained and presented for the following combinatiohslif-
ferent relative priorities of the various medidfetient TTL
values of transactions and channel state informati@SI)
for constant source generation rates.

a. The sources have the same priority, same TTL anc.

same CSI| (BER=1E-06)

b. The sources have different priorities, but thees
TTL and same CSI (BER=1E-06)

c. The sources have the same priority but different
TTLs and the same CSI (BER=1E-06)

d. The sources have different priorities, different
TTLs and the same CSI (BER=1E-06 )

The sources generate cells at a constant diswibutite
with mean rates of up to 250,000 cells per secdre
buffer size at the source stations is set to 512&&yThe
buffer size at the mobile stations and the basgostare
assumed to be unlimited. The channel state infoomat
(CSI) is taken as bit error ratios (BER) of 1E-061&-12
with 1.54Mbps transmission rates [8]. The utilinatifactor,

= .259, obtained as the ratio of the average g¢ioerrate
of 50Kbytes per second and the service rate ofA\Mips,
is used in all cases. See Tables 1 - 4 for theouaractual
values of TTL, priorities and CSI used in the siatidn.

Table 1. Parameter Values for Same TTL, Same Pridties and
Same CSI

Table 2. Parameter Values for Different Priorities Same TTL
and Same CSI

Table 3. Parameter Values for Different TTL, SamePriorities
and Same CSI

Table 4. Parameter Values for Different TTL, Different Pri-
orities and Same CSI

The results, in terms of CLR, MCTD and Throughput f
a Utilization factor of =.259, a constant-source rate distri-
bution generation, and BER=1E-06 are shown in egutr -
9.

Figure 7. Comparison of CLR for a Number of Combirations
of Priority, TTL and CSI

It can be seen from Figure 7 that the CLR is tighést
for all media except CBR, when priorities are cdesed in
granting permission to transmit. The CLR is slighte-
duced in these cases. Finally, the CLR values abstan-
tially reduced for all the media when prioritiegdaRTLs are
simultaneously considered, as proposed in the AMAPM
protocol. Thus, the AMAPMT protocol can be usedsti-
stantially improve the CLR performance for the wad
components of multimedia signals.
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Figure 8. Comparison of MCTD for a Number of Combna-
tions of Priority, TTL and CSI
Figure 10. Comparison of Throughput for a Number ofCom-

It can be seen from Figure 8 that the MCTD is cdnsi binations of Priority, TTL and CSI
erably reduced in cases where only priorities, it TTLs, . o
and when only TTLs and not priorities, and bottopties It can be seen from Figure 10 that the CLR is $ljgh

and TTLs are considered as proposed in the AMAPKGF p reduced in cases where only priorities, but not §,Tare
tocol. Thus, the AMAPMT protocol can be used tostah- ~ considered as proposed in the AMAPMT protocol, el

t|a||y improve the MCTD performance for the varioesm- CLR values are SUbStantia”y reduced for all th&liamevhen
ponents of multimedia signals. priorities and TTLs are simultaneously considerasl pro-

posed in the AMAPMT protocol.

Figure 9. Comparison of Throughput for a Number ofCombi-
nations of Priority, TTL and CSI

It can be seen from Figure 9 that Throughput ishilgé-
est for all media when priorities and TTLs are diame-
ously considered in assigning permission to trathsas
proposed in the AMAPMT protocol. Thus, the AMAPMT

protocol can be used to improve Throughput perfocea It can be seen from Figure 11 that the MCTD is ced

for the various components of multimedia signals. in cases where only priorities, but not TTLs, anesidered
. as proposed in the AMAPMT protocol. Finally, the EL
The rgsults, in terms of CLR, MCTD and Throughm f. valupes F:';\re substantially reduceg for all the me':/han pri-
a u_tlllzatlon fac_tor of =.259, a constant-source rate d_|str|- orities and TTLs are simultaneously considered,pes
bution generation, and BER = 1E-12 are shown inuéig posed in the AMAPMT protocol. Thus, the AMAPMT pro-
10-12. tocol can be used to substantially improve the Qidr-
formance for the various components of multimediaals.

Figure 11. Comparison of MCTD for a Number of Combna-
tions of Priority, TTL and CSI
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Figure 12. Comparison of Throughput for a Number ofCom-
binations of priority, TTL and CSI

It can be seen from Figure 12 that Throughput & th
highest for all media when priorities and TTLs amaulta-
neously considered in assigning permission to trétnsas
proposed in the AMAPMT protocol. Thus, the AMAPMT
protocol can be used to improve Throughput perfolcea
for the various components of multimedia signals.

Performance of ARCMA and AMAPMT protocols is
evaluated and compared under the following setao&ime-
ter values, where LL stands for Low Latency.

Table 5. Parameter Values for ARCMA and AMAPMT
Protocol Performance

The TTL and priority values used in Table 5 cormasp
to Figures 13 - 15. The ARCMA protocol CBR is assid
the highest priority and other media are assighedsame
low priorities and the same TTL values. Sources wibn-
stant rate distribution generation are used. Hsellts are
shown in Figures 13 - 15.

Cell Closs Ratio( =0.259) for ARCMA and AMAPMT
Protocol

—e— Adaptive Request Channel Multiple Access ProtocoMRCMA)
—e— Adcanced Multiple Access Protocol for Multimedia Transmission(AMAPMT)

0.6

05 —
04 | /_/ /
0.3

0.2 /
01
CBR |

Cell Loss Ratio

NRT_VBR
Sources

RT_VBR ABR UBR

CSI (BER=1E-06)

Figure 13. Comparison of CLR for ARCMA and AMAPMT
Protocols

It can be seen from Figure 13 that the performairce,
terms of CLR of the AMAPMT protocol, is much better
than that of the ARCMA protocol for all the medid @
multimedia signal. Thus, the AMAPMT protocol can be
used to improve the CLR performance for the various-
ponents of multimedia signals.

It can be seen from Figure 14 that the performairce,
terms of MCTD of the AMAPMT protocol, is much bette
than that of the ARCMA protocol for all the medid @
multimedia signal except for RT-VBR. Thus, the AMMFP
protocol can be used to improve the MCTD perforneafioc
the various components of multimedia signals.

It can be seen from Figure 15 that the performairce,
terms of Throughput of the AMAPMT protocol, is much
better than that of the ARCMA protocol for all threedia of
a multimedia signal except for CBR. Thus, the AMAPM
protocol can be used to improve the throughputqgperf
ance for the various components of multimedia dgyna
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Figure 14. Comparison of MCTD for ARCMA and AMAPMT
Protocols

Figure 15. Comparison of Throughput for ARCMA and
AMAPMT Protocols

As noted earlier, the currently-available multiplecess
protocols deal only with voice and data and notladom-
plement of multimedia signals, and with an explpitority
scheme based on traffic types that can improveopaf
ance. However, the problem with priority assigntnec-
cording only to the type of media, is that some dow
priority media may have to wait too long and théoima-
tion may become stale and may be considered I3%te
stations have limited buffer space and some ofrifema-
tion may be lost due to buffer overflow. Furtheméy-
quality data coming through the channels competerde
sources with good data coming over channels wittegis
able CSI. The proposed protocol improves perforraanc
terms of CLR by taking out of consideration anyadatriv-

ing over channels and assigning the highest pyidatthe
most dominant CBR data tempered with providing ftsio

to data of any type with short TTL values. The saqrece-
dures reduce the MCTD and improve the throughput at
same time. Thus, consideration of explicit priestitime to
live (TTL) of transactions and channel state infation
(CSI) parameters, improve the overall performance.

Summary

Wireless networks suitable for multimedia (voici&leo,
ftp, data download, email and others) transmissi@re
considered. A simulation model was developed as®tl do
evaluate CLR and MCTD and Throughput for given link
capacity, buffer size and input rate for selectatdkies of
priorities of various media, TTL and CSI values.ushthe
algorithm can be used for allocation of resourcesha
nodes to obtain simultaneous satisfaction of pilesedrend-
to-end CLR, MCTD and Throughput for a given inpater.

The results of this study will be helpful in implenting
and evaluating performance of multimedia commuibcat
over wireless networks under many selectable cimmdit
This will help in the design of such networks amdtpcols.
The ability to communicate with multimedia signésbe-
coming more and more important and is going to ichpa
society in many ways. The multiple-access protofol
multimedia transmission will enhance the perforneaaad
capability of wireless networks to handle multinediig-
nals. This will make these networks more usefulftdiill-
ing the need of multimedia signals.
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