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EDITOR'S NOTE:
|IJME Now INDEXED BY EBSCO

} Philip Weinsier, IIME Manuscript Editor
EBSCO Researchers, faculty, information scientists ahdalians

have been evaluating journals for the better phthe last
100 years. But, arguably, it wasn’t until Thomsoaukers
developed its citation indexes that it became jssd do
computer-compiled statistical reports on the outgfupur-
nals and the frequency of their citations. Therthi 1960s,
they invented the journal "impact factor", ofterbedviated
as IF, for use in their in-house analyses as {atter Sci-
ence Citation Inde®. Around 1975, they began publishing
the information in theidournal Citation Report® (JCR.

IJME is proud to be part of EBSCO Subscription 8w
and EBSCO Publishing, which is a subsidiary of EBSC
Industries, Inc., ranked by Forbes as the™B8gest pri-
vately-owned company in the U.S. EBSCO Subscription
Services has served library and research commsiritie
more than 60 years. EBSCO Publishing is the madffior
aggregator of full text materials, offering a gragisuite of
more than 300 bibliographic and full-text databaaesila-
ble worldwide. EBSCO currently licenses over 77,000
text content sources, from over 5,100 publishears,rfclu-
sion in its databases.

The JCR® provides quantitative tools for ranking, evalu-
ating, categorizing, and comparing journals, of akhim-
pact factor is but one. Basically, impact factoniseasure
of the frequency with which the average journaickthas
been cited, generally over a period of three yeans| is
calculated by dividing the number of current-yeratons
to the source items published in that journal dytime pre-
vious two years. IF is frequently used to descthre rela-
tive importance of a journal within its field ansl useful in
clarifying the significance of total citation fregucies.
What's more, it tends to level the playing field &yminat-
ing biases related to a journal being large or knzadd
whether issues are published more or less often.

Established in 1944, EBSCO is recognized as thédigor
leading information agent providing consultativerveees
and cutting-edge technology for managing and aaugss
quality content, including print and e-journalspackages,
research databases, e-books and more, making i¢dder
in the database marketplace. Not only does EBSGQpIgu
its databases to thousands of universities, bioraédsti-
tutions, schools, and other libraries in the Unigtdtes and
Canada, but the company is the leading databasedpro
for libraries outside of North America. At preseBEBSCO
provides nationwide access to its databases in thare70

countries, including developing nations with emeggi The DireCtOfy of Open Access
economies. Journals (DOAJ)

Thomson Reuters IS In their own words, the aim of the DOAJ is to irase the

visibility and ease of use of open-access scientind

IIME is currently under consideration for inclusiorthe  scholarly journals, thereby promoting their incethsisage
Thomson Reuters and DOAJ databases. With the lireadt -stop shop to open-access journals. So
and scope of EBSCO'’s services, one might rightk/\aky while it is important for authors to publish thework, it is
anyone would want or need to pursue indexing byoyleér  also important that readers be able to find and gatess to
organizations. As it turns out, different organiaas pro- these published studies. The DOAJ helps to prowde
vide different kinds of services to aid readers esgkarch-  overview of subject-specific collections and freelycessi-
ers alike in the pursuit of finding and quantitativevaluat-  ble online journals and integrate the informatintoia user-
ing authors and journals. friendly library.
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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—tentatively scihedl for 2013. Please watch for updates on our ieebs
(www.IAJC.org) and contact us anytime with comments, concerrsiggestions. Again, on behalf of the 2011 IAJC-BSE
conference committee and IAJC Board of Directors,thank all of you who participated in this greahference and hope
you will consider submitting papers in one or mareas of engineering and related technologiesutord 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—IIJME (the Internat&éd Journal of Modern Engineering), IJERI (the intgional Journal of
Engineering Research and Innovation) and TIlJ Tédehnology Interface International Journal)—as waslpapers submitted
to the IAJC conferences.
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ARTIFICIAL NEURAL NETWORKS FOR REALIZATION
AND VERIFICATION OF DIGITAL LocGic CIRCUITS

Reza Raeisi & Amanpreet Kaur, California State @ngity—Fresno

Abstract

Most of the time the processing capability andcegficy
of computers are compared to that of a human biidirs
comparison lays the basic foundation for Artificldéural
Networks (ANN). In today’'s technological age, ndurat-
works are finding applications in almost everydieln this
paper, an application of an ANN approach is presbno
implement digital circuits. This approach provideseasier
structural method for verification of digital logicircuits.
Additionally, information about various neural nenk
modeling tools is given. Also, a software tool ised to
design a 5-bit Arithmetic Logical Unit (ALU).

Introduction

An Artificial Neural Network (ANN) is a network afev-
eral processing units known as neurons, where rfa@-i
mation about the inputs and outputs is stored énnstwork
in the form of interneuron connections known asghts.
Each neuron has a fixed threshold value. Knowlddgeec-

quired by the system through a learning process iand

stored in the form of synaptic weights. When anuinjs
given to the neuron, via an interneuron connectio& sum-
mation of the product of the synaptic input weigfdems
the weighted input. Then, it is subtracted fromtteshold
value to generate the activation of the neuron.nEaly,
the activation is passed through the activatiorction to
produce the output. The important part of ANN matgis
training, during which the value for the synaptieight is
computed by correlating the input with the outptihis
training procedure is similar to the learning psxcef the
human brain. According to our experiences and kedge,
the strength of interneuron connections, or syrgpiseal-
tered in our brain [1].

The most significant characteristic of ANN is itseuin
applications where the user does not know the escdat
tionship between input and output. In this studys tad-
vantage of ANN was explored by designing combinstio
digital circuits. Even though the relationship betn input
and output is known in combinational digital citsyiit is
sometimes very complex and requires a lot of comnpgut
Therefore, in this study, only the inputs and outputs were
used for training and designing ANN models equintks

the combinational digital circuit. The benefit abidg so is
that this kind of modeling can be used for digitaicuit
functional verification and testing.

A discrete neuron model element can assume onewf t
possible states, 0 or 1. Figure 1 shows a neural architecture,

referred to as a perceptron, which serves as dibgiblock
for primitive digital logic gates. Each perceptroan have
multiple inputs and one output.

Sy

Figure 1. A Typical Neural Perceptron

A perceptron is connected to its neighbors throuefs or
signals similar to logic circuits and associatedhva real
number, T, which connect perceptrgrto i. A perceptron
receives inputs from its neighbors and processesniuts
to produce its output function. A neural represtotaof
digital logic gate primitives is shown in Figure & a
weighted graph, with the perceptrons representegidices
and signals or nets as weighted edges. Each perneist
also assigned a threshold. As an example, contideneu-
ral network representation of a two-input AND gat®wn
in Figure 2. The AND gate neural element has tipereep-
trons labeled a, b, and ¢ and whose threshold$.ate0.5
and 0.8, respectively.

¥

Figure 2. AND Neural Representation

A digital logic circuit with N gates can be realizwith a
neural network with N perceptrons, where the irdanec-
tions between the perceptron elements represepecifis
Boolean logic expression. As an illustration, cdasia neu-

ARTIFICIAL NEURAL NETWORKSFOR REALIZATION AND VERIFICATION OF DIGITAL LoGIc CIRCUITS 5



ral network realization of an AND gate, with posior
negative weights for edges in the range of -1 grahdl the
threshold to be assumed in the range of -1 to &AnlMND
operation, both of the inputs need to be adequéigly in
order to produce an output. Assuming a thresholdevaf
0.8 for perceptron c, and setting the weights efttho edg-
es at 0.5, then if both inputs of the AND gate hréhe per-
ceptron will have an activation output function(df* 0.5 +
1 * 0.5), which is greater than the output percaptthresh-
old and causes the perceptron to fire.

Modeling Digital Gates using ANN

The input and output signal states of a logic gate be
expressed in terms of minimum-energy function statke-
fined for an ANN. Similarly, a digital circuit cahe ex-
pressed by a single energy function. In the devetoyg of
an ANN model for digital circuits, it is importaitd deter-
mine if it is going to be a single layer or mulépghyer ANN
model. The decision variable for deciding the numbg
layers in ANN modeling is Decision Hyperplane. Apky-
plane associated with neuron i can be expresséd)bgtion

(1) [2]:

I+ T,V,=0 (1)
j=1

wherel
the interconnection weight between neurcand neurorj
and,V; is the activation value of neuron i.

A hyperplane associated with neuriois termed as deci-
sion hyperplane if the ON(1) and OFF(0) stateshef gys-
tem lie on the opposite sides of hyperplane andotier
points lie on it. In such a case, ANN will formiagle layer
network. Otherwise, a multilayer ANN is formed. Hor
stance, consider the case of a logical AND gate,tthth
table for which is shown in Figure 3(a). In thiseathe ON
and OFF states of the AND gate can be separatediby a
hyperplane, as shown in Figure 3(b). So, a sirayerl neu-
ral network is formed, as represented by Figurg. 3{kis is
also true for OR, NAND, NOR, and NOT gates.

O off st
@ st

A 0.
Input0 | Inputl | Output2
Op OP 0 = [ o e ® b
|l
R g
L 0 0 oo
1

wm
1 1 n—
(a) (b ()

Figure 3. Neural Modeling of an AND Gate

In the case of an XOR gate, however, the ON and OFF
states cannot be separated using a single hyperp&n
shown in Figure 4(b). So it forms a double layetwozk.

An XNOR would represent a similar case.

O offsute
@ mste
by, itk 0.Input A 2

[ b \
one - > (1) 4.0utput XOR
o N
S N
AN 1.inputB b
(17 MEANIFYAN )

n—

@ o

Input0 | Inputl | Output

o|lo
—|o

S|

()

Figure 4. Neural Modeling of an XOR Gate

Designing an ANN Model

Once there is a basic understanding of the contiegte
are various ways to design neural networks. Usansde-
sign and train neural networks using programming- la
guages such as C++ , C# , Python, and Java. Bgyand
gramming there are various software tools availatitéech
can be used to design neural networks. Some of trem
listed here:

Matlab-Neural Network Toolbox
EasyNN-plus

Java Object Oriented Neural Engine
NNDef-Toolkit

Sharky Neural Network

A.l.Solver Studio

C# Neural network library

Nouo,rwbE

Amongst all these tools, EasyNN-plus was selected b
cause it is particularly user friendly, and muitéa neural

can subsequently be imported as text files. Thg draw-
back with this tool is that it designs only feedviard ANN
models. In this study, 1-bit and 5-bit ALUs weresid@ed
using this tool.

Designing a 1-Bit ALU using
EasyNN-plus

To design a 1-bit ALU using EasyNN-plus, the orfling
required is ALU realization and then training thetadfor a
functional 1-bit ALU and then just setting the re@qd pa-
rameters. Once the parameters are set, the neetrabnk
can be designed and, eventually, verified by adthiegque-
ry data to the training data. The opcodes usedédsigning
this 1-bit ALU have been tabulated in Table 1. dsihese
opcodes, the data used for training, validating, gmerying
the neural network model are shown in Table 2.

6 NTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 12, NUMBER 2, S’RING/'SUMMER 2012



Table 1. Opcode for a 1-Bit ALU

OPCODE OPERATION

ADD

SUB

AND

OR

NOT

NAND

NOR

N~Njojlo|b~|lW[IN|[RL]|O

XOR

In Table 2, columns I:0 and I:1 represent the lisiputs

and O:4 represents the carry-over flag. In addjtiba rows
labeled T:n, where n is the row number, are thaitrg
examples. Examples used to validate the neuralanktare
labeled V:n, where n is again the row number.

Table 2. Training for a 1-Bit ALU

I:0 I:1 I:2 0:3 0:4

T:0 false false 0 false false
[Vl falae true 0 true falae
I:2 true false 0 true false
I:3 true true 0 falae true

T:4 false false 1 false false
I:5 false True 1 True false
I:6 true false 1 true false
I:7 true true 1 falae falae
I:8 false false 2 false false
] falas true 2 falas falas
T:10 true false 2 false false
T:11 falae falae 3 falae falae
V:l2 false true 3 true false
T:13 true true 3 true falae
T:14 false false 4 true false
V15 true falae 4 falae falae
I:16 false true 5 true false
W17 true falae 5 true falae
I:18 True True 5 false false
[V:19 falae falae [ true falae
T:20 false true [ false false
T:21 true false & false false
T:22 falae falae 7 falae falae
T:23 true falae 0 falae falae
T:24 true true 7 false false
125 false false a false false
26 false true 1 true false
27 true false 2 false false
28 true true 3 true false
29 false false 4 true false
Q30 false true 3 true false
HED True false [ false false
32 false true 7 true false

Finally, the query data are given by the user tify¢he
neural network model. In case of a query, the reued
work model tries to predict the output for the giveet of
inputs. In this case, by giving a query and therifyiag its
output, the user can determine whether the newbark
meets minimum error conditions or not. The othguontant
factor is setting up the control values like averagining
error, number of layers, and learning rate. Thdodidox
for setting the controls is shown in Figure 5.

-
Controls - Defaults are set L&J
Leaming Stops
Learning rate [ Decay [ Optimize (% ‘when the average fraining encr is below ’Tar_get
000595

Momentum  |0.8 [ Decay [ Optimize (" when all the training enars are below
Acoelerator ’D— [ Decay [ Optimize

1 1 ta 8 lzarning threads

Metwork reconfiguration

" Wwhen all predictions are in target range of the outputs

Thenie I™ ‘when the average validating errar is below

I™ If the average validating emor is increasing

¥ Stopwhen W % of the validating examples
ate & Within ’50— % of desired outputs

o {7 Comect after rounding

[~ &llow manual Netwark reconfiguration
¥ Grow hidden laper 1
V' Grow hidder laper 2
V' Grow hidden layer 3 I™ Stapif the ¥ of walidating examples decieases

I” Stopif the validating scare is equal or above |8

Walidating
[Cpoles before first validating cycke |10 [ Stop if the validating score decreases
B ’—100 [” Stopatter |20.0000  seconds
I” Stopon [0 cycles
Select |0 examples at randam from the 2
Presentation

Training examples =19

[ Balanced fawards / backwards [™ Random

Cancel

Slow learning
[™ Dielay leaming cpcles by |0 millisecs

Figure 5. ANN Controls for Designing a 1-Bit ALU

After setting up the controls, the designer woulelsg the
“Start learning” button in the main panel windowdatihe
software will start designing the neural networld astop
when the minimum validating error time is below thet
value. The ANN model realization of a 1-bit ALUsSkown
in Figure 6. The details of this model are showFigure 7.
The average training error was 0.13.

Designing a 5-Bit ALU

The design of a 5-bit ALU is similar to that of abit.
Figure 8 shows the opcode table and control vaioea 5-
bit ALU. For this case, 11 input columns were useen—
columns for input data and one for the opcode. ¢Jaimpro-
cedure similar to the one described earlier, aaleetwork
was designed and is shown in Figure 9. The avdrageng
error was 0.141056 for the training process of hibit
ALU neural network.

ARTIFICIAL NEURAL NETWORKSFOR REALIZATION AND VERIFICATION OF DIGITAL LoGIc CIRCUITS 7



1hitALUtvg Nethput o= Negative Weight e Megative feedback
';g;""“’" = PosifveWieight s Posititefeccback
Ermor = Insignificant Weight ------------
Leftcick Source. Right cick Destination.

Figure 6. Neural Network Model for a 1-Bit ALU

Training Error  Maximum Aversge ——  Minimum Validating error
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Learning rate: 050000000
0000 Momentum: 040000000
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Win. Training error: 000000015
05000 o
Ave, Validating error: 100000000
. Target error: 001000000
24000 Training examples: 19
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. Correctifrounded.  Score:0
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Learning Cycles
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i [ T T S f0000% 0% 10000% 10000%

Figure 7. A 1-Bit ALU ANN Model

ol Stitvg
Training Error  Masimum Average ——  Minimum Validating error
10000
Learning rate: 060000000
09000 Momentum: 080000000
2500 Aecelerator: 00000000
Max. Traning srror: 049917078
07000 Mve.Traningsror, 043630097
Win. Trsinng error: 00000000
06000 Lo
A Validating srror: 100000000
2500 Targatrror 001000000
14000 Traning examples: 32
Validating examples: 8
03000 Vithin 100% range.  Score:0
2200 Comectifrounded.  Score:0
04000
Validating: N postve results
0 @ w8 W 0 0 B0 260 6000
Learming Cycis
Loy Input Hidden 1 Hidden 2 Output Learning Threads )
Vodes: 1 3 u 5
Weights: ] ™ w

Figure 8. Details of a 5-Bit ALU

bt - B Hooative —_— oo

AR B R N e B

Figure 9. Neural Network Model of a 5-Bit ALU

Future Work

The Boolean Difference concept [3] was evaluatewal
with the proposed ANN digital logic realization kexique
for the testing of combinational circuits. The leagiinciple
of the concept is to drive two Boolean expressionae-of
which represents normal, fault-free behavior of ¢ireuit,
while the other represents logical behavior underaa-
sumed single stuck-at-1 or stuck-at-0 fault coonditiThese
two expressions are then realized using the ANNhoukil-
ogy for verification and Automatic Test Pattern ©etion
(ATPG) based on energy optimization of a Hopfieleukal
Network [4], [5]. The block diagram for the propdse
ATPG structure is shown in Figure 10 and consitthe
following major components:

1. Circuit description containing a hard-coded fain
the complete description of the circuit.

8 NTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 12, NUMBER 2, S’RING/'SUMMER 2012



2. Energy surface generator to generate the energ)B]

surface for the circuit based on the Hopfield eperg
equation.

3. Test circuit is the circuit under test to be attesl
for faults.

4. Test circuit state table contains the functicstate
of the test circuit for the given inputs.

5. Fault Processing Unit takes the data from ther-en
gy surface and test circuit state table and presess
them to determine if faults exist.

The implementation of the ATPG phase of this redear
work is currently under exploration.

Automatic Test Pattern Generation (ATPG)
Circuit ANN Fault
Config- Energy CoLrjnroI
uration Surface = Unit :>
Generator
Test Circuit
Control Under
Logic Test — :>

Figure 10. Block Diagram of ATPG

Conclusion

This paper presents a methodology for realizatiod a
functional verification of digital logic circuitssing ANN as
the building block to model digital logic circuits a hierar-
chical method. Using ANN logical blocks, variouswina-
tional circuits were successfully modeled. An ex&mpf
designing a 5-bit ALU with its functional verifiagan was
successfully implemented. The next phase of thegarch
project is underway to use the ANN-modeling of t@ibi
circuits to test for faults and delays and genesat®matic
test patterns for a given circuit.
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PERFORMANCE EVALUATION OF A VARIABLE -SPEED
INDUCTION MOTOR DRIVE SYSTEM WITH
ACTIVE INPUT POWER FACTOR CORRECTION CIRCUIT

Shiyoung Lee, The Pennsylvania State Universitk8&ampus

Abstract

By employing an active input power factor correatio
(IPFC) circuit as a front-end converter for a valiaspeed

induction motor drive system, the author was alde t

demonstrate improvement of the system’s power tyjali
which involved a high power factor (PF) and lowaldtar-
monic distortion (THD). This variable-speed motaivd
(VSMD) can save more electrical energy than a figpded
motor drive, given that both operate on the sarad factor.

Few of the small VSMDs have IPFC circuits to save o

their production costs. A three-phase, inverterifetliction
motor drive (IMD) with a single-phase source andaative
IPFC circuit was developed in order to study theawt of
an experimental IPFC circuit. The focus of thisdgtof an
input PF-corrected VSMD was on the effects of theuit
on overall system efficiency and input PF. Empiricam-
parisons between the conventional bridge rectifiecuit
and IPFC circuit, in terms of PF and efficiencythsy re-
late to motor speed, were made. A steady-state Inoddiee
IMD, including a three-phase inverter and an actWEC
circuit, was developed to predict system performearithe
analytical results were correlated to the expertaderesults
obtained from a prototype, one-horsepower IMD using
constant volts-per-hertz (V/Hz) control strategheToverall
system performance of the IPFC circuit was bettemt
without it in terms of harmonic contents and PFe Blgstem
efficiency, however, showed marginal inferiority emvthe
IPFC circuit as the front-end IPFC circuit and tiheee-
phase inverter were connected serially. It shoel&impha-
sized that the IMD, with the IPFC circuit, was dablie in
order to utilize the generated electrical enerdedtiively,
while minimizing the harmonic contamination.

Introduction

Emerging applications of fractional-horsepower IMBs
such as compressors, appliances, blowers, hang, taot
heating, ventilating, and air-conditioning (HVAC)#rvioke
the urgency of studying the effects of the IPFC tha

VSMDs [1-5]. The necessity for efficient utilization of gen-

erated electrical energy is growing in significamceorder
to optimize the usage of utility power plant capaci

Moreover, awareness of minimizing harmonic contamin
tion in the electric power line is rising due teetimcreased
use of electronic equipment powered by an ac-tbsitige
rectifier with large filter capacitors and/or a thi-mode
power supply (SMPS).

One of the most active research and developmeas ane
the power electronics field is VSMD [6-14]. As paveem-
iconductor devices become cheaper, faster and netiee
ble, the use of energy-saving VSMDs in industry aesl-
dential applications has been increasing. VSMDEzirtg
induction and dc motors make up the majority ofustdal
and domestic drives. Although these VSMDs requine a
initial investment and generate current harmoriwsy pro-
vide significant improvements in performance suslibetter
control, wider speed ranges, soft start, and enosnemergy
savings in various kinds of applications. The sibecof
VSMDs is an application-specific matter. There arany
factors to be considered when selecting VSMD system
including cost, output torque, speed ranges, pedoce,
and power ratings.

The emerging requirement in VSMD applications for
drawing near sinusoidal current from the utilitydafewer
harmonics being injected into the utility linestlie motiva-
tion for investigation of the PF-corrected motoivdrsys-
tem. The impact of IPFC on system efficiency anevgio
converter ratings is to be studied for the highuanoé but
low-cost applications such as washers, dryersigegfitors,
freezers, hand tools, and process drives. The poatiegs
for most of these high-volume applications are thas one
-horsepower.

All off-line VSMDs have rectifiers and storage cajars
in their front-ends to get dc voltage from an aoveo
source. This input circuitry lowers the PF of th&NMD
systems and pollutes ac power systems. The PFe isatlo
of real power in watts (W) to apparent power intvol
amperes (VA). The PF becomes unity when the ingut a
current and voltage are sinusoidal and in phasanloff-
line VSMD system, the input current is distortedl aven
out of phase with the input voltage, the powerdads less
than unity, and less real power is transmittedhi® Ibad.
However, the rms input current is increased dughéohar-
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monic currents, plus the current required by tredlonust
still be carried, thus requiring the wiring of the power
system to be heavier and more expensive than regess

The most common problem with ac power systems
caused by electric motors operating in industfé® induc-
tive component of the motors causes the ac cutcetdg
the ac voltage. This results in a low power fackssuming
the loads are linear, the power factor can be ctedeto
near unity by connecting a bank of capacitors actbhs ac
power line. The low PF gives rise to a number afoses
problems in VSMD systems. The size of the inpuefuand
circuit breakers of the input circuitry must berie&sed. The
distorted input current waveform, which causesrfatence
with other equipment, must be filtered to reduce riagni-
tude of the harmonic frequencies. Consequenthndmease
the output power from ac power systems, it is nemgsto
correct the PF. This substantially reduces peakrargdin-
put current and makes it possible to achieve higlugput
power.

With the proliferation of nonlinear loads such a4PRss,
standards agencies around the world are developamgre-
ments for harmonic contents of the electronic povegver-
sion systems to reduce the overall distortion aa ttain
supply line. One of these standards is the IEC 13@0

(same as EN 61000-3-2 published in 1995 and thestlat

version of IEC 555-2 published in 1982) [15] frohetln-
ternational Electrotechnical Commission (IEC) td He
limits for input harmonic currents in the electtiequip-
ment. The standard describes general requirementgdt-
ing equipment as well as the limits and the prattimple-
mentations of the test. For the purpose of harmouicent
limitation, the standard divides electrical equiptnénto
four classes, as shown in Figure 1. Each clasdifi@sent
harmonic current limits. Any balanced, three-phageip-
ment or other electronic apparatus which do ndt ifab
either Class B, C, or D will automatically be mouedClass
A. To apply a Class D limit, the following two reiggments
should be satisfied:

Input power should be less than 600W.
The input current waveshape of each half cycle

should be within the envelope shown in Figure 2 for

at least 95% of the duration of each half period.

The center line in Figure 2 coincides with the pealue
of the input current. The second requirement ingptieat
the waveform, having a small peak outside the @peslis
considered to fall within the envelope. In Clas$irbits, for
equipment with input power greater than 75W, retatim-

I "#$ %
will be applied. The specified limits of the IEC Q®3-2

standards are applicable to electrical equipmeringaan
input current up to 16A per phase with nominal agés of
230V with single-phase frequencies of 50 or 60H® the
harmonic currents of interest are from tHé ® 40" har-

ismonic.

Selection of class type

Balanced
three-phase
equipment?

Class

Class

Mptor- No Class
driven?, D

l Yes

Note. Motor-driven: Phase Angle Controlled

Class

Figure 1. Flowchart for Class Determination of Eletrical
Equipment by IEC 1000-3-2 Standards

lu |=—p/3—>e—p/3—wlm—p/3—w
|

0.35

0 p/2 p
Figure 2. Class D Waveform Envelope

The appliance VSMDs fall into the Class A or D gate
ries, depending on whether they use a phase-amyle c
trolled VSMD, and their input power range is lebart or
greater than 600W. The VSMDs, which were investigat
in this study, have front-end rectifier circuits ¢onvert ac
voltage into dc voltage. The ac input current & ¥Y'SMD
has a pulse-type waveform, which falls into the s8ld
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envelope regardless of the magnitude of its inpuvey
because the pulse current is normalized basedsopeik
value. If the input power of a VSMD is over 600WCkss
A limit should be applied. Otherwise, the Classimitl will
be applied. Therefore, in this study, only the €lasand D
limits were employed to verify the effects of IP@d IEC
1000-3-2 standards.

Single-Phase IPFC Topologies

The study of IPFC topologies is limited here to sirgle-
phase version because most of the appliance VSMBs a
powered by a single-phase utility source. The dlaation
of single-phase, off-line IPFC topologies for VSM[$5-
19] is shown in Figure 3. Among these IPFC topdsgi
low frequency active, resonant and isolated typeswot
considered in this study. A passive IPFC [18] igenelia-
ble than an active IPFC because no active deviceuta
lized. However, it has bulky capacitors and indtgtoper-
ating at line frequency, and it is sensitive to time fre-
guency, line voltage, and load. Therefore, thishoeétis not
suitable for appliance drives. The most populaivadfPFC
method is the boost topology [16]. This topologyaisini-
versal solution for SMPS to small-motor drive apations.
It has a smooth input current because an industaon-
nected in series with the power source, showingnalével
of conducted electromagnetic interference (EMIkroiT his
topology has a high output voltage which is grettian the
peak input voltage. The overload and start-up cisrean-
not be controlled in this topology because theneoiseries
switch between the input and output path. Alsolatsan
between the input and output cannot be easily impfeaed.

_{
e
[ | .
‘ ) L ; |
o 1 |
R |
) | )
W e E—
I ~ ]
( Iy $%
# % e
& & (& (&

+ L

pu

Figure 3. Classification of Single-Phase IPFC Topogies
for Small VSMD Systems

The buck-type IPFC has lower output voltage thgruin
voltage and it has a pulsating input current, wigeherates
high harmonics in the power line. This circuit ist practi-
cal for low-line inputs because it does not drae thput
current when input voltage is lower than outputtagé.
Therefore, it has a relatively low power factor gared to
the boost IPFC circuit. The buck-type IPFC is sl@afor
charger applications due to its voltage step-dowtune
[17].

The SEPIC (single-ended primary inductor converter)
IPFC circuit has a single power switch driven ajhhire-
guency, as with the boost IPFC topology, but itdseextra
inductive and capacitive passive components forrggne
storage and transfer. The input current of SEPIC is
smoothed by employing an inductor in series withglwer
source. This circuit can be easily modified to thelated
version. A cascaded converter, which has a buduitiin
the front and boost circuit in the second stagemti®duced
by Singh & Singh [6]. The buck switch is turned when
the input voltage is below the output voltage. Ttesises
the circuit to operate as a boost converter. Wiheniriput
voltage is higher than the output voltage, the bowsuit is
stopped and the buck circuit restarts. This coevecgn
supply step-up or step- %
over a wide range of inputs. There is no inrushrentrdue
to the buck switch, which is in series with the powource,
but it has a pulsating input current which requinesre fil-
tering.

Another non-isolated IPFC topology is the pulse thvid
modulation (PWM) bridge rectifier. This topologyrcalso
supply step-up or step-down outputs, similar to blek-
boost circuit. The PWM bridge rectifier circuit msetwo or
four power switches to yield a unity power factechuse it
employs a half- or full-bridge configuration. Itsal needs a
more complicated control circuit than the boostotopy,
but for high-power applications, it may be a goaddidate.

Proposed IPFC-IMD System

The proposed IPFC-IMD system for this study is show
in Figure 4. Note that the IPFC circuit can be aepd with
a single-phase diode rectifier bridge circuit foc@ampara-
tive study. IPFC has both input current and voltéegd-
backs in order to obtain the sinusoidal input aurré he
output voltage sensing circuit rejects the adveféect of
load variation on the dc link voltage. The inverfmwer
circuit is made up of MOSFET devices and operates a
2.78kHz with PWM control. The control strategy i€@n-
stant V/Hz with the offset adjustment. In this stuthe off-
set was fixed at a value equal to the rated stasistive
voltage drop. The drive had an inner rotor speadifack
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Figure 4. Proposed IPFC-IMD System

loop to control the slip speed. This limited thatst current
effectively over the range of speed variation.

Principle of Operation of the
Boost IPFC Circuit

The principle of operation of the boost IPFC citcui
which was selected for the VSMD system, is expliie
this section. The predicted efficiency of the bo®BC pre-
regulator was obtained with derived analytical eiquies
and compared with experimental results. The harenooin-
tents in the input current of the boost PFC ciretéte com-
pared with the IEC 1000-3-2 standards [15], [20]. d
VSMD, the ac utility input voltage must be converte dc
with a rectifier circuit, as shown in Figure 4. $hiircuit has
the advantages of simplicity, low cost, high relig and
no need of control. However, it has the disadvasgagf
low PF due to the presence of rich harmonics irtitsent
and a high peak-current magnitude, as shown inrég6
(a), (b), and (c). This relationship was obtainedht the

PSpice simulation of a single-phase diode bridgdifier
circuit and was normalized to the peak value.

The input circuitry of an off-line VSMD consisted ie@c-
tifier diodes to convert ac into pulsating dc, dittdr capac-
itors to smooth the pulsating dc voltage, as showrigure
4. This input circuitry presents rich harmonic emts to ac
power systems that are quite different from motmads
because it appears as a nonlinear load to ac psyséEms.
In the input circuitry, ac current pulses occur dese the
filter capacitor remains charged to nearly the pealke of
the ac input voltage.

During most of each half cycle of the input voltagee
& %

flows. Because the filter capacitors partly disgeaduring
each half-cycle, the input voltage exceeds the adtparolt-
age for a short time near the peak value of thatiupltage.
As the input voltage surpasses the capacitor ve|tdge
input current begins to flow abruptly into the ceipar. Af-
ter the capacitor is charged almost to the pealsevaf the

PERFORMANCE EVALUATION OF A VARIABLE-SPEED INDUCTION
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input voltage and the input voltage begins to desee the
input current falls to zero. Also, it causes ovaiirey of the
power lines and distribution transformers. Undetraxe
conditions, other sensitive electronic equipmentnexcted
to the same power line can be affected by noissaglto
electromagnetic interference (EMI).

L R. Dli D,

Time

A
| A

P /\ A\ A P

1.0KHz

0.4KHz 0.6KHz 0.8KHz

Frequency
¢) Normalized Harmonic Spectrum of Current i

Figure 5. Analysis of Current Harmonic Contents inthe Diode
Bridge Rectifier Circuit with Capacitor by Simulati on

As required by various standards, the line harnmopio-
duced by a VSMD must be below certain limits, whigh
crease the input PF. The high PF is desirable tb bw
user and the utility company because it is possiblget
maximum power from an ac service outlet and tazatithe

generated power efficiently and cleanly. It is afgussible
to reduce the wiring and power transformer losseshe
utility network with high PF. With increasing dentaifor
more power and better power quality from a stangander
line, the IPFC circuit will become an integral pat
VSMDs in the near future.

The boost IPFC circuit is an economical solutionttie
need for complying with the regulations. It can ibwle-
mented with a dedicated single- %
the circuit becomes relatively simple with a minmmmum-
ber of components. The boost inductor in the bdB&C

%

current does not pulsate and the conducted EMieglinie is
minimized. This allows the size of the EMI filtend the
conductors in the input circuit to be reduced. Thizology
inherently accepts the wide input voltage rangéeut an
input voltage selector switch. For example, the BRBPF
controller chip from Texas Instruments [21] accegqtsin-
put voltage of 75 — 275VAC and a frequency of 5BHD,
It cannot limit overcurrent at start-up or faultncitions
because there is no switch between the line andutpait.

The output voltage of a boost IPFC circuit shoukl
higher than the peak value of the maximum inputagd.
Even though this is a simple topology, it must lesigned
to handle the same power as the main power comv€ite
ly the single-phase boost IPFC circuit operatinghia con-
tinuous-inductor-current mode was addressed instidy.
The simplified block diagram of the boost IPFC uitds
shown in Figure 4. This circuit has two controlpsoOne is
the fast-acting internal current loop, which defirtke input
current shape to be sinusoidal and places it isgkath the
input voltage. The other is the external voltageplowhich
regulates the output dc voltage. The voltage Idapukl not
react to the 120Hz rectified mains variations, tsobiand-
width was lowered to 10 to 20Hz. The current lospally
has a bandwidth frequency of less than one tentthef
switching frequency.

The principle of operation of the boost IPFC ifa@®ws:
the rectified sinusoidal input voltage goes to altiplier
circuit, providing a current reference to the npliér and a
feedforward signal proportional to the rms valughs line
voltage. The filtered dc output voltage of the Hd®$-C is
compared to a reference voltage and amplified. &imer
amplifier senses the variations between the owpitage
and the fixed dc reference voltage. The error $ignthen
applied to the multiplier. The multiplier's outgotlows the
shape of the input ac voltage, with an averageevalverse-
ly proportional to the rms value of the ac inpult&ge. This
signal is compared to the sensed current signal WM
circuit. The inductor current waveform follows thkeape of
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the rectified ac line voltage. The gate drive sigrantrols
the inductor current amplitude and maintains thestant
output voltage.

IIO:\/EIin :\/Epin

V,

)

The IPFC circuit is designed to operate with 10%ple

Derivation Of the Steady-State IPFC- current in the boost inductor. The current in thewer

IMD System Model for Analysis

Steady-state loss models of the induction motoad,o

inverter, IPFC circuit, and bridge rectifier wereveloped
and a procedure to compute various subsystem Vesidbd
presented in this section.

The load and its requirements are known and, heheg,
constitute the starting point for the steady-spedormance
computation. Using the rotor speed and the loadepavith
the inverter output voltage equation, induction enequa-
tions, and load equations, the overall system éopmtvere
assembled. What follows is the solution of the eysequa-
tion iteratively for the slip, stator frequency aatl other
variables for each speed with a specific load.

As the stator phase current was given, the invéotses

could be computed with switching and conductionslos

equations. The input power to the inverter couldaleulat-
ed with the inverter losses combined with the iniducmo-
tor input power. The sum of inverter input powed ghe
IPFC circuit losses yields the input power from #temains
supply. The solution of the input power leads woaplete
solution of the steady-state performance of theCHIAD

system.

Bridge Rectifier

Only the diode conduction losses were considerdd T

conduction losses in a single-phase rectifier lajéy, , are
given by Equation (1),

P
R =glin =2V xﬁ (1)

n

whereV, is the forward diode voltage drol, is the ac in-
put currentVj, is the ac input voltage, ar}, is the ac input
power from the ac mains supply.

IPFC Circuit

The IPFC circuit has a single power device withog f

ward diode in the boost configuration. The peakentrin
the boost inductor in terms of the ac input currgitis

switching device is,

low=)~ " 14 3
wherely is the boost diode current given by,
|d = P 4V° (4)
3prk

and whereV, is the dc output voltage of the IPFC circuit
andV is the peak rectified ac line voltage.

The losses in the boost switch are modeled as

1
Psw =1 sw Evpk fc (trp +tfp)+ I SWRds(On) (5)

wheret,, andt;, are the rise and fall times of the boost pow-
er switch, respectively.

Ry{on) is the on-state drain-to-source resistance of the
MOSFET power device arfdis the carrier frequency of the
IPFC circuit.
The losses in the boost diode are
1
Fa=1g Evdcfctrrd +Vy (6)

wheret,q is the reverse recovery time of the boost diode in
the IPFC circuit.

The losses in the boost inductor are
— 2
Pind - Rdclin (7)
whereRy. is the dc resistance of the inductor.

The lossesPuipte, in the diode bridge rectifier when the
IPFC circuit is used are given by

2
Pbripfc =2l aveV ZEI kad (8)
wherel,. is the average current in the single-phase bridge
rectifier andVy is the forward conduction voltage drop in
the diodes.

The total losses in the IPFC circuit, including tantroller
power supply losse®,, is obtained as
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Fotc = Foriptc T Pswt Ry + Bng + Pos (9)  and wherdy, I;, andl, are the stator, rotor, and magnetizing
branch currents, respectivel,s is the stator phase voltage,
Inverter Ws is the stator angular speeB; is the stator phase re-
sistance, an®; is the stator referred rotor phase resistance.
Lm Lis, andL, are the magnetizing, stator leakage, and sta-
tor referred rotor leakage inductances per phasperctive-
ly, and s is the slip given by

The inverter output phase voltage is designed ame
tion of stator frequency command of the inductiontan

and given as
V, =V,e =V + ks xf (10) gzt M g W g P W _, NP (19)
W, w, 2 /A 120fs

whereVy is the offset voltage given by
Vor = 1pRs
The constant, is given by

(11) wherew,, andw; are rotor mechanical and electrical angular
speed, respectively is the rotor speed in r/mitf is the
number of poles, andis the supply stator frequency.

Vp - Vg The mechanical power developed in the roRay;,for the m-
f, phase machine is given by
_ . P =mI2R, AL s) (20)
wherely, is the base stator phase curréfgtis the base stator m r S

h ltage, isthe b tator fl . . N
phase voltage, arfgis the base stator frequency wherem is the number of phases (three) in this study.

The inverter switching los®;sw, and conduction [0s®icon ,

are modeled as R L, Lo L,
1 Q\me
I:)isw =m EvdcI sfsw(tr +tf +trr) (13) |° [
Reon = MIZRes(or) 18 V(o L, R R
wheret, andt; are the rise and fall times of the power devic- I I,
es, respectively, ant} is the reverse recovery time of the

freewheeling diodes. Ands, is the inverter switching fre- °
qguency,Ry{on) is the on-state resistance of the MOSFET
power device, an¥y. is the dc link voltage input to the in-
verter.

Figure 6. Single-Phase Equivalent Circuit of the
Three-Phase Induction Motor

Induction Motor Load

The load powerP,, is related to the induction motor out-

A single-phase equivalent circuit of the three-ghas put in steady-state by

duction motor is shown in Figure 6 [22], [23]. Theop

voltage equations from the equivalent circuit are P, =P,- P 1)
Vas = (Ro + julis )l s + Zo1 (15)  Wwherepy, s the friction and windage losses.
0= %+ gl 1. 4Zl, (16) In general, the output of any load is given as
N k
where P, =R o (22)
o=l +1g (17) ’
wherePy, is the base powen, is the base speed in r/min and
. wlyR 8 kis 1, 2, and 3 for constant, frictional, and fgpe loads,
Z,= W (18) respectively. Note tha;, is the function of motor speen,
s—m

16 NTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 12, NUMBER 2, SPRING'SUMMER 2012



Discussion of Experimental Results

From the experimental data containing the fricteomd
windage losses, the parameters of the inductiondanieha-
chines were calculated and, in conjunction witheotimeas-
urements, the induction motor output was determifoed
each operating point. Then, the system and induatiotor
efficiencies, system input PF, system line currenttor
currents, and IPFC circuit efficiencies were cadtedl from
the empirical data.

The speed of the induction motor was varied fror@ BO
min to 3,000 r/min (0.87 p.u.), and the output poaethe
base speed (3,450 r/min) was 1 hp. The empiridal dare
obtained for the system with and without the IPRCuit,
and by keeping the input system voltage at 230V.

Input Current Harmonics in the Boost
IPFC Preregulator

The sample input current waveform and its harmenit-
tents of the prototype 2kW IPFC preregulator withd@0W

load are shown in Figure 7. The steady-state haizaon

were measured by Fast Fourier Transformation (RMih)
the rectangular windowing function. The input aarent
closely followed the sinusoidal voltage waveforrs, ge-
signed. The PF of this operating point was caledlaas
99% using the following equations:

_ RealPower
Power Factor= ———
ApparentPower
Ve X1, xcosf _ | (23)
— Yrms 71 =1 xcosf
Vrms XI rms rms
s =12 +12+ +12 (24)

where Vs is the ac input rms voltagé,,s is the input ac
current,l; is the fundamental component lgfs and cosfis

the phase angle between input ac voltage and tidafoen-
tal current. The harmonic spectra of the input entrrwith

the IPFC circuit are shown in Figure 7. The inputarrent
closely follows the sinusoidal voltage waveform dea-

signed. The comparison of the measured input cutran

monic spectra magnitude with the modified IEC 130D-
Class A limit is shown in Figure 8. The harmoniespa of
the input current with the IPFC circuit are vastiyproved

compared with one in the bridge rectifier circuitiwa ca-
pacitor. This validates the effectiveness of theapP

//’\\ 7N /N

Figure 7. Experimental Waveforms of the 2kW PFC Preegu-
lator with 1.4kW Load (top) Input Current (5A/div, 5ms/div)
(bottom) Input Current Harmonic Spectra (2.5A/div, 0.1kHz/
div)

5 T T

—e— |EC 1000-3-2 Class A limit
measured ZkW FFC

Current, A

Harmanic Order

Figure 8. Comparison of Measured Input Current Harmonic
Spectra from Figure 7 with Modified IEC 1000-3-2 Chss A
Harmonic Current Limit

Experimental waveforms of the system input cureemd
induction motor stator current at 1 p.u. speed &at
torque are shown in Figures 9 and 10, for bothhhdge
rectifier- and IPFC-based VSMD systems along witairt
frequency spectra. The IPFC-IMD system was frebasf
monics in the system input current. The inductiootan
stator currents were practically the same with miaria-
tions in their frequency spectra. The speed vaiiakiardly
affected these waveforms.

PERFORMANCE EVALUATION OF A VARIABLE -SPEED INDUCTION MOTOR DRIVE SYSTEM WITH

ACTIVE INPUT POWER FACTOR CORRECTIONCIRCUIT
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. one with a non-IPFC system. Hence, the IPFC-IMOesys
/\ /\ required lower input current to generate the samput

\ / \J VIR compared with a non-IPFC system. The benefit ofiiray
less input current was noticeable over 0.4 p.uegpdhe
I non-IPFC system showed higher system efficiencytap
— " - 0.75 p.u. speed, but the IPFC-based system shoigbérh
/ \ /\ A Ay system efficiency beyond that speed with a frictioad.
i This is attributed to the fact that the stator eotrdecreases
k. TR Il T DL S with the decreasing stator voltage of the non-1R&tem.
Pt R The non-IPFC system efficiency was approximately 2%

higher than that of the IPFC-based system.

fl 10— _ - T g T % I I
\'— S - 0.8Ad eer 1
J o FFT0) 0e | ]
o L —— meﬂgutreg ]
: o prediots
Figure 9. System ac Input Current (top) and Motor $ator > osf .
Current (bottom) and their FFT with Diode Bridge Rectifier § o5 1
Front-end (Horizontal/div: Currents = 5ms, FFT = 100Hz) Eooal ]
AAdiv e ]
2 V" o NN 0. NS A ’
h S w_” ™ ? te o1 b 1
60 1 E‘)D I 3(‘)0 5(‘)0 7(‘]0 9‘00 1 1IOO I 1 3‘00

Output Power, W

1l Figure 11. Measured and Predicted Efficiencies fothe Devel-
oped 2kW Boost IPFC Preregulator

0 FFTI,)

2Aidiv
M M m 1.1 T T T T T T T T T
} Y t } t i t t 0o, TOf @B segureey el
0.8 < ]
0.7} 7 1
b 1

T 06}
h\ : — — : . %; osl
= 04}
<—Tu FFTO, ) £ o3y
o2y e —e— w/oPFC
Figure 10. System ac Inp_ut Curre_nt (top) an_d M_otorStator o S - o WlliBRG o0t pover
Current (bottom) and their FFT with IPFC Circuit 0‘00'1 S e
(Horizontal/div: Currents = 5ms, FFT = 100Hz) T seemsw
Efficiencies of the IPFC Circuit and the __@ SystemInput PP
22}
IMD System Y] I -
3‘ 1'8: -f-- g:rezz(fnput power -
In Figure 11, the efficiency of the 2kW IPFC circaim- § 13 '
ployed in this study remained level above 95% oner 3 12r
entire output power range. The predicted efficiematched g ;;g: "
closely with the measured one over the entire paarge. § osf
This validation of the derived loss models has ficatuse- & 2‘2‘ e
fulness in estimating losses in the boost IPFCeuaator. oof w0
0.1 02 03 04 05 06 07 08 09 1.0
The system input PF, input current, and overall 18)3- SRS
tem efficiency versus motor speed for systems eitlin or b) System Input Current

without the IPFC preregulator are shown in Figut2ga), . N .
(b), and (c) for the friction load. The IPFC-baskdD Figure 12. Input PF, Current, and System Efficiencywith and
showed a higher input PF over the entire speederéiman without IPFC with Friction Load (continued on next page)
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Overall system efficiency
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01 F & . o with PFC
ool - --=--- Rated output power L

01 02 03 04 05 06 07 08 09 1.0
Speed . p.u.

¢) Overall system efficiency
Figure 12 (continued). Input PF, Current, and Syste Efficien-
cy with and without IPFC with Friction Load

The effect of IPFC to the three-phase inverter grerf
mance in terms of output voltage and current aoavshin
Figures 13(a) and (b). The IPFC-IMD system showigth-h
er output voltage than the one with the non-IPF&tep
because of the tight output voltage regulationha IPFC
control circuit. The inverter needed less curreatpat to
drive the IMD to the same speed.

However, the IPFC benefits from the efficiency bet
induction motor slightly over 0.6 p.u. speed. Tiistam and
motor efficiencies were very poor for speeds lottam 0.3
p.u., as the output was very small in this regiod the loss-
es were many times that of the output in that sgeede.
The usual variation of speed range was 0.4 to 1fpruthe

% -speed operation with low effi-
ciency may not be of immense importance.

Conclusions

The system steady-state model for both the bridgéfi
er- and IPFC-based IMD were formulated, and a stead
state computational procedure was developed. Théemo
was experimentally verified with a 1-hp laboratqmsoto-
type IPFC-IMD system and was found to be fairlywaeate.

A comparison between the non-IPFC- and IPFC-base

systems was made for the friction type load. The-iRiC

IPFC-IMD system may not be quite as attractive ttuad-
ditional cost, however, the IPFC-based system wigkhh
preferable for the minimum input harmonics and naxin
PF.
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HIGH -SPEED TWO-PHASE SRM FOR AN
AIR-BLOWER DRIVE

Dong* % +' & '+, o+

Abstract

In this study, the authors designed a high-speed; t
phase Switched Reluctance Motor (SRM) for an aer.
Considering high core loss at a maximum speed ¢dC8D
rpm for the proposed machine, a four-stator-pole-tetor-
pole (4/2) structure was chosen in order to redwaeching
loss. Rotor pole shaping was employed because rafna
uniform air gap. Also, the rotor surface was optlynaon-
toured in order to obtain constant torque and lovgue
ripple. The rotor pole arc had to be wide in suchiay that
torque ripple could be minimized during commutatitiar-
ative optimization using Finite Element Method (FEM-
lowed the air gap to be designed for flat-top pesitorque
in phase excitation and small torque fluctuatiorirdyicom-
mutation. This SRM was designed with an asymmeric
ductance profile where the positive region was witfan
the negative one. The feasibility of the machine werified
by FEM and a prototype was built and installed maar
blower for experimental tests.

Introduction

Recently, there has been much interest in highespae
tor drives for practical applications to reducetsys size
while increasing efficiency. In particular, blowet®mpres-
sors, pumps, and spindle drives are suitable agtpits for
the high-speed motor drives, and the demand fohigl-
speed motor system has greatly increased in thesiridl
market [1-4]. For practical systems, various electna-
chines, such as induction, permanent magnet, aitdhaa
reluctance motors, have been researched for afiplicm
high-speed systems [4-9].

% -./

0-10 -Woo Ahn, Kyungsung University
introduced [8-9]. In many speed drive systems,nihmber
of poles is very important due to the electricagiiency
and core losses. So, many high-speed drives use-pdle
system to reduce the electrical frequency. And,rilimber
of phases is proportional to the drive cost [13-24fhough
the power losses are proportional to the switctiflaquen-
cy, the advance angle can introduce additional gotiah
and switching loss due to the excitation curreritding up
) &
to the motor speed and phase numbers.

In this study, a 2-phase high-speed SRM was degdigne

with continuous torque and self-starting charast@&s. In
order to reduce torque ripple, various types obratruc-
ture were analyzed. Additional non-linear air-gapctures
were proposed based on the staggered-gap rotor Type
rotor pole shape provides a variable air gap adogrtb
rotor position, and it can produce a flat-top tergu a wide-
torque region without torque dead-zone. In ordeiopdi-
mize torque ripple, the stator pole should havelmdrical
shape, but the shape of the rotor pole was desiggeah
iterative optimization process with FEM. The torqimple,
according to rotor position and air gap, was usetha opti-
mal objective function. The final SRM had to havean-
uniform air gap and asymmetric inductance charestier
which would yield wide positive and short negatteeque
regions. Such an SRM would be suitable for oneetiivaal
rotation due to its asymmetric inductance charéstier The
extended positive torque region can develop coantisu
torque with a torque overlap region and self-stgrttharac-
teristics at any rotor position without torque dease. And
by optimizing the variable-air-gap structure, tcequipple
can be reduced. In order to verify the performaot¢he
proposed high-speed 4/2 SRM, computer simulatiors a
experimental tests were employed.

SRM has a simple structure and inherent mechanical

strength without rotor windings or permanent magnet Design of the Two-Phase 4/2 SRM

These mechanical structures are suitable for hamsiron-
ments and high-temperature and high-speed applitafi-
12]. Raminosoa et al. [4] investigated a 6.5kW, BRM
with a speed rating of 14,000 rpm for a fuel-calhpres-
sor. Also, an ultra-high-speed 6/4 SRM was intredufs],
where the practical results showed attainment sfeed of
150,000 rpm with a simple control scheme. That stusked
a 3-phase symmetric structure. An asymmetric staglge
gap type 4/2 SRM, with speeds up to 26,000 rpm, alss

Conventional 4/2 SRM

The output torqueT, , can be derived from the induct-
ance,L , and phase current, as follows [1]:

_1.,du(g.i)
Te_2| dq (1)

HIGH-SPEED TWO-PHASE SRM FOR AN AIR-BLOWER DRIVE
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whereL((,i) is inductance and depends on both rotor posi
tion, ( , and phase current.

Figure 1 shows conventional and modified 4/2 SRMs
The modified types include a staggered-gap rotde par-
face type, air-teeth type, and air-hole rotor pgpe [4], [13
-15]. Static torque profiles for those SRMs are pamd in
Figure 2, where the torque ripple is high, a zempie re-
gion is not avoidable, and torque for a motoringioa is
not enough in the conventional type.

c) Air-Teeth Type

d) Air-Hol€eType
Figure 1. Various 4/2 SRMs

On the other hand, the modified designs are seitéin
self-starting at any rotor position, due to a wijdasitive
torque region. However, even with the modificatiafighe
rotor poles, the SRMs still experience a suddenirigosi-
tive torque region. The reason for this is an aip-ghange
on the rotor pole surface. The torque ripple catmgs vi-
bration and acoustic noise. An elaborate rotor gbigping
has to be incorporated with the design proces&aasbf
using one step on the rotor pole contour in ordextttain as
small a torque fluctuation as possible. Among tredifired
types, the air-teeth and air-hole types are noy &asnanu-
facture and to optimize. So, the design procesm&ed on
the staggered-gap rotor type. And, the rotor polata@ur is
determined to reduce torque ripple.

= Conventional type
z
& 04 \ orque
N Deud-Zone
s 02
3
S L/
0
04
- Staggéred gap type
S 03
Pl s B R s
; 02 Torque Ripple [\ [\ T
LA o R
S o1 \
0
04
— Air teeth type
S 03
3 02p= VAN M\
= N | AN
5 01
S )‘
0
04
— Air hole type
E 03
¥ 02
N / /
S 0.1
0

0 20 40 60 30 100 i20 140 160 180

Rotor Position |deg|

Figure 2. Static Torque Characteristics of Conventnal, Stag-
gered-Gap, Air-Teeth, and Air-Hole Types

Proposed 4/2 SRM

In order to obtain a wide positive torque region $table
self-starting, the rotor pole arc needs to be highen the
stator pole pitch. Given this condition, the ropote surface
must be optimally shaped, with respect to the rptugition,
for mitigating torque ripple by means of an itevatmethod
with FEM analysis.

Figure 3 illustrates the key design parameterféndeter-
mination of the rotor shape. The stator inner di@mé) is
determined to be constant. It can be seen thatotioe pole
arc is wider than one stator pole pitch. One rqiole is
segmented intm nodes, with each segment having its own
radius (r) and angular position2() in polar coordinates.
Angle increment () is determined by two node numbers
and the rotor pole arc. The length of the air gafhak-th
node is equal to the difference betwegand k. Radius §
changes within a limited boundary to achieve legsgue
oscillation. At thek-th node, radiusymeeds to be decreased
in case the calculated torque is bigger than ttséretk one.
Conversely, if the calculated torque is too snthig radius
rc is increased until the calculated torque reachedarget.

It should be noted that the maximum possible védueadi-
us K is limited by a critical dimension, which is thenia
mum air gap.

22
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Optimized

Overlaps with stator ple

b) Optimization Process
Figure 3. Key Parameters in Rotor Shape Optimizatio

Figure 4 shows the step-by-step design algorithmotufr
pole shaping. The initial set of conditions is: imaom air

gap, acceptable torque erras,J%6] as a percentage of aver-

age torque I, a node number, and angle increme@t M
this study, the angle increment was one degreettama.c-

ceptable torque error was set to 2%. Rated torcaseset at

0.2Nm for a 600W, 30,000 rpm high-speed air-blogs-
tem.

Figure 5 shows the flux distribution and densityridg
optimization. The output torque was affected byhbair-
gap and fringing flux. In general, the amount dhding
flux—when the rotor was optimized at thkeh node—will

change when thek{1)-th node is being optimized. This

means that optimization of subsequent nodes wiinge
torques at previous nodes which were calculatqaténious
steps. However, air-gap flux dominates fringingxflrhe
fringing effect can be ignored. So, the nodes wanesid-
ered to be independent of each other during thienigattion
process.

Start
v

‘ rotor pole arc > (2 x stator pole arc) ‘
) v . Accepted torque error: Te, %

I Calculate T,, average torque with ‘

Definitions:

A Minimum air ga
conventional rotor structure gap

Max ri = bore radius - Min air gap

v
Initial rotor position = unaligned position
Air gap = Minimum air gap
Index of rotor position k=1

.

\4
Torque (k) =T,
—no—p| Rotate rotor : A

k=k+1

v
. - - Decrease W
i) TR r(k) I

I
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v

Number of nodes : n-nodes

Step angle between nodes: Aangle

overlaps stator ?

r(k) < Max ry ? .—ves»: I"Cr"(i;’se a
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Figure 4. Flow Chart for Rotor Pole Optimization

Windings ator\F Windings

Fringing
flux

N

Nodes (pin'z

war /|||

Figure 5. Flux Distribution During Optimization

Figure 6 shows the results of rotor pole shapingubh
the optimization procedure for the high-speed 4/Sand
Table 1 shows the specifications of the motor.

Table 1. Specifications of the Proposed 4/2 SRM

HIGH-SPEED TWO-PHASE SRM FOR AN AIR-BLOWER DRIVE

Parameters Value Parameters Value
Output power | 600W | Average Torque] 0.2Nm
Stator Poles 4 Rotor Poles 2
Bore Diameter| 30mm | Stator Outer Dia] 80mm
Stack Length | 30mm Air-gap 0.25mm
Stator Pole Arc| 46° Rotor Pole Arc 102°
32



Stator

Figure 6. Optimized Rotor Pole Shape

Figure 7 shows the inductance and torque profifethe
prototype SRM analyzed by FEM. Table 1 shows thegie
sheet and specifications of the motor. The indusais

asymmetric and, hence, the machine can produceda wi

positive torque region for continuous torque getiena In

order to include the saturation effect of the stde design
procedure was conducted at a current of 7A. As shiow
Figure 7, the inductance profiles are almost lirneahe low
-current region, and the corresponding torque eaodnsid-
ered to be constant. However, in the high-curregtan, the
torque is decreased at the middle of the rotor dige to
the steel saturation.

As seen in Figure 7b, FEM results show higher terqu

ripple than the target value in the middle positminthe
rotor. In the design process, the maximum torgpplei was
set to 2% of the rated value. However, the analynedi-
mum torque ripple was about 10%.

In Figure 8, static torque profiles of three 4/2NBRare
compared. The structure of the conventional 4/2 SRM
shown in Figure 1a, with the modified type showrrigure
1b. The motors being compared were redesigned thih
same size and output power for the proposed apiolica

The proposed SRM has lower torque ripple than conve
tional and modified 4/2 SRMs. In the proposed dgsig

torque during commutation secures stable selfistarat
any rotor position without torque dead-zone. Thalyred
torque ripple was under 10% at the rated conditine to
the limit of the minimum air gap around the midmtoof
the rotor pole, the analyzed torque ripple was digian
the desired one. As shown in Figure 6, the variaieyap
converges to the minimum air gap to improve thepout
torque. So, the torque ripple around the mid-paihthe
rotor pole arc would be higher than the expectellieva

However, the proposed prototype SRM had much lowe

torque ripple than the modified SRM, which had mibran
60% torque ripple at the rated conditions.
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Simulation and Experimental Results

In order to verify the performance of the proposemtor,
dynamic simulation using Matlab was performed or th
practical air-blower system. Figure 9 shows sinatate- a) Rotor
sults at the rated speed. In the simulation resthts pro-
posed motor can operate well in the range of 15,00
30,000 rpm. Torque ripple during single-phase exicih
was significantly small, but the ripple becomeshhéturing
commutation due to constant current control.

b) Stator c) Assembled SRM

Figure 10. Prototype of 4/2 SRM
e e —

-~

a) 15,000 rpm

. . Prototype of the
High speed SRM driver proposed 4/2 SRM Encoder

Figure 11. Experimental Configuration

Balanced, soft-chopping technology was used for the
switching of the asymmetric converter to reducedheent
ripple in the phase winding. There were 16 pulsasrpvo-
lution from an ultra-fast photo-interrupter, ance thignal
was connected to the QEP module of the DSP. Themot

b) 30,000 rpm controller can count 64 pulses per revolution vétiphase
detecting signal.
Figure 9. Simulation Results at Rated Torque
Figure 12 shows the measured torque characterisfics
Figure 10 shows a prototype motor including theorot the proposed high-speed 4/2 SRM. The desired tongse
stator, and motor assembly. Figure 11 shows therexp the theoretically analyzed value. The SRM had highe

mental configuration, including the motor assemiiywo-  torque ripple than expected. The reason for this manu-
phase asymmetric converter and DSP (TMS320F-2811jacturing error in the rotor and stator. From thaggical

were used for motor control. The asymmetric comreras  measurements, the rotor diameter had 1% errorhéurt
designed with MOSFETs and power diodes that ha@®/60 more, the assembly of the stator and bracket hstortion
50A ratings. Current was detected by a mounted-tfpe  in the rotational direction. This distortion intreckd a con-
current sensor (ACS712) and embedded 12-bit AD@ef  centricity error between the stator and rotor assenior
DSP. these reasons, the measured torque had some errors.
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Figure 12. Measured Torque Characteristics

Figures 13 through 15 show the experimental residts
ing the dynamometer. Figure 13 shows a no-loadabiper
at 10,000 and 30,000 rpm. The proposed motor dageod
job of tracking the reference speed. Radial vibratin-
creased greatly in the high-speed region.

a) 10,000 rpm

b) 30,000 rpm

Figure 13. Experimental Results under No-Load Opertion

Figure 14 shows the experimental results accortiirthe
load variation at 10,000 and 30,000 rpm. As showithe
experimental results, the designed motor can opajaite
well over a wide speed range.

a) 10,000 rpm

b) 30,000 rpm
Figure 14. Experimental Results with Load Variation

Figure 15 shows the experimental results of thégdesl
motor used to drive a practical air blower. Impeligpe 1
was used in the conventional design. The outpytraissure
was almost the same as that of a conventionall@ives in
which a universal motor would be installed, and the-
chanical vibration and acoustic noise were lowantkhat
of the conventional air blower.

Figure 16 shows the operating characteristics ofian
blower with the proposed SRM and impellers. As smow
here, the Impeller Type 1 is for low-speed motoith\wigh
air pressure, while Impeller Type 2 is for high-sgenotors
with low air pressure.
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Conclusion

This paper presents a study of a high-speed 4/2 ,SRM
where rotor pole shape was optimized for torqueleipe-
duction. The outer dimensions were the same a% thbs
conventional air-blower motor. In order to guarantentin-
uous torque at any rotor position, the positivejtier region
had to be extended by an asymmetric inductanceleaff
the motor. That is possible because the bloweteasta one
direction. The rotor pole shaping was carried guab iter-
ative optimization procedure using FEM. The projos®-
tor was verified in terms of the capability of widpeed
operation by air-blower tests in which it demontstdahigh-
efficiency and low-vibration characteristics.

a) Impeller Type 1

b) Impeller Type 2

a) 10,000 rpm

¢) Measured Power, Efficiency, and Air Pressure

Figure 16. Operating Characteristics of Air-Blowerwith
Proposed SRM

b) 30,000 rpm Acknowledgements

Figure 15. Experimental Results with a Practical Ai-Blower This work was supported by Energy Resource R&D pro-
gram (2009T7100100654) under the Ministry of Knovged
Economy, Republic of Korea.
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DESIGNING SUSTAINABLE HYBRID
HIGH-BRIGHTNESS LED | LLUMINATION SYSTEMS

Akram A. Abu-aisheh, University of Hartford, Wesaiford

Abstract

In this paper, the author presents a road maphirde-

sign and development of sustainable hybrid High-

Brightness Light Emitting Diode (HB LED) illuminath

systems controlled by a Field Programmable GateayArr

(FPGA). The proposed hybrid system design represiet
foundation for future sustainable high-efficiendymina-
tion systems. The system design presented hereidndily
controls an array of HB LEDs. Each HB LED operatea
different mode defined by the user. Photovoltai¢)(Pan-
els were used as the primary source of energyisnhtybrid
system, while the electric grid was used as a haskwrce
to supply power to the HB LEDs only when the PVisgs
could not sufficiently power all of the system HEEDSs,
and when the PV system batteries would be depletéziv
the minimum level set in the system design.

The hybrid illumination system design presentedehisr
an important link between the current AC-basednilha-
tion systems and future sustainable DC-based dalami-
nation systems. Since computer simulation is anomamt
tool for future illumination system design and s, it
was used here to assist designers in analyzingrdift de-
signs and in optimizing the one to be implemented.

Introduction

The demands for utilizing alternative power sourbase
increased due to rising oil prices and more strihgaviron-
mental regulations. Alternative energy and its &ppibns
have been heavily studied for the last decade safsdt ener-
gy is the preferred choice in many applications.of\m solar
energy applications [1], photovoltaic (PV) techrgplohas
received much attention and is being used in mapyica-
tions [2], [3].

Presented here is a plan for the design of a sasta hy-
brid FPGA-controlled high-brightness LED illuminati sys-
tem that can be used to replace current illuminasigstems
in order to improve system efficiency and reliakiliin the
proposed system, a single-ended primary-inductovexer
(SEPIC) DC-DC converter is used to deliver solargn via
PV-cell modules to a battery bank in charging mddeng
the daytime. At night, it drives an LED lightingssgm. An

FPGA is used to individually control an array of & The
main reason for choosing HB LEDs as the illumimatio
source in this system is due to their high efficieas com-
pared with incandescent and fluorescent lamps.

Hybrid HB LED lllumination

The principal motivation for this hybrid system tise
clear shift to DC systems with more use of altaweatner-
gy sources. The AC vs. DC battle raged when Edmon
moted DC power while George Westinghouse felt @t
was the way to go. AC won the battle, since it s@asnuch
easier to step the voltage up and down using toamsfrs,
and higher voltages greatly reduce resistive [0hss study
explored the continued growth of DC power distribatin
buildings, for which LED-based illumination has bea
major driver.

Since photovoltaic panels are used to power thenitha-
tion system, there is a need for a second sourpeweér for
the system when the sun is out for a period of tigond
the capability of the batteries to serve as a badaurce.
Some products that are appearing on the marketHisse
LEDs with built-in converter that can be connectictly
to the AC line. Those products take advantage eftigh
efficiency of HB LEDSs, but they do not use a susthie
source as the main supply for those LEDs.

The hybrid HB LED-based illumination system design
presented here incorporates an automatic transfeshs as
shown in Figure 1. Through the use of this swittle hy-
brid system uses solar as the primary source afgnand
it switches to the AC line only for the time whéetprima-
ry source cannot supply the required power to ithenina-
tion system.

In the system of Figure 1, LEDs are powered bysiblar
panel during the daytime as the primary sourceh e
battery in charge mode, and by the battery at nijithe
battery is fully discharged, the HB LED system @jtes
from the AC line as the secondary source. The desiddC
-DC converters, DC-AC rectifiers, and DC-AC investare
well understood and can be followed using seniveller
graduate power electronics textbooks [4-7].
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Figure 1. Hybrid High Brightness LED lllumination System

Since LEDs can handle voltage fluctuations, thetesys
can be simplified by using a full-wave bridge réeti in-
stead of the AC-DC converter. The simplified system
shown in Figure 2, where the DC distribution to powID
LED lamps consists of a solar panel, DC supplyritigt
tion, DC supply switching module, battery chargentcol-
ler, battery bank, DC-DC Converter (Buck-Boost v
er), and HID LED lamps. The operation of this bimdost
converter has two operation modes: the first is llnek
mode for daytime battery charging operation, ara sb-
cond is the boost mode for nighttime lighting usage

Figure 2. Simplified Hybrid LED Illlumination System

The hybrid illumination system presented in Fig@rés
sustainable for many applications that are emerding to

the continued growth of DC power distribution inildings.
The principal force behind this growth is LED-baskami-
nation which was cited as one major driver. Themntdial-
lenges in building such a system include: the aislpf
switching circuits that deal with switching of powbe-
1 3

and, switching between the two sources. Figuree3egnts
one solution for this problem, where an AC contaetiod a
31 45
ure 4 which presents the relay control for the raeatally
interlocked contactors.

=

MO Contact

HO Contact

NC Contac: CR

[

—

Figure 3. AC and DC Contactors Design to Control te LED
lllumination System Switching

Livi3429

Figure 4. Relay Design to Control the Hybrid lllumination
System Switching

The illumination system is designed to be useddivid-
ually control an array of HB LEDs. Each HB LED oaters
in a different mode that is independently defingdte us-
er. The defined sequence of LED illumination is tcoiked
using a controller circuit, i.e. an FPGA. Figurepgesents
the basic control system layout used for this O@nilna-
tion control strategy that gives the user moreiffitity and
control than the flexibility and control level alable for
standard AC-powered illumination used in incandesos
fluorescent lamps.

In this LED control strategy, an FPGA is used tdivrd-
ually control the LEDs. The FPGA is programmed gsin
Hardware Description Language (HDL). In this case,
VHDL is used. [VHDL is a hardware description laage
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used in electronic design automation to descrilgéaliand
mixed systems and integrated circuits.] The pattdrithe
LEDs defined by the user can be modified using taisd-
ware description language. A Basys Spartan 2 FPGA w
chosen for this application due to its flexibilitgw cost,
and ease of use.

Figure 5. FPGA-Controlled lllumination

The application software used in this study was pide
which is a powerful program that allows configuoatiand
data transfer with Xilinx logic devices, and canused as
an interface between Xilinx and the Spartan 2 FR®Ard.
For maximum intensity from the LEDs, the typicahviard
voltage of 3.9V, with a forward current 700mA, igpplied
to the FPGA. A personal computer provided with £Xli
software was used for programming the sequencehef t
LEDs defined by the user. The programming was deie

To control the LED from the FPGA, a circuit driveas
needed to boost the power of the FPGA output. A LE
driver circuit is an electric power circuit used power
a light-emitting diode or LED. The circuit consistsa volt-
age source powering a current-limiting resistor and_.ED
connected in series. The HB LEDs used in this ptojke-
sign had a constant current of 700mA and a suppliage
of +3V. As the current has to be amplified to 700rfoA
each LED, two transistors were connected togetbehat
the current amplified by the first is amplified fler by the
second transistor. The overall current gain is betmahe
two individual gains multiplied together, i.e.zeh= hegg ¥
hrez, where kg and he, are the gains of the individual tran-
sistors. An LED driver circuit for each individuglicon-
trolled LED is given in Figure 6.

ing VHDL. The developed software was tested using a

Digilent FPGA board.

High brightness LEDs [8], [9] can be driven at eunts

from hundreds of mA to more than an ampere, conapare

63 & %
HB LEDs can produce over a thousand lumens. Sinee- o
heating is destructive, the HB LEDs may need tonbent-
ed on a heat sink to allow for heat dissipationthé heat
from an HB LED is not removed using a heat sink, de-
vice will burn out in seconds.

A single HB LED can often replace an incandesceitth b
in a torch, or be set in an array to form a powet LED
system. LEDs can operate on AC power without thedne
for a DC converter. Each half-cycle part of the LEDits
light, while the other part is dark, a pattern tlwateversed
during the next half cycle. The efficacy of thip¢yof HB
LED is typically around 40 LM/W. A large number bED
elements in series may be able to operate diréctiy line
voltage. In 2009, Seoul Semiconductor releasedjha-biC-
voltage LED capable of being driven from AC powettva
simple controlling circuit. The low power dissipati of
these LEDs gives them more flexibility than thegoral AC
LED design. In this project, the HB LEDs were poggr
from a DC source.

Figure 6. LED Driver circuit

Sustainable PV-Powered lllumination

Since photovoltaic panels are used to power theLBB
illumination systems, there is a need for the dewelent of
the DC converter system to power the LEDs. To Satiss
requirement, a forward converter with PV-based L&D
plied in lighting systems was used. In the propd3&dsup-
ply system, SEPIC was used to deliver solar eneigyV-
cell modules to a battery bank in the charging madeng
the daytime. During the nighttime, the convertee(§igure
7) drives an LED lighting system.

Figure 7 illustrates the principle PV-SEPIC-LED ctiit
applied in street illumination, where the produé®d volt-
age is stored in a battery bank throughout thegihgrunit

' % &
LEDs are energized with appropriate voltage throagtep-
up transformer and full bridge rectifier.
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Figure 7. PV-based Sustainable lllumination

SEPIC circuits find widespread application when ite
put voltage fluctuates above and below an averageey
while the output voltage must be kept at a constahie
with minimum tolerances. One of the most applicagiof a
SEPIC circuit is in integration with the photovadtaystem
(PV system) and illumination load of series- andafial-
connected LEDs.

The SEPIC converter is a DC/DC converter topoldgy t
provides a positive regulated output voltage fromirgout
voltage that varies above and below the outputgelt This
type of topology is needed when the voltage fronuareg-
ulated input power source—such as solar, wheresthe
irradiation, temperature and weather change—direatt
fects the generated output voltage. Standard SEsiQlo-
gy [10], [11] requires two inductors in additiortal a step-
up transformer, making the power-supply footprintitg
large. Photovoltaic (PV) cells are used to coneertlight
into electrical energy. On the other hand, it isoahn im-
portant issue to save the energy demand and ircitbas
energy efficiency [12-14]. High-brightness light-#ting
diodes (LEDs) [15], [16] are becoming more widesjiréor
lighting applications such as automobile safety aighal
lights, traffic signals, street lighting, and sa on

In lighting applications with solar energy, the der is
adopted to convert solar irradiation for storagéhim battery
during the daytime. In the nighttime, a dischargeused to
release energy from the battery and drive the Ligbting
system. Low-power DC-DC converters can be usedHher
charger and discharger modes. So, since the P\agelt
from the solar panel is unstable, the buck-boosveder is
more suitable for charger circuits. This convexan also
be used in the discharger circuit.

DC-DC Converter Control Design
and Analysis using Computer
Simulation

Computer simulation is an important tool for futulie-
mination systems design. The HB LED-based illumorat
system was simulated using a circuit simulatiorgpai. In
this section, the DC-DC converter control loop dation
results are presented. The most common control adeth
shown in Figure 8, is pulse-width modulation (PWNIihis
method takes a sample of the output voltage anttamib it
from a reference voltage to establish a small esignal
(Verror- This error signal is compared to an oscillator
ramp signal. The comparator is used to generatagitald
output (PWM) that controls the power switch.

Figure 8. PWM controller for Switching Buck Controller

When the circuit output voltage changesgrhralso
changes causing the comparator threshold to ch&ayese-
quently, the PWM also changes. This duty cycle gkan
then moves the output voltage to reduce the eigmakto
zero, thus completing the control loop.

The output voltage of the solar panels is steppadnd
using a buck, step-down converter. The closed-mpgrol
circuitry for the buck converter consists of anderAmpli-
fier (ERR), oscillator, and PWM circuits. The ERRdaos-
cillator outputs drive the PWM circuit. The EERaiitry is
given in Figure 9, where the automatic control reas
how close byt is to Vker

The measurement of error is the Error Voltage, thsc
the difference between oyt and \ker, Error Voltage =
(VRrer - Vour)- SinceVour ~ Vrer, Error Voltage is close to
zero, which means that this circuit maintains theEVolt-
age and the PWM duty cycle, regardless of variatiorthe
input voltage. IfVour > Vger, then the Error Voltage is
negative, thereby decreasing the Error Voltage #mal
PWM duty cycle. IVout < Vger, then the Error Voltage is
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positive, which increases the Error Voltage and PveM since it is more efficient and more reliable thatstng

duty cycle. The oscillator circuit, given in Figut8, is used traditional lighting systems based on incandescerftuo-

to generate the ramp signal used as an input tdP¥&/1 rescent lamps. The initial cost of the system a@uthé high

circuit. cost of solar panels is the main disadvantage énrtbw
design when compared with current illumination eyss.
While the use of the solar panels and HB LEDs addbke
initial cost of the system, the use of the solangbawill re-
sult in energy savings, and the use of HB LEDS$ kbl
paid off in the long term due to their higher rblldy, flexi-
ble control, and long life time.
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EXPERIMENTAL EVALUATION OF A BIO-BASED
CUTTING FLUID USING MULTIPLE MACHINING
CHARACTERISTICS

Julie Z. Zhang, P.N. Rao, & Mary Eckman, UniversifyNorthern lowa

Abstract

In this paper, the authors present a study that ceas
ducted in an undergraduate research program usingrie
mental tests to evaluate the effectiveness of besry-based
cutting fluid applied in CNC turning operations. ity two
machining performance characteristics,
roughness and tool wear, the study tested theteffgica
soybean-based cutting fluid on improving surfacésfi and
reducing tool wear compared to a petroleum-basétihgu
fluid when high-carbon alloy steel was machinedstatisti-
cal analysis of the data indicated that the bieHasutting
fluid performed as well as the petroleum produdeims of
surface finish, and significantly better than thetrpleum-
based cutting fluid in terms of controlling tool ave These
positive test results may provide supporting evigeno
manufacturing professionals for making strategichiang
decisions regarding the choice of cutting fluids.

Introduction and Literature Review

Cutting fluids are used extensively in metal maitgn
processes to remove and reduce heat during maghimn
erations. On one hand, the use of cutting fluidsatly en-
hances machining quality while simultaneously rédgc¢he
cost of machining by extending tool life [1]. Theeuof pe-
troleum-based cutting fluids, however, has beemdoto
affect operators, causing medical problems suateasati-
tis, while the disposal of the fluids needs to dallspecial
provisions to take care of the environmental imp&¢ith
pressure from global climate change, environmeuraiec-
tion, natural resource limitation and governmemtula-
tions, green manufacturing is gradually becominhitoso-
phy [2], [3]. The cost of machining, environmenitalpact,
and operators’ health concerns have driven reseexdo
find equivalent dry-cutting conditions that couldtisfy
machining requirements without the use of cuttihgds
[4], [5]. Because of the very nature of machininggesses,
studies conducted by Diniz & Oliveira [4] and Kh&rDhar
[5] concluded that machining under wet conditioressstill
better for tool life, and dry cutting would be @hited use
in cases where the depth of cut is shallow.

namely sarfa

There are a large number of cutting fluids thatehbeen
developed and formulated from organic and inorgamate-
rials. Although cutting fluids are generally useftileir ef-
fectiveness in a given application may vary duenark-
piece material and tool material properties, alavith dif-
ferent machining conditions and whether a coolindubri-
cating mechanism is predominant. The majority efelxist-
ing cutting fluids are petroleum-based productsictvlare
hazardous for storage and disposal [6]. Particuldhle pe-
troleum-based cutting fluids are environmentallyrendiffi-
cult to handle compared with bio-based emulsiorefoi
disposal, special physical or chemical treatmecin&ues

may be needed to remove hazardous components frem t

used cutting fluids by an EPA-permitted hazardowzstes
management agency. Studies have shown that stalfigti
significant increases in several types of cancexglsas an
increased risk of respiratory irritation or illnease due to
prolonged exposure to cutting fluid mists [7], [8]hus, it
would be beneficial for manufacturing applicaticiesuse
lesser amounts of petroleum-based cutting fluids.

In recent times, alternative cutting fluids basedvegeta-
ble oils have been explored for machining operatifg],
[10]. Due to their relatively low flash point (alto#i20°F),
when petroleum-based cutting fluids are used, that lat
the workpiece-cutter interface often generates s, mihich
is harmful to machine operators [11]. Flash painthie low-
est temperature at which a liquid can form an ajslé mix-
ture in air near the surface of the liquid. The éouhe flash
point, the easier it is to ignite the material. iava high
molecular weight (flash point of around 600°F), foigybean
-based cutting fluids greatly reduce the chancmist gen-
eration in machining processes. In addition, it basn re-
ported that these soy-based cutting fluids havers tiigh
film strength, which helps to lubricate the cuttitogpl/work
-piece interface, thereby reducing heat generatet taol
wear [12], [13].

Though the bio-based cutting fluids have been aktel
on the market for some time, there is not widegprese of
them in industry. A limited number of studies o-biased
cutting fluids have been reported in the literatundnich
focused on specific cutting-fluid products [14-1Fpr ex-
ample, the studies by Belluco & DeChiffre’s [14]1,5] fo-
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cused specifically on the performance of formulateld

blended with rapeseed oil, ester oil, and sulfut phosphor
additives used in drilling AISI 316L austenitic istass
steel. Their experimental data indicated that tleeblased
fluids performed better than the mineral-oil-bagedducts
in terms of prolonged tool life, better chip breaki lower
tool wear, and lower cutting forces. Because biseldacut-
ting fluids can be formulated from different agiicwal

products, it is hard to make a general conclusiom o the
bio-product diversity.

In this study, the cutting fluid was a soybean-blasé
uniquely formulated through an engineered approtich
increase oxidative stability of the soybean oil][18n im-
proved understanding of the soybean-based cutling f
through scientific evaluation will help manufactagi pro-
fessionals recognize the benefits of this cuttihgdf and
will better prepare them for making strategic mauig
decisions regarding the choice of cutting fluid.

Research Questions

The goal of this study, then, was to compare tfectfe-
ness of a soybean-based cutting fluid with its gdetrm
alternate when used in CNC turning operations thepito
evaluate their impact on the quality charactersst¢ the
parts being turned. Different turning charactesistinamely
surface roughness, tool life/tool wear, materiahogal rate,
cutting force, machining vibration, etc., have bemed in
other studies to evaluate machining performancefaSel
roughness is an important quality measurement ehinad
parts, and tool wear plays a critical role in deti@ing the
part quality and the machining cost. These two attaris-
tics can be relatively easily measured in a macisinep
without involving additional sensing hardware, thihey
were selected in this study as machining qualigratteris-
tics in order to evaluate cutting-fluid effectivese The
guestions that this study addressed are:

- How will the surface roughness of the turned phets
impacted by the soybean-based cutting fluid contpare
with the petroleum-based cutting fluid?

- How will the wear of the cutting tool be impacteg b
the soybean-based cutting fluid compared with #he p
troleum-based cutting fluid?

The procedures used in the evaluation of the soybeaed
cutting fluid are given in Figure 1.

Determine Suitable Working Levt
els of the Experimental Factors

'

Select Proper Design of Experii
ment

v

Run Experiments

y

Analyze Data

v

Draw conclusion about Cutting
Fluid Effectiveness

Figure 1. Study Procedures used in the Evaluationfahe
Soybean-Based Cutting Fluid

Experimental Study

Selection of Experimental Factors

Experimental factors were selected based on thetitre
review about machining theory and machining pract@ut
of the three parameters—cutting speed, feed rattdapth
of cut—feed rate was found to play an importane roi
determining surface roughness and cutting speedaveig-
nificant factor impacting cutting-tool life [19]nlpractice,
all three machining parameters need to be appltethea
same time and each can vary across a wide rangaiugds.
As with many other experimental studies on maclgjrop-
erations [14], [20-22], these three parameters weresid-
ered as independent variables in this study. Amatbatrol
factor is cutting fluid condition: soybean-basedirpleum-
based, and dry.

The cutting speeds and feed rates were selectédrefit
erence to the Machinery’s Handbook {(2&dition) and the
catalog of the carbide insert for turning high carhkalloy
steel. The levels of depth of cut were selecte@rnuilate
machine shop practice in consideration of both rimact
productivity and safety. The selected parameteysgaivith
their applicable codes and values are listed iferab

36

NTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 12, NUMBER 2, SPRING'SUMMER 2012



Table 1. Parameters, Codes, and Level Values usett the Taguchi Design

Parameter Code Level 1 Level 2 Level 3
Control Factors

Cutting Speed, ft/min (m/min) A 300 (91.44) 340(1622) 380 (115.824)

Feed Rate, ipr (mmpr) B 0.008 (0.2032) 0.012 (08304 0.016 (0.4064)

Depth of Cut, in (mm) C 0.04 (1.016) 0.05 (1.27) 08)(1.524)

Cutting-fluid condition X dry cutting soy fluid peleum fluid
Response Variable

Surface Roughness Ran

Tool wear W*, mm

* Tool flank wear will be measured after the cuftimas completed a 7-inch long pass of the workpiece

Design of Experiments

If a full factorial design were applied, at least @xperi-
mental runs must be conducted for each of thenguftuid
conditions, even with single replication. For tleee cut-
ting-fluid conditions, the experimental study would not
only very time consuming but also costly becaudeast 81
tool inserts would be tested. Therefore, a Taguc®)
orthogonal array shown in Table 2 was employedhia t
study which required 27 runs to cover the three himicg
parameters and the three cutting-fluid conditidrss table
was used for recording the test results of surfacghness

and tool wear data.

Experimental Materials and Supplies

Table 2. Modified Lq (3*) Orthogonal Array Including Experimental Factors

The workpiece material used in this study was EB210
a high-carbon, chromium-alloy steel. The chemical
composition and major properties for workpiece mate
al are listed in Appendix |. Because E52100 hasitgre
hardness and high wear resistance, the application
cutting fluids is a must when E52100 components are
produced from machining processes due to its poor
machinability (refer to Appendix I). The steel mée
was purchased as billets with a 7-inch diameterveas
pre-cut into 9-inch lengths.

L9 - orthogonal array

Cutting-fluid condition

A B C D X1 X2 X3
Run (Cutting speed) (Feed rate) (Depth of cut) (Empty) (Dry) (Soy) (Petroleum)
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2
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The cutting tool used was a carbide insert CNMG432  The microscope and a picture of a worn insert taken

EGE AC700G (Sumitomo Electric Carbide, Inc.), under the microscope are shown in Figures 3 and 4.
which is coated with multi-phase A);. The coating, - Microsoft Excel and JMP software packages for ehart
along with a tough carbide substrate, makes iablét ing data and statistical analysis.

for rough turning carbon steels and alloy steels.

The soybean-based cutting fluid that was used—
SoyEasy™ Cool-GHP Plus—is an environmentally
friendly product produced by Environmental Lubritsan
Manufacturing, Inc. [18]. This cutting fluid was ma
tained at 5% concentration (by volume) through the
entire experiment.

The petroleum-based cutting fluid used was Castrol
Clearedge 6510, produced by Castrol Industrial Amer
cas. It is a semi-synthetic cutting and grindingdifor
ferrous metals. This cutting fluid was maintained %
concentration (by volume) through the entire experi
ment.

Experimental Hardware and Software Set-

up

Figure 3. Microscope used for Tool Wear Measurement

This experiment was conducted using the followiagdh
ware and software:

CNC Turning Center: Haas SL-20 (Haas Automation,
Inc).

Surface Roughness Digital Measurement Device: Sur-
tronic 25 Roughness Checker (Taylor Hobson, Inc).
The setup for surface roughness measurement isnshow
in Figure 2.

Figure 4. Flank Wear Example under Microscope

Data Collection

In the experiment, the workpiece material E5210% wa
prepared as 7" x 9” metal billets. It was chuckedwzen
the spindle chuck and the tailstock center in tle@dturn-
ing center, as shown in Figure 5. One specific ioskrt
was used to turn and clean off the billet surfazemiake
sure that all tested inserts would cut the cleamkpiece
surface without any interference from rust or dimtFigure

Figure 2. Setup of Surtronic 25 Roughness Checker 6, a copper tube connected to the cutting-fluidia®iwas

] ) ] - directed to the insert and workpiece to flood thteriface of
Mitutoyo Toolmaker’s Microscope with a magnifica- the workpiece and the insert.

tion of 15 was used for measuring flank wear that o

curred on the flank face of an insert resultingnfro  Each experimental combination was conducted onteon
abrasive wear of the cutting edge against the madhi  across 27 experimental runs for all of the expenimecom-
surface. The wear can be read as small as 0.001mnpinations listed in Table 2. A complete randomizatdf the
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27 cuts was not done since switching from one mgitiuid

to another for each experimental run involved ardbgh
cleaning of the sump and flushing of all the flindhe sys-
tem. Therefore, the experimental runs were conduate
batches—turning at the soybean-fluid and petrolefuia:

and dry conditions in sequence. The fluid tank pimks
were totally cleaned when the cutting fluids wenétched.
The sequence of the nine runs under each cutting-lon-
dition was randomized in order to minimize othefoue-

seen factors that might bias the experimental t@sul

Figure 5. Workpiece after One Turning Path

An NC part program was written with different cogi
parameters specified to let the Haas CNC turningececut
the work piece 7" long starting from the right eflade. Af-
ter the cutting pass, the surface roughness wasuresh at
four spots evenly around the periphery of the billéne
picture of the measurements is shown in Figureh2. dver-
age of the four measurements was recorded intceTabl

After each cutting pass, the tool insert was rerdofrem
the tool holder and the flank wear was measurecutite
microscope. After the tool wear was measured, dbéwas
documented and stored, and a new tool insert wasmted
into the tool holder for the next experimental rifine re-
sults of the surface roughness and insert flankr wezas-
urements are shown in Table 3.

Figure 6. Cutting Fluid Applied to Insert and Workpiece
Data Analysis

Data Analysis on Surface Roughness

A visual examination of the data in Table 3 foumhett
surface roughness, Ra, values for the soybean-ifasdd
condition (column X2) were consistently lower tHan the
dry condition (column X1) except that during run, #RBe
surface roughness was slightly larger (3.98 vs4)3 A sim-

Table 3. Surface Roughness and Tool Wear Data Catted in Experiment Runs

L9 - Inner Control Factor Array Surface Roughness, Ra (mm) Tool Wear, W (mm)
A B C X1 X2 X3 X1 X2 X3

Run (speed) | (feed) (depth) | D (Dry) (Soy) (Petro.) (Dry) (Soy) (Petro.)
2 1 2 2 3.54 3.98 6.32 0.126 0.072 0.157
3 1 3 3 4.54 3.92 1.92 0.203 0.05b 0.107
4 2 1 2 6.66 1.62 1.84 0.156 0.08B 0.154
5 2 2 3 3.32 1.46 1.72 0.162 0.099 0.10H
6 2 3 1 5.02 1.64 5.78 0.267 0.107 0.113
7 3 1 3 7.42 1.44 1.80 0.202 0.11 0.087
8 3 2 1 9.00 1.86 1.90 0.173 0.098 0.164
9 3 3 2 4.42 2.26 1.72 0.188 0.13B 0.143
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ilar result can be seen when comparing columnsnXl,
which is the roughness comparison between the Ipaitro
fluid and the dry conditions. However, for run #Be Ra
value for the petroleum condition was almost twticat for
' 189 &9 9:% % <8% /
value for the petroleum condition was slightly krghan
the dry condition (5.78 vs. 5.02). Both of the camgons
indicated abnormal results because the surfacehrmss
would normally be better when cutting fluids arepligy.
The abnormal data were not discarded and wereettead
variations for analysis.

ANOVA Analyses on Surface Roughness

Analysis of variance (ANOVA) is an analytical appoh
in which the mean of a variable as affected byedéht fac-
tors or factor treatment combinations is analyz&done-
way analysis of variance is the simplest form wtdah test
differences between more than two groups or treatisnigy
an F-test. According to the research questionshyipethe-
sis about surface roughness was:

Ho: There are no significant differences among thie cu
ting-fluid conditions (Re&=Ra=R&).

H;: Not all of the averages for the three cuttingeflu
conditions are equal. In other words, at leasbfoe pair
of treatments, surface roughness is different.

rest of the data, and the average value was indmgtwthat
of the dry and soybean conditions. The circleshia tight
column represent the probability of the responseabite at
three cutting-fluid conditions. A large portion o¥erlap of
the two circles in Figure 7 indicated that the elifnce be-
tween the two cutting-fluid conditions may not bgngfi-
cant. The circle on the top (dry condition) doeshmave any
overlap with the other two circles, indicating tkarface
roughness for the dry condition was different frdm two
cutting-fluid conditions. The result that there argnificant
differences among the three cutting-fluid condisiaran be
confirmed statistically from Table 4, because theal
probability value (0.0021) given in the ANOVA ansily
tells us that the variation in the observations naiscaused
by random variation alone. Therefore, the null Hhpsis
should be rejected.

Table 4. Analysis of Variance for Surface Roughnedsy
Cutting Fluids

Source | DF | Sum of | Mean Square | F Ratio | Prob > F
Squares

Fluids | 2 44.3344 | 22.1672 8.0379 0.0021

Error 24 | 66.1882| 2.7578

Total 26 | 110.5227

)
®

Each Pair
Student's t
0.05

Ra
(62 o))
11
III@I | | -
| |

Petro
Cutting fluids

Dry

Figure. 7 One-way Analyses of Surface Roughness Byitting
Fluids

The statistical one-way analysis was conducted taed
graphical display of the comparison results arewshn
Figure 7. The longest horizontal line represents itiean
and the other two short horizontal lines repregbat 25"

and 78" percentile values, respectively. The variation of

surface roughness was large when no cutting flwidse
% ' -based fluid condition, the

surface roughness showed the smallest range odtizari
& -based fluid con-

dition, a couple of surface roughness values &lffom the

T-test on Surface Roughness for Pairs
Treatment

The hypothesis test above only tells us that thesee
significant differences among treatments in theeeixpent
as a whole. Following the hypothesis test, thest-teas
performed in order to identify which cutting flu@nditions
generated the surface roughness differences. Ewt $6g-
nificant difference (LSD) can be computed by Ecqua{il)

LSD=t,, MSE(% I M

n,

where nand n are the number of samples collected for
each cutting-fluid condition: ;= n, = 9. MSE is the mean
square error displayed in Table 4: MSE = 2.7578.

If using student’s t,.}; is the t-value corresponding to the
significant level +pre-determined as 0.05with 16 degrees
of freedom: t,, = 2.120. Using the Bonferroni adjustment,
was set to 0.05 for the entire experimental treatnoem-
parisons. As there were three pair-wise comparigorkis
experiment (namely as dry vs. petroleum, dry vy, petro-
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leum vs. soy), the significant level for the paiisg/compar-
isons can be adjusted to 0.0167 (=0.05/3). Thesefge
was the t-value at a probability of 0.0167 withdegyrees of
freedom: 1, = 2.672. The LSD can be computed as follows.

LSD= 267227578 % +%) - 2001

Based on the calculated LSD, and because the diffes in
surface roughness means at the dry and petroleundi-co
tions was 2.38 which was larger than the calculai8d,
the surface roughness results for the dry and leetno cut-
ting conditions were significantly different. Simily, the
surface roughness results for the dry and soynguttondi-
tions were significantly different, as their meaiffedence
of 2.962 was larger than the LSD. It can be clesglgn that
there was no difference between the petroleum hadsoy
cutting conditions. The above pair-wise comparisesults
are labeled in Table 5—the average of surface noegghfor
the dry condition is marked as level 1 (L1) and tibker
two as level 2 (L2). Tables 4 and 5 together telthat the
two cutting fluids did not produce significant difences in
smoothing surface roughness, but the surface fiatsthe
two wet conditions was statistically better than flee dry
condition.

Table 5. Comparisons of Surface Roughness for eatair
using Student’s t Test

Level Label* Mean
X1(Dry) L1 5.311
X3(Petroleum) L2 2.931
X2(Soy) L2 2.349

* Levels (L1 and L2) not Connected by the Samedredte
Significantly Different

Data Analysis on Tool Wear

Visual inspection of tool wear data at the threéticg-
fluid conditions listed in Table 3 found that tloek wear for
the two cutting-fluid conditions was consistentlgnadler
than for the dry condition. There was only one abrad
result in run #2 in that the tool wear of the pktumn-based
fluid condition was slightly larger than the valfer the
corresponding dry condition (0.157 vs. 0.126). Tdlimor-
mal tool wear matched with the unusual surface moegs
result that occurred in run #2. To some extens, fdmige tool
wear may provide a partial explanation why suchigh h
surface roughness occurred in run #2, since toodtlition
was an important factor impacting surface finistvefall,
all of the tool wear data in Table 3 are smallantthe flank

tool wear of 0.5mm, which is the cutoff value sgti8O for
defining an effective tool life. Figure 8 shows gdenpic-
tures of the tool inserts with the flank wear foy,dsoybean,
and petroleum conditions.

a)

b)

c)
Figure 8. Tool Inserts Along with Flank Wear at Different
Cutting-Fluid Conditions— a) Dry Condition, b) Soy Fluid, c)
Petroleum Fluid (all seen at magnification 15)

ANOVA Analyses on Tool Wear

The one-way ANOVA analysis was conducted regarding
the tool wear for the three cutting conditions. éwaling to
the research questions, the hypothesis for tool waa:

Ho: There are no significant differences among the cu
ting fluid conditions (W=W,=WS).

H,: Not all of the tool wear averages for the thrattiog
-fluid conditions are equal.

=> 8
results are displayed in Figure 9. The average wealr for
the soybean cutting fluid condition (column 2 irgltie 7)
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was at the lowest level, the average tool wearttier dry
cutting was at the highest level, and the onetergetrole-
um cutting fluid was in-between. Representing trabpbil-
ity, the circle for the dry condition stands farawrom the
other two circles, which means that the tool weartlie dry
condition was significantly different from the othéwo

conditions. In other words, the application of mgtfluids

significantly reduced tool wear. The small probiépivalue
(<0.0001) given by the F-test in the ANOVA analygis
Table 6 confirmed this observation. Therefore, ihé hy-

pothesis should be rejected.

0.25-
0.2

O

0.15-

Toolwear

/¢\ - /\
- \<i7/
0.1 3
-
0.05 T ; - .
Dry Petro Soy Each Pair
Cutting fluids Student's t

0.05

Figure 9. One-way Analyses of Tool Wear by Cuttind-luids

Table 6. Analysis of Variance for Tool Wear by Cuting Fluids

Source| DF| Sumof | Mean Square| F Ratio| Prob>F
Squares
Fluids | 2 | 0.0374055 0.018703 18.679  <.0001
Error | 24| 0.0240371 0.001002
Total | 26| 0.0614426

T-test on Surface Roughness for Pairs
Treatment

The ANOVA analyses in Table 6 indicated that there

were significant differences among the three cgtfinid
conditions. By calculating the LSD tool wear, penfing
the t-test was able to identify which cutting-fliidnditions
made a significant difference in reducing tool wdasing
Equation (1), the Bonferroni-adjusted LSD for toeéar
was calculated as

LSD= 2.672\/0.001002 (% + é) =0.0398

From Table 7, the tool wear differences of the pasge
comparisons—dry vs. petroleum, and dry vs. soy—wer

0.054 (=0.182-0.128) and 0.092 (=0.182-0.092). Bsea
these two differences were larger than the LSD weedr, it
can be concluded that applying the two cuttingdgusignif-
icantly reduced tool wear. As noticed, there waseay
small portion of overlap between the two circlepresent-
ing the petroleum and the soy cutting-fluid coradis (see
Figure 9). The tool wear difference for the petumteand
soy conditions was 0.036, which was slightly smatlean
the Bonferroni-adjusted LSD of 0.0398, but lardeart the
calculated LSD from the student’s t-value (2.1209e LSD
from Student’s t was computed as

LSD= 2.120\/0.001002 (g + é) =0.032

From the student’s t-test, the tool wear resultsewsig-
nificantly different for the petroleum and soy d@udi-fluid
conditions. Therefore, the three cutting-fluid citioths are
labeled as L1, L2, and L3, respectively, in Tahl@ e pair
-wise comparison results concluded that the thveewear
averages were significantly different by pairs, dhe soy-
bean fluid performed statistically better than pgetroleum
alternate in reducing tool weatr.

Table 7. Comparisons of Tool Wear for each Pair usg
Student’s t Test

Level Label* Mean
X1(Dry) L1 0.182
X3(Petroleum) L2 0.128
X2(Soy) L3 0.092

* Levels (L1, L2, and L3) not Connected by the Sdratter are
Significantly Different

Conclusions and Summary

An L, (3%) Taguchi design was used to compare an exper-
imental soybean-based cutting fluid against dry jpeiglole-
um-based cutting fluids in turning operations. Tewperi-
mental data analysis revealed that the soybeardlragtng
fluid performed better than the petroleum alterrateduct
in terms of controlling tool wear, and both of ttveo cut-
ting fluids performed similarly well in reducing rface
roughness. The experimental study covered thredimag
parameters and three cutting-fluid treatments.fifllafacto-
rial DOE approach were to be used, at least 81%3x3)
data points would need to be collected in ordéndtude all
of the factors. The selected [3*) orthogonal array with a
total of 27 experimental runs saved a lot of resesr
Providing supporting evidence for the manufacturprg-
efessionals who may consider green manufacturingsad
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stituting the conventional cutting fluids with tiéo-based
alternates, the experimental approach presentexddaer be
a reference applicable to real manufacturing plagmurac-
tice.

It cannot be denied that the Taguchi Design isetional
factorial design in nature. Considering the limitedount of
resources, this study focused on the primary coisgarof
the machining performance difference brought byedént
cutting-fluid conditions. As noticed, there were repeti-
tions for the experimental run under each cuttingdfcon-
dition. If more data were collected in this undedyate
research project, the signal/noise ratio couldimduced
to identify the optimal cutting parameters for eaufhthe
cutting fluids.
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Appendix |. Chemical Composition and Major Property Data for Workpiece Material E52100

Mechanical Property

Hardness, Brinell 229
Modulus of Elasticity 210 GPa
Tensile Strength 0.74 GP

Machinability 40% (Based on 100% machinability AdSI 1212 steel)

Composition of Chemical Components

Carbon, C 0.980-1.10 %
Chromium, Cr 1.45%

Iron, Fe 97.0%
Manganese, Mn 0.35%
Phosphorous, P <=0.025%
Silicon, Si 0.230 %
Sulfur, S <=0.025%
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ANALYSIS OF SOLAR PANEL EFFICIENCY THROUGH
COMPUTATION AND SIMULATION

Hongyu Guo, University of Houston-

Abstract

Solar panels are known to have low efficiency, ¢gfly
less than 25%. And combined with a solar panelntaigon
that is not optimized for the direction of the ient sun,
the efficiency is further reduced. In this studycamputa-
tional and visual model was developed for the agpptadi-
urnal motion of the sun to determine the declimatand
azimuthal angles at which a solar panel should rented
at any time on any day for active solar trackersieximize
the received solar irradiance at any location athed soft-
ware simulation tool was developed to compute senri
time, sunset time, and duration of daytime for &titude
using a geocentric model. The efficiency of solangls due
to incident angles was defined and analyzed fouced-
degree-of-freedom solar tracking systems. The aimlyas
significance in providing guidance in the decisiomcess
of initial solar panel investment and installatimgarding
the trade-offs between efficiency and cost.

Introduction

Solar panels have efficiencies lower than 40% awndtm
typically less than 25% [1]. Many factors contridub this
low efficiency, including solar panel technologyaterials
and charging process. Orientation of the solar lpsnene
of the major factors contributing to solar energywersion
efficiency. In this study, the authors focused loa 6rienta-
tion of solar panels to maximize received soladration to
improve energy conversion based on the receiveat sol-

ergy.

Depending on the nature of the application andcibet
requirements, the orientation of the solar panaltwa either
fixed or movable. Fixed-orientation solar panelg #&he
least expensive to install but they are also thstlefficient.
A simple improvement can be made by a rotatablarsol
panel on a single axis where the tilt angle is sigjd sea-
sonally, or monthly. To make better use of the rseteergy,
some tracking systems are designed to minimizeirtbie
dent angle of the sunlight onto the solar paner][2The
sophistication of the tracking system depends enttthde-
off between cost and efficiency. Single-axis aslasldual-
axis trackers exist. A single-axis tracker can bsighed as
a horizontal single-axis tracker (HSAT), verticalgle-axis

% ? @ & -Corpus Christi

tracker (VSAT), or tilted single-axis tracker (TSADiffer-
ent types of dual-axis trackers have also beenldesd and
depend on the choice of the primary and secondgis/ a
With different system drive methods, tracking candetive
or passive. The goal of dual-axis trackers is tdkenthe
solar panel track the sun so that the sun’s ragsabways
orthogonal to the solar panel.

A typical solar tracking method requires photoeiect

detection that utilizes a photoelectric sensordioWv the
& %

weather conditions which could affect tracking ko sun. A
weather-independent method involves solar trajgdtaick-
ing through mathematical computations [8]. Althougdr
pers on solar tracking have been published, nookidas
simulations for visualizations [8-11]. Numericafonmation
on local sunrise, sunset time, and length of aidayyear at
any latitudinal location is available in astronoaii@ma-
nacs and online at institutions such as U.S. N&laderva-

&% & A
model of these astronomical events to assist vaildr panel
orientation for maximum solar irradiance at anydjnany
day and any location was not found in the literatiBome
groups have investigated monthly solar panel oatéor
strategies [12]. The solar panel efficiency affdctey the
orientation is of interest in multiple applicatiofi-15].

In this study, a geocentric model was developecd:fon-
putation and visualizations of the apparent diumation of
the sun and to simulate the computed orientatioanoéc-
tive dual-axis solar panel tracking system. Sinaoiet of
the apparent diurnal motion of the sun can be tseattive
the dual-axis solar tracker. Snapshots of the diummotion
of the sun for a sample date are shown in Figuf2utation
of daytime and nighttime plots for various latitsdere dis-
played. MATLAB programs were developed for this gim
lation and visualizationIn practical applications of solar
panels, to reduce the cost of the installation.educed-
degree-of-freedom solar tracking system is ofteopéet.
These systems include seasonally adjusted fixeat g@in-
els and single-axis solar trackers. The efficiedog to inci-
dent angles of these reduced-degree-of-freedom salzk-
ing systems is defined and investigated. This amlas
significance in practice for engineers who makeisieas
on the trade-offs between efficiency and cost i itfitial
planning stage of investment and installation.
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Solar Tracking by Computing the Solar
Declination and Azimuthal Angles

center of this small circle. R is the point of 98ar whereas
S is the point of sunset. H marks the positionhef $un at
noon, and L is the position of the sun at midnidtite arc

RHS represents the daytime path, and the arc Sprere

A simple model can be used to compute and simulateents the nighttime path of the sun. LCH is a diamef

solar tracking. For the precision requirement déastrack-
ing, it is enough to assume that the orbit of thetteis a
circle. It is more convenient, however, to use acgatric
model than a heliocentric model. It is necessaryrder-
stand the relationship between the horizon plart the
plane depicting the diurnal motion of the sun te kew the
sun’s location and orbit affects sunrise time, strtgne,
and the duration of daytime and nighttime, and fieat
how the solar panel should be oriented. Geometjiatons
relating the duration of daytime and nighttimeHe telative
position of the sun to the equatorial plane andhbgzon
plane are derived below.

Solar Declination on Any Date throughout

the Year

The celestial sphere is shown in Figure 1, wheeeetirth
is at the center. N is the celestial North Polehéf observer
is standing at a point on earth with latitufig,then the great
circle in the x-y plane in the Cartesian coordingystem
with points S, B, R, and A is the local horizoncta: The
great circle with points E, L, B, N, Z, H, Q, andié the
local meridian. This circle is in the y-z plane.

Figure 1. Diurnal Motion of the Sun on the CelestibSphere

The line EQ is the diameter of the celestial sphetéch
is also in the equatorial plane. (The equatoriahplis omit-
ted in Figure 1 for clarity.) ON is the axis of tkelestial
sphere. ON is perpendicular to EQ. The small cixgith
points H, R, L, and S is the diurnal path of tha.qD is the

that small circle (CR, CL, CS, and CH are raditled same
circle). The plane of that small circle lies parallel te th
equatorial plane and perpendicular to the axis B#hce,
LH is parallel to EQ and LH is perpendicular to OMs-
sume the radius of the celestial sphere is 1.

P zOQ =Bis the local latitude. Denote

a:g_/ 1)
2

as the co-latitude. In Figure 1,
DQOA=DPCDO=a 2)
The solar declination is denoted by
s =bHOQ (3)

which is the angle from the sun at noon to the tayis
plane.* changes throughout the year with a period of one
year. At the vernal equinox, the sun is on the tmuad
coincides with Q, and = 0. The angle between the ecliptic
plane and the equatorial plane is called the ollicpf the
ecliptic, with a valuet= 23.5°. At the summer solstice, the
sun is the highest in the sky afic= + which has the maxi-
mum value. Figure 1 displays the diurnal path efshn for
an arbitrary day in the year, with a generic vatband* C

+ . The obliquity of the ecliptid-is not shown in Figure 1.
At the autumnal equinox, the sun is on the equagain. H
coincides with Q once again, afid= 0. At the winter sol-

stice, the sun is the lowest in the sky dna D+ which is
the minimum value.

The solar declinatioff for any particular day in the year
can be found, hence, the duration of daytime agtittime
can be computed for any latitude on earth and ayirdthe
year.

Let ( denote the ecliptic longitude (not shown in Figlije

( varies from 0 to B when the sun moves on the ecliptic
circle on the celestial sphere in one year. At akaguinox
(Fo (=€ ) 2 (=

E ( = 352. The altitude of the sun
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projected above the equatorial plane can be exgieas  The duration of the daytime, is given in hours as
sin( sirt: On the other hand, the same altitude is equal t@] = 24- 24alp =24Q1- alp)
sin® in terms of the solar declinatich. By equating these Substituting foHfrom Equation (10)d is obtained as
two,
sins =singsine ) d =241- (cos(tans.tan/))/p] (12)

the solar declinatiof can be found in terms of ecliptic Using Equation (6), the duration of the daytime barex-
longitude (. When using the approximation of a circular Pressed as

orbit of the earth around the su(, can be assumed to d=24 %‘Co'sl{tan/ xan[sif(siresingD/Y))I}. (13)
change with a uniform angular velocity in the ydaat Y =

365.24 be the number of days in a year anddebe the  The sunrise time is then
number of days of the date of concern counting fremal T =240/2p

equinox. Ther( andD are simply related by 14)
= (£2)cosY{tan/ xan[sin*(sinesin@D/Y))]} (14
=2mD/Y () g
and the sunset time is

From Equations (4) and (5), T,=24-T, (15)

s :Sin'l(sinesinq) :Sin'l(sinesin(ZpD/Y)) (6) in hours counting from midnight. All the times aiecal
time for that particular longitude of the locatiohconcern.

The local time needs to be converted to standard &f the
time zone where the location is in before they barcom-
pared with published numerical data or observatidata.

The solar panel should be oriented with an ahg*e* from
the horizontal plane, which is the altitude of tha at local
noon.

. . . It is easy to check some special cases. Wher. which
Sunrise, Sunset and Duration of Day“ght is for a location on the equator, at any time dytime year,

d = 12, which means the daytime and nighttime atakdf

* =0, which is for the dates of the vernal equiaod au-
tumnal equinox, thed = 12, which means the daytime and
nighttime are equal for all different latitudes.

The azimuthal rotation of the solar panel shoultbfo
the sun from sunrise to sunset. In Figure 1, tldiusar of
the small circle can be found by

r=CL =CH =CR=CS =coss 7) _ ]
Also, Computer Simulations

CD=0C>ota =sins xcota =sins ®an/  (8) The algorithms for the diurnal motion of the surd atu-
ration of daytime and nighttime were implemented in

Since CR =CS ,andCD bisects the andgdRCS us- MATLAB based on the equations derived in the foliogv
ing Equations (7) ‘and (8), the following Equat|0n590b section.

tained:
CB _sins xan/ _ Diurnal Motion of the Sun
cosd =— =———— =tans xtan/ (9)
CF coss The diurnal motion and its plane for an arbitradhosen
This yields date, May 2, 2012, is shown in Figure 2 for diffaréati-
1 tudesl. The software developed allows the user to choose

d=cos’(tans xan/) (10)  any date and any latitude or location. Figure 2wshthe

horizon plane (horizontal plane in all sub-figures)d the

The duration of the nighttime, is computed in hours as equatorial plane (plane parallel to the diurnal iooplane
of the sun). The sphere represents the celestirgpwith
_ 24 24aq the earth at its center. The small red ball reprissthe sun.

n—20’><5—7 (11)  Figure 2 can be validated with the appropriate emléor

latitudel and the solar declinatics) based on the date of the
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year described earlier. For example, for the datey N2,
2012,D = 42 (total number of days from vernal equinox
March 21 to May 2) ang = 15.30 from Equation (6). Fok
=90, d=0!6) lG$S d = 24 hours, anach = 0
hours, as expected for the North Pole in summers &h
depicted in the top left subplot of Figure 2. Dialrorbit of
the sun is entirely above the horizon plane ondhesen
date such thatl = 24 hours for that day amd= 0, as ex-
pected for the North Pole. The bottom right subplbFig-
ure 2 is the diurnal path of the surl & -90 (South Pole) on
May 2, 2012. Similarly, wheh= 0, half of the diurnal orbit
of the sun is above and the other half is belowhbezon
plane, suggesting equal day and night duratior2didurs.

Figure 2. Computer Simulation of the Diurnal Motion of the
Sun for May 2, 2012

Sunrise and sunset times for this date can be fdrord
Equations (14) and (15), depending on the locatulde.
Visual depiction of duration of daytime and nigié for a
given date is described in the next section.

Duration of Daytime for Any Latitude and
Date

Figure 3 shows the duration of daytime and nigtstiior
one year for different latitudds Figure 3 was obtained by
applying Equation (14) for each day of the yeanfrdanu-

ary 1 to December 31. The duration of daytime ory Ma
2012, for a giverl in Figure 3 (vertical green line) can be
compared with the orbit of the sun on that dayiguFe 2 in
corresponding sub-figures. The comparison validates
results. Note, for example, fo= -45°, d = 9.88 hours and

= 14.12 hours, as depicted in Figure 3, bottomdafiplot.
These computations also match the depiction of iheyt
and nighttime durations in Figure 2 (bottom lefthere the
diurnal path of the sun is more below the horiztamp than

it is above, visually validating the computations May 2,
2012, with a longer nighttime than daytime. Forsthiti-
tude, T, = 7.06 hours after midnight, which is 7:04 AM and
Ts= 16.94 hours, which is 4:56 PM. Notice tiatand Ts
represent local time instead of standard time.

Figure 3. Duration of Daytime and Nighttime for anEntire
Year for Various Latitudes | (Vertical green line represents the
date May 2, 2012)

The duration of daytime was used in computing ffieien-
cy of reduced-degree-of-freedom solar trackingesyst in
the next section.

Efficiency of Solar Tracking Systems with
Reduced Degree of Freedom

In some applications, the efficiency of the solangls is
traded for the lower cost of the tracking systeingt-axis
trackers are widely used in lieu of dual-axis tersk The
single axis can be horizontal, vertical or tiltadsing the
model developed in this study, an estimation ofefiien-
cy of these single-axis trackers can be computeenvwthe
engineers need to evaluate the trade-offs.

The solar panel efficiency due to sunlight incidangles
is the only concern here. The efficiency due tdadent an-
gles of solar panels with reduced degrees of freedode-
fined to be the ratio of the energy flux per ungaper day
of such a solar panel to the energy flux per urgager day
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of dual-axis full solar tracker. Do not confusestbificiency
definition with efficiency of photoelectric energyonver-
sion, which in general is less than 40%. The nuca¢nal-
ues of the efficiency due to sunlight incident asghre
much higher, but this fact does not imply any cadiction.
This efficiency may vary each day in the year,Wwhat is of
particular interest is the annual average, or gasasnal av-
erage, of the efficiency. It may vary with locatitade as
well. The efficiency in numerical values for New rkcCity,
as an example, which has latituple= 40°47’, is calculated
throughout this analysis. At the end of this settie effi-
ciencies are compared with two other locations wliffer-
ent latitudes, Los Angeles, CA, and Miami, FL. Witkis
analysis, it makes it easier to estimate quantisti how
much gain in power the full tracking system may aitt
compared to less-expensive partial tracker systemes/en
seasonally adjusted fixed solar panels. This vaflist with
the decision-making process on the difference @wmiof
solar panel systems in the investment and insiaiabf
such systems.

Efficiency of Seasonally Adjusted Fixed
Panel Systems

One simple improvement related to efficiency, op ti
the fixed solar panels, is to seasonally adjustithangle of
the solar panel manually. Solar panels with dudd-é&ack-
ers and with programmed active drives, as discusseide
last section, are able to guarantee the orthoganalent of
sunlight all the time and are the most efficierfteTseason-
ally adjusted fixed panel systems are always ozttt face
due south. In the spring and fall, the tilt angedjusted to

face the celestial equator, with an altitude arjglahich is
the local latitude.

For six months of the year, the duration of dayligh
longer than 12 hours. However, the usable timeHerinci-
dent sunlight is truncated at 12 hours becausestimeis
behind the panel for the rest of the day. For theensix
months, the duration of daylight is less than 1@rkoSo for
three months in the summer, the incident sunlightl?
hours long. For spring and fall there are one aatf h
months with 12 hours of sunlight and one and haihths
with less than 12 hours. For winter, it is alwagsd than 12
hours.

Summer

Assume that in summer the panel tilt is adjusted tec-

o —_3e
lination angle s :?.

The average incident angle is taken

€
as § In the three months of summer, the sunlight is

longer than 12 hours. While a full tracker can tada

vantage of this fact, the fixed panel has to trtmdhe sun-
light to 12 hours. The fixed panel only makes uka por-

12
tion of sunlight during the day, which is=,

whete s
the average duration of daytime.
d=241- (cos'l(tan%).tan/ /0] (16)
The efficiency for summer is, then,
12 (17)

el 2 .
—(cos=)— 2 cog dy
d8p -5
The efficiency varies with local latitude becauke average
duration of daylight depends on the latitude. FemNYork

City, for example, with the latitudl = 40°47’, the efficien-
cy is 53.97%.

Spring and Fall

For spring or fall, the solar panel is adjustedito at the
vernal equinox or autumnal equinox, thus the edfficiy for
spring and fall is the same, due to symmetry. Hengy the
analysis for the spring is described.

For the 1.5 months of spring with more than 12 koof
daylight, the average duration of daylight is

d=241- (cos;l(tané).tan/ yipp
The efficiency can be approximated by
12 (19)

e12
—(cos=)— 2 cog ds
d™4p g
For New York City, with the latitudg = 40°47’, in this
period, the efficiency is 59.7%.

For the other 1.5 months of spring, the averagatour of
daylight must be considered, which depends on dal |
latitude. For the first-order approximation, take taverage
declination as

s =- (20)

Nlm

The efficiency of the solar panel for these 1.5 theris
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(cosg) 1 coy dyf

r
2

P (21)
2

which has a numerical value of 63.3%. The ovenadirage
efficiency for spring and fall is 61.5%.

Winter

During the three winter months, the daylight tirsdéass
than 12 hours. Take the average declination as

3e (22)
4

s=-

€
and the average incident angle of sunlightéa,s

The solar panel efficiency for winter is approxielgt

el .
(Cosg)— 509 0/ (23)

2
which is calculated to be 63.6% for New York City.

Efficiency of Horizontal Single Axis
Trackers (HSAT)

HSAT trackers have horizontal axes. These trackees
able to follow the altitude of the sun but not taemuth
from east to west. There is limited improvemeninfreea-
sonally adjusted fixed panels. They suffer in thene way
as fixed panels in the summer and half of spring) laadf of
fall to utilize the periods of longer than 12 hoofssunlight.
The efficiency in winter is

p

= 2cog df (24)
P 3
which is 63.7%.
The efficiency in the summer is
P
121 2 cog/ dj (25)
dp -3
The average daylight is the same in summer
d=241- (cosl(tang).tan/ )/ p] (26)

For New York City, with a latitud¢ = 40°47’, the efficien-
cy turns out to be 54.0%.

For half of the spring, which is right before summtne
average daylight time is

d = 241- (cosl(tané).tan/ )/ p] (27)

and the efficiency is 60.2%. The average efficiefaythe
other half of the spring, which is immediately afteinter,
is 63.7%. The overall efficiency for spring or fadl then,
62.0%.

Efficiency of Tilted Single Axis Trackers
(TSAT)

In these trackers, the axis is tilted so that atmitne panel
is facing the intersection of the celestial equatoithe local
meridian. The panel rotates daily from east to we@$ollow
the sun. The incident angle is fixed for each dag & the

same as the solar declination anﬁIeThe annual average
efficiency for this TSAT is

i ecossds
2e -e

which is independent of the local latitude and haslue of
97.2%.

(28)

Efficiency of Vertical Single Axis Trackers
(VSAT)

VSAT trackers can rotate along a vertical axis foldw
the sun from east to west daily. These tracers makese
of longer daytime during the summer. Suppose thelpia
optimally oriented in such a way that it faces tsdestial
equator at noon, the efficiency of VSAT trackersuldobe
calculated as

1 e 1 a+

ev2a+s -2

° cosgdgds

(29)

where a = % - / is the co-latitude.

This can be approximated as

L cosg

2 (30)

resulting in an efficiency of 88.2% for New Yorkt&i

The efficiencies for two other cities, Los Angel€3), and
Miami, FL, are calculated and compared in the follg

tables. Los Angeles has a latitule= 34°03’, and Miami
has a latitude of = 25°46'.
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Table 1. Efficiencies for Seasonally Adjusted Fixefdanels

SAF SAF SAF

summer spring or fall |winter
New York | 54.0% 61.5% 63.6%
Los Angeles| 55.9% 62.0% 63.6%
Miami 57.8% 62.3% 63.6%

Table 2. Efficiencies for Horizontal Single Axis Tackers

HSAT sum- |HSAT spring [ HSAT

mer or fall winter
New York | 54.0% 62.0% 63.7%
Los Angeleg 56.0% 62.4% 63.7%
Miami 57.9% 62.7% 63.7%

Table 3. Efficiencies for Tilted Single Axis Trackes and

Vertical Single Axis Trackers

ing systems in terms of trade-offs for energy mazation
in their particular applications.
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M ECHANICAL DESIGN

OF A STANDARDIZED

GROUND MOBILE PLATFORM
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Abstract

The paper summarizes the mechanical design ofradSta
ardized Ground Mobile Platform (SGMP) with specagl
tention on the development of a novel type of pessus-
pension. The suspension mechanism consiste@fplanar
closed kinematic chains on each side of the rolke de-
sign considered here was simpler than existingipassais-
pension mechanisms in the sense that the numbkemksf
and joints have been significantly reduced, withoampro-
mising the climbing capability of the rover.

Background

The first planetary exploration rovers, Lunakhodrd 2,
each visited the moon to gather information anddsgic-
tures of the terrain. In 1996, NASA’s Jet Proputsicab
and the California Institute of Technology designesiv

& ' - L
and Marie-Curie and weighed about 10.5kg. [1], [Phe
Rocky 7 design and dimensions are similar to SoieurAs
wheeled robots evolved, the mobility system chanfgech
two-wheel steering systems to Ackerman type [3Judie
terrain mobility can be increased by shifting trenter of
gravity. A good example of this is the NASA Sample-
turn Rover (SRR), which was designed for missions o
Mars and has an active suspension system with blaria
angles between linkages [&hrimp is a six-wheeled rover,
designed by the Swiss Federal Institute of Techmoldt
has one front four-bar linkage to climb over obksap to
twice its wheel diameter without stability problemBhe
middle four wheels have parallelogram bogie, whixai-
ances the wheels’ reaction forces during climbisjgNlars
Exploration rovers were designed on the basis gfBoer.
Each of them is about 1.6 meters in length and heeig
174kg. The mobility system uses a rocker-bogie sasjon
and four-wheel steering [6]. Tao et al. [7] presenthe de-

sign ofa six-wheeled robotic rover with passive/active-sus

pension for uneven terrain. The rover suspensiosists of
two articulated frames, each with three degreeesfdom
(DOF) and where each joint of the suspension caateo
passively or be driven by a motor. Singh et al.gBhed to
design a suspension mechanism which would utillze t

@,

& '*9K % ? @ &

other missions include the principle of reducingtspnew,
more flexible rover designs will be needed. Thigd@ro-
vides a number of highly motivational educationat ae-
search opportunities for design, development, asting of

new small-form—factor, ground-based robots.

Concept of Operation

The overall goal that was set for the multidisciphy
development team was two-fold. Electronically, Hystem
had to be manageable from a remote location anchpa-
ble of adding/upgrading sensor and control tectgiek
through a slice-based architecture. Mechanicdlly,gystem
had to be low cost, small, compact, highly maneaivier,
and be able to be fabricated and maintained withirai-
mum investment in tools/materials. An overview leé ton-
cept of operation of SGMP is shown in Figure 1. tAs
figure indicates, the system architecture is Irgerhased,
thus allowing for monitoring and control of the oikdfrom
anywhere that an Internet connection could be securhe
heart of the system is the MySQL Server. This resou
accepts route-planning inputs from a Base Statsowell as
collects geographical positioning and other sensofgr-
mation from the robot. Route planning informatisrdown-
loaded from the server to the robot, while inforimatsent
from the robot to the server can be transferred Base
Station that requests this information. The seen also
record route generation and tracking data for |pteyback
and analysis.

" 2
e \%

Base station "\ V ey
o \E_’_ GPS

=~ freescale

L

SMP

GPRS

@

0
© 0

Qwta
e

cle
Avordance '

Figure 1. SGMP Concept of Operation

The SGMP robot has the ability to connect to thevese

advantages of both passive-suspension and actiVjig 5 wireless Wide Area Networking link using GPRS
suspension roversAs future space exploration, rescue and gqgition to the GPRS communications. the robot cse

MECHANICAL DESIGN OF A STANDARDIZED GROUND MOBILE PLATFORM

53



either Bluetooth or wireless Local Area Networkibogcom-
municate locally. The robot uses ultrasonic detectior
collision avoidance and has both GPS and AHRSsER
path following. The mobile platform uses a Freesdawer
architecture to provide the on-board, slice-basadmand,

the physical contact of the wheel with an obstanlehe
workspace during motion. For the synthesis, thehamst
defined a start and an end position and used vglecid
acceleration task specifications defined in the pasitions,
which are directly derived from the geometry of theb-

control, and communications functions. The hardware lem[11] and are compatible with contact and curvature-

software infrastructure of the vehicle is basedsobhsump-
tion architecture, which is a way of decomposirmgpeplex
behavior into “simple” modules [9]. The robot wasended
to operate in an urban-type environment with thiéitgtio
avoid large obstacles and negotiate uneven terrain.

Mechanical Design of a Novel Articulated
Suspension

The mechanical design for the SGMP was developé&ud wi
the main goal of improving the size, maneuveragilgnd
suspension of existing Surface Mobility PlatforngsMP)
[10]. In four-wheel-drive vehicles, obstacle linstgeneral-
ly half of the wheel diameter [1]. It is possibte ggass over
this height by pushing the driving wheel to the tabke,
which is called climbing. For this condition, thentact
point of the wheel and obstacle is at the samehiheig the
wheel center. Although obstacle geometries can,vidry
most difficult geometry which can be climbed by besled
vehicle is a stair-type rectangular obstacle. et tondi-
tion, climbing motion consist of two sub-motionsheTfirst
is a vertical motion, which causes a horizontalctiea
force on the wheel center. The vertical motiona@nstcenter
is at infinity. The second sub-motion is a softatan about
a point located at the top of an obstacle, witlinstant cen-
ter of rotation at that point. Tests show that thars rover
is able to overcome about 1.5 times the heightsofvheel
diameter. This limitation forces scientists to ioye their
current designs.

Climbing over an obstacle is a critical problem wivweheel
forces in the opposite direction of motion prodaceoment
about a pivot joint to rotate the bogie [3]. If therface fric-
tion of an obstacle is not enough to climb, thetatls force
on the wheel can reach high values. A solutiortHite prob-
lem is the use of a linear-motion suspension wiobistacle
reaction force cannot create any moment.

Based on all of these factors, the challenge i ¢hirrent
study was to design a suspension which would: Iifple
in structure, 2) allow for a near to straight Imetion of the
center of the wheel in order to decrease overtuwment, 3)
have a climbing capacity of about two times the eVhdi-
ameter, and 4) have the ability to maintain eqoatd and
maintain equal load distribution on all wheels. fidiere,
the goal of this kinematic synthesis wasctdculate the de-
sign parameters for the linkage suspension thaiwads for

straints of the wheels with obstacles in the emument.
After the task was specified, the dimensions of ¢hain,
which would satisfy the task specifications, weaéculated.
A four-bar linkage was synthesized to obtain thsirgel
approximate straight-line motion of the wheel ceniehe
suspension on each side of the platform was catstilby
connecting two four-bar linkages symmetrically. Urig 2
shows two of the five designs that best fit theursgments
[11]. Tests were performed to assure that eachesisapn
moved smoothly throughout the task.

Figure 2. Linkage Type and Link Lengths for Each Dsign

Because the proposed bogie design was to be symmet-
rical, reaction forces of the front and rear wheed¢se iden-
tical. During operation on rough terrain, if thebod can
maintain its balance at all times, even when frozesition,
it can be said that the robot has static stabiktyysically,
the boundary for stability criteria is related wahpolygon,
which consists of contact points between the groamdithe
wheels [12]. If the projection of the center of \gta on the
ground plane stays inside of the stability arealatimes
during operation, the robot is considered to bélstalhe
stability of the robot can be defined by using travita-
tional stability margin [13].

The maximum slope of the terrain that the robot can
climb is called gradeability, The maximum downhdlhd
cross-hill gradeability can be easily calculated are func-
tions of the projection of the center of gravity the slope
and its distance to the wheels. Since the centgrafity is
sufficiently low for all design models, the coefént of
friction of the wheels would be the next limitingctor
when traversing a sloped surface. For that reasolow
rubber wheels were chosen. Each rubber wheel wastmo
ed on a plastic hub and was additionally securedrbgdhe-
sive along the circumference of the hub. The wheedse
non-pressurized and could deform and return ta gtepe,
providing uniform, low-maintenance traction. A dierar of
3 inches was chosen for the wheels. Wheel widthritsn
utes to traction as a factor of the ground surfaea dis-
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placing the normal force on each wheel. In chalieggn-
vironments such as sand, wider wheels aid in pitavgthe
unit from sinking into the shifting soil.

wheel base well outside of the body, resulting iigaod
gradeability. The center of mass is higher thaneamthe
other designs, but only a few degrees of the chidkgrade-
ability is traded for the greater ground clearantiile de-

Development concepts for each rover design hadpan a sign model 6.3 (Figure 3b) seems to have respectgrbde-

proximate size of 14"x14"x14” and a weight of 14umals
for the five different suspension designs. The tap de-
signs are shown in Figure 3. They were tested uSinge
primary criteria: 1) obstacle climbing ability dig suspen-

' % $
platform-suspension system stability in climbingpss.
These criteria are described below.

59.35° 59.47°

a) Design Model 4.2

61.66° (548,220

b) Design Model 6.3

Figure 3. Center of Gravity for the Top Two Designs

Obstacle Climbing Ability and Linear
Motion Capacity of Suspension

In order to quantify the desired linear motion etk of
the linkage systems, the maximum displacement ef th
wheel center in thg direction was calculated. The displace-
ment of the value for thg direction gave insight into the
maximum height of an object that the platform coalcr-
come. Design 4.2, shown on the left in Figure 4etaeand
exceeds the goal of 1.5 times the wheel diametebahg
height, while minimally diverging in th& direction late in
its path.

The trajectory of the center of the wheel of desty8
(Figure 4 to the right) follows a circular path postional to
the length of input crank and its travel is restricted by out-
put cranka and coupleth. These yield semi-vertical travel
within the range of actuation, increasing in lingaas the
length ofb link increases.

Center of Gravity and System Stability

The maximum slope, or gradeability, was broken imto
perspectives (see Figure 3). Design 4.2 (Figure Ba3 a

ability and cross-hill gradeability, there is a fiamental
stability issue with the geometry. Since the linkagystem
would be pivoting about the center fastening pothere
would be a need for a secondary set of linkagesrdier to
add stability.

a)

b)
Figure 4. Climbing Ability of the Top Two Designs

Design model 4.2 was chosen as the best overaljrdes
based on its climbing capacity of about 3 times wheel
diameter, and its linear ratio of 0.1. The lineatia indi-
cates the ratio ok_maxdisplacement over the totgldis-
placement from the ground, which is close to aigittdine
for this design. Even though the linkages weredsimeac-
commodate this height, the center of mass was aiagd
low enough to offer a forward climbing angle (grabl#ity)
of 59.35° (Figure 5, right) and a cross-hill graloiéity of
59.47°, (Figure 5, left).

Figure 5. Gradeability for Design 4.2
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The kinematic analysis of the suspension usesdbali
zation that the links do not flex during movement aan
be considered as rigid. The constraint equafigrof a gen-
eral four-bar linkage can be used for deriving theput
angle Y as a function of a known input angle Q (Begire
6). The constraint equation is obtained from tlguneement
that the coupler link maintains a constant distanesveen
the moving pivots of the input and output cranké]{1

C. (BDA) (BDAYDKW =0 (1)

where

Figure 6. Four-Bar Linkage Configuration

Differentiation of this constraint yields the spemdio of
the linkage, which defines its mechanical advantage
particular configuration. For a given input anghed a
known value of the output angle, the position legpations
are solved to determine the coupler angle:

The first derivative of the loop equations of thmurtbar
linkage defines the velocity loop equations, whigk used
to compute the angular velocities of the outpunkrand
coupler link. It was assumed that the input crahPesign
4.2. would move with a constant velocity of 1degrfe
locations of the fixed pivot® andC and moving pivotA

andB with respect to a fixed frame W, as well as thd lin

lengths, were obtained to lze= 4,b = 4.5,h = 3.85. The
offsets were cx = 0 and cy = -3 (see again FigyreThe
results from the kinematic analysis for differemput crank
angles Q, in the range of 30° to 90°, are givehdhle 1.

Table 1. Results from the Kinematic Analysis

o ye o . .
In.?angle Out. angle | Coupler Q(deg/s) |Y (degls)
angle in. vel. out. vel.
30 16.09 -77 14.33 -37.36
40 24.44 -74.4 16.15 -29.15
50 32.45 -71.4 18.48 -19.16
60 40.04 -67.9 21.35 -7.41
70 47.16 -63.9 24.75 5.76
80 53.75 -59.2 28.60 19.57
90 59.76 -53.9 32.74 32.74

Figure 7 shows the SGMP undergoing a number of.test
The chassis and suspension were primarily constiuitom
6061 Aluminum, which was chosen for its light wetigimd
availability in various extruded profiles. Each gewas
drilled manually using a Bridgeport vertical mivhich had
been fitted with a digital x and y readout. In artte couple
each motor to the legs, a two-piece adapter wasehaddn
3D and then printed in ABS plastic, using a StrggasSDM
200MC rapid prototyping machine. This method wasoal
used to create the module, which holds each lefveircuit
boards.

Figure 7. The Standardized Ground Mobile Platform SGMP)
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Conclusions

The mechanical design of the Standardized Ground Mo
bile Platform (SGMP) was discussed with speciardton
on the development of a novel type passive suspensi
mechanism. Different designs were analyzed based on
number of system requirements. The advantagesedirthl
design are its linear motion, ability to overcomestacle
capacities, stability in climbing either uphill downhill, as
well as compact size and low cost. The platform leggan
open-electronics hardware and software architectiibe
working prototype of the new design was discussed a
presented.
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CENTRALIZED VISION-BASED CONTROLLER FOR
UNMANNED GUIDED VEHICLE DETECTION

Ravindra Thamma, Leela Mohan Kesireddy, and HaogmdyCentral Connecticut State University

Abstract

Traditional
(UGV) cannot deviate from their routes due to ttrasck
limitation in their navigation methods. Track lirtiton has
to be overcome in order to render a UGV more flexili is
desirable to have a UGV move without tracks andehtne
ability to deviate to and from routine routes imer to have
flexibility in tasks. In this study, the authorsoposed a nav-
igation system to aid multiple UGVs in navigatingutari-
ous locations without any physical tracks and withool-
liding with one another. The authors demonstratedrage
-recognition-based trackless navigation system rtbaace
the flexibility of multiple UGVs. To accomplish thifeat, an
image-recognition algorithm was developed to idgntie
position and orientation of multiple UGV’s usingC&ntral-
ized Image-Based Controller Unit (CIBCU). This CIBGs
connected to a vision system and radio-frequencl) (R

communicator. The CIBCU then implements the image-

recognition algorithm, anti-collision and navigati@algo-
rithm, and centralized control center to track awadigate
multiple UGVs without physical tracks. A prototypeas
developed to demonstrate and test the Vision-Bhlsadha-
tion System. Statistical analyses were carried ayutthis
newly developed system in order to find behavior-of
positioning error.

Introduction

Conventionally, controlling Unmanned Ground Vehicle
(UGV) and Automatic Guided Vehicles (AGV) has been
challenge. Tracks serve as a key element for ntwigays-
tems for a mobile UGV. UGV tracking is a criticalmpo-
nent for providing position, directions, and travafor-
mation for motion along a trajectory with minima¢\da-
tion. Many researchers have proposed differentkingc
techniques such as dead reckoning, navigation wsitige
beacons, landmark- and map-based navigation, altrek
and Global Positioning System (GPS).

Most of the available navigation systems make usa o
constant exchange of data between the controllierls@V
that is costly in more ways than one. The excharfg#ata
contributes to a slower system, resulting in loW&V ve-
locity. Furthermore, these systems are complichtedari-

track-based Unmanned Ground Vehicles

ous parts and are often constrained to a pre-defarea.
The post-implementation cost can also be a fagiainat its
use. It appears that a newer system that doesangt these
drawbacks will be beneficial to this area of study.

Many navigation techniques have been used ovelagiie
two decades for tracking a UGV. Dead-reckoningiflh
process of estimating one's current position based pre-
viously determined position of the UGV. This is aoe
plished by advancing a previous position based knoavn
path and speed over a period of time. Howevergmental
motion often results in errors. Other navigatiostsyns use
active beacons [2] such as laser, sonar, or rddi. tech-
nique determines the position of a UGV by drawinigian-
gle through installed beacons and measuring thiardis.
The disadvantages of this technique include inamuiof
distance measurements caused by signal delay, hasve
installation and maintenance costs. GPS systemsnare
advanced and accurate at tracking the position 0iG¥,
but do not work in an indoor environment where litde
signals are often blocked.

Presently, wireless techniques are extensively used
track the UGV using distance measurement technidras
dio frequency (RF) and ultrasound [3,4] are extezlyi
used in these navigation techniques. In some cdsmh,
ultrasound and RF are used together for greaterigioa.
All of the aforementioned navigation systems ineoévcon-
stant exchange of data between the controller badJGV,
resulting in a large amount of overhead, and th@leyna
ment of more sensors and constraints to the piieetef
landmarks. This results in a higher power consuompéind
shorter battery life of the UGV. It also resultssiower op-
eration and response.

Vision-based navigation systems generally use dizda
for tracking the UGV position, resulting in fastgperation
and response. This is different from previous natigm
systems like the landmark- and map-based navigaicin-
niques, which rely on predefined landmarks, mapre-
information about the environment [5]. No assumpmio
about the knowledge of the location are made fervikion-
based navigation system.

The concept of vision navigation has been in dgualent
for the last 20 years [6] in the area of mobileabbaviga-
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tion. Even though it was introduced to overcome dtsad-
vantages in the previous techniques, it is implesgnn
accordance with the previous techniques. In marmh-te
nigues, vision systems (i.e., cameras) are usedsta@lize
the environment and to guide the robot. Vision sys are
used to find and measure the location of 3D strestwvith
respect to a CAD-model [7]. The integration of a GTA
model to visual measurement and direct feedbaakeds-
urement results to the CAD model is a key aspectHis
technique. In other techniques, vision systemsused to
generate a three-dimensional (3D) environmental frap
data taken with stereo vision [8]. Vision systenes ased to
develop more precise segmentation. From the olitaeg-
mentation, a 3D environment is built using occupgagdd
and floor height maps. In another vision-based rteple,
vehicle position and orientation are determinedhggano-
ramic images [9]. Omni-directional sensors are ugad
obtaining a 360° field of view. Recognizing landkeam a
panoramic image from a prior model of distinct teas in a
given environment gives information about the rébtiica-
tion.

Most of these techniques rely on assumptions based
prior knowledge of the scene. Some researchers pee
posed using a vision-based system that functioribowt
any prior knowledge of the scene. In this technjgustereo
-based vision system is built from feature corresfgmces

directly from the raw data of gray-level imagescBdata is
independent of the 3D surface texture, is measiredi-

mensional units, and requires no 3D reconstructibme

control schemes are based on a set of “if / them2y rules
with almost no knowledge about the vehicle’s dyreani
speed, and heading [12]. In some techniques, maaga-

tion is calibrated based on navigational lines. Phsition

of a robot is based on extracted straight linesymgng that
the robot moves on level ground. The effect inithage of
camera rotation is computed from the homographg lfie

at infinity. The corresponding vertical lines indwncali-

brated images are then used to compute both the helad-
ing and a region in the image that correspondshé¢oftee
space ahead [11].

One more important feature to be considered inomisi
navigation is the nature of the vision system. hiuenber
and placement of vision-system cameras play an fitapb
role in the function and performance of the navaasys-
tem. Some techniques utilize vision systems thatpdaced
on the vehicle [13], while in others they are pthctation-
ary in the navigation field [8]. Some techniquevéanly
one vision system, while others utilize multiplision sys-
tems placed at different positions in the navigaggstem.

Although vision-based navigation systems are design
overcome the disadvantages of the traditional reidag

and 3D information from image sequences of the escensystems, some still depend on traditional techrsgliee

[10]. This method uses two cameras for capturirgittage
frames at a fixed point in time. One camera is usedap-
ture interface images and a second camera is osealléct
the stereo image. The relative position of the cameotion
is then estimated by registering the 3D featurenfgoirom
two consecutive image frames.

There are many different vision navigation techesgu

proposed by prominent researchers. Various tecksiqu

utilize different methodologies to track UGVs wahvision
system. Some of the vision techniques use a pramemof
the environment [11]. Some of the techniques dnaagdi-
nary horizontal and vertical lines to find the pimsi of the
vehicle [9]. Other techniques use information frgmay-
scale images to find the path clearance to navithegterehi-
cles [12].

maps and developing of 3D environments from an snag
system. When such systems use more than one \8g®n
tem, this further complicates the implementatiorvision-
based navigation. A vision-based system must bdeimp
mented in such a way as to overcome all of thesaddi
vantages, while navigating on level ground withastng
any tracks.

All of the aforementioned systems need large itfuas
ture and software, resulting in complex and cosdgh-
niques. They are all dependent on the previousniqoks
and require some type of assumptions about ther@mvi
ment. Therefore, there is a need for the developroém
navigation technique which uses less infrastructume sim-
pler algorithms. Such a system should provide retiog
for multiple vehicles with lower overhead and lssétware
and hardware.

Some vision techniques use panoramic imagery. Omni-

directional sensors are used in obtaining a 3681 fof
view, permitting the various objects near a rolmobé im-
aged simultaneously. The robot’s location is folnydrec-
ognizing landmarks in a panoramic image from arpmod-
el of distinct features
(Guerrero, 2001). Other vision techniques find plosition
of the vehicle using collective measurement dateiobd

In this study, a Vision-Based Navigation System was
veloped to navigate a UGV from a given positioratpre-
defined final position based solely on this syst&mtomat-
ed software, developed as a Centralized Image-B@sed

in a given environment [11] troller Unit (CIBCU), would run the algorithms fasision

processing, orientation, anti-collision, and natiga It was
tested using a prototype of the vision-based naévigasys-
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tem and UGVs, and data analysis was carried oth®mest
data. The goal of this study was to develop a pypt Vi-
sion-Based Navigation System to track multiple Unned
Ground Vehicles.

Methodology

The vision-based navigation system developed is thi

study involved processing the image generated éyition
system and navigating multiple UGVs such that theyld

not collide with each other in accordance with adefined
priority. The basic layout of the proposed solutasshown
in Figure 1 helps to illustrate the methodologyeTision
system generates the images, and sends them tasibe-

processing algorithm. The vision-processing algamithen
processes the image and generates the coordinatesio
vehicle. The orientation algorithm then proces$esdrien-
tation of each vehicle using the coordinates geadray the
vision-processing algorithm. An anti-collision atghm

checks the probability of collision and stops th&\ac-
cording to its priority. The navigation algorithnavigates
the vehicles according to the orientation of eaehisle.
The data of the navigation are then transmittethéovehi-
cles using RF communication.

)

@

Test Space )

Centralized Control Unit \

Figure 1. Layout of the Proposed Vision-Based Navigion
System

The CIBCU Control Panel is the user interface fpemt-
ing the vision-based navigation system and workt &l
five main parts of the system. This control panevides
manual control levers and overriding capabilitiegtte hu-
man user, and has a user-friendly interface thaviges
user controls for all of the UGVs. The positionstioé dif-
ferent UGVs are captured through the vision systam-

& -
processing algorithm. The vision processing sysisas the
data from the images to provide x and y coordin&ieshe
UGVs. The orientation system calculates the oriena

angle of each UGV. The position and orientationoiinf
mation is used by the anti-collision algorithm fiadf the
possibility of any collisions. Finally, the informian about
the x and y coordinates is fed to the navigationtad algo-
rithm.

The navigation algorithm forms the heart of thererget
up as this system acts as the brain. Navigatingpfathe
UGVs from their present positions to their finalsgimns is
the basic responsibility of the navigation algamithThe RF
communication control system handles the transomissi
control data to each UGV. A conventional multipléxeadio
transmitter serves as the communication medium.

All of the above discussion is developed using anéB
program. The main function of this program is twigate
the UGVs according to the positions and orientaticlie-
rived from the latest acquired images. The flowtha pro-
gram is to acquire the latest image from the visgstem,
resize and compress the image for faster procesgerger-
ate the coordinates of the vehicles by comparirg ab-
quired image with reference images, calculate thenta-
tion of the vehicles from the generated coordinatesd
navigate the vehicles to their final positions. S fiow is
implemented by using the previously described dtigors.

Acquire
Camera
Image

l

Image

l

Orientation -

l

Anti
Collision

l

A,
Stop
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The program is divided into five main parts, basedthese
algorithms (see Figure 2):
Figure 2. Flowchart for the Vision Navigation Progam

RF Communication

The signals from the CIBCU are received by thednais-
sion hardware and send navigation signals to th&/&Jfer
navigation. A Parallax Basic Stamp (BS2SX) micrdcoln
ler in the transmission hardware is programmedteive a
signal from the CIBCU and transmit correspondingiga-
tion signals. Transmission hardware is connecteatigacon-
troller’s serial port to receive serial commands,veell as
being connected to the RF transmitter to transadia sig-
nals. The BS2SX microcontroller is capable of reicgj
and sending serial data.

The BS2SX in the transmission hardware is prograthme
to receive a unique command and transmit a correpg
unigue set of navigation signals. As the BS2SX iresea
command from the serial port, it analyses the comina
using an “if else” loop. Each UGV has a predefirsed of
signals for navigation of each UGV and some uniders
signals, which provide specific navigation conti@l every
UGV. Universal signals are in the range of 68 —\8i#h 66
being the universal stop command. Table 1 givegdhge

UGV Number Signal Range
11-15
2 21-25
3 31-35
4 41 - 45
5 51-55

of signals for each UGV.

Table 1. Signal Ranges for Each UGV

The BS2SX program receives a command through alseri
input (SERIN) in the form of numbers. The number re
ceived is assigned to a variable, which is firstakled to see
if it falls in the range of universal signals. Het signal falls
in the range of universal signals, the correspamdignal is
transmitted via the RF transmitter (Figure 9).hi tvariable
is not in the range of universal signals, thers iverified as
to which UGV it belongs. Once it falls into a sfeclUGV
range, it then checks for corresponding signals serdls it
out. The transmit signal is a combination of thmeenbers.
The BS2SX receives its commands through the seoidlat
9600 baud rates on pin 16, which is connected ecstrial
port. A PULSOUT signal is sent out to the transemitto
place it in a wake-up state before sending theasighhen
the actual signal is sent out to the transmittemfrpin 7.

The basic stamp is programmed to receive the sigmain-
uously from the serial port by using a loop.

RF receivers are placed on every UGV to receivesifye
nals. The BS2SX receives the signals through andife
receiver and navigates the UGVs. The receiver och ea
UGV is connected to a BS2SX, which controls the UGV
All of the UGVs receive all of the signals but ongspond
to signals assigned to them.

Every UGV has a unique signal for every movemeeé (s
Table 2), all of which are preprogrammed on the UGke
RF receiver on each UGV is always in the wake-apesto
receive the signals. It receives every signalafriéquency

UGV -2 UGV -3
Signal
31
32
33
34
35

UGV -1

Signa | Movement Movement Movement
11
12
13
14

15

Signal
21
22
23
24
25

Forwarc Forwarc Forwarc

Backwarc Backwarc Backwar(

Clockwise

Clockwise Clockwise

Counterclockwis
Stog

Counterclockwis
Stor

Counterclockwis
Stog

UGv -4 UGV -5

Signal [ Movement Movement
41
42
43
44

45

Signal
51

52
53
54

55

Forwarc Forwarc

Backward Backward

Clockwise Clockwise

Counterclockwis Counterclockwis

Stop Stop

and sends it to the BS2SX for processing.
Table 2. Signals Specific to each UGV

Each Boe-Bot UGV (Figure 3) is programmed for five
important movement functions: forward, backwardyckt
wise, counterclockwise, and stop. The BS2SX sendshe
pulses to the servo motors according to the signab-
ceives. Every UGV is programmed to make uniform &xov

ments. The movement of the UGV is controlled by the
PULSOUT signals to the servos. The servos on eM&y

are connected to pins 12 and 13 of the BS2SX.

Figure 3. Parallax Boe-Bot and Board of Education
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All of the UGVs receive all of the signals transied
from the transmitter. Once the signal is receivedtibe
UGV, the BS2SX on each UGV analyzes the signaéit r
ceived. If the signal received belongs to that U@\&n it
responds with that specific movement.

Centralized Image-Based Controller Unit

The main window of the vision-based navigation sgst

is shown in Figure 4. This screen shows the imagth®
bots which move relative to the x, y coordinates dme
orientation angles for all of the UGVs.

Figure 4. Snapshot of the Main Screen

Test Environment

Verification of this vision-based navigation systemas
accomplished with a test environment set up togetei the
bots according to the images acquired from theowmisys-
tem. The setup needed a predetermined space irh tinéc
bots were to be navigated, a frame to hold the camtethe
top center of the predetermined space, a serveurtcthe
program and process the images and send the navigat
signals, five UGVs with RF receivers, and transioiss
hardware.

A test environment was set up with all of the regui
ments for full verification. The space for the UGMviga-
tion was determined and a frame was built covettiegpre-
determined area and a vision system was hung fhentap
of the frame. A server with high processing powaswsed
to handle the overhead caused by the program. Eenv
system and transmission hardware were hardwiretheo
server. All of the UGV’s were given unique labelsigh
had the symbols of the head and tail of each vehiEhch

component of the test environment is discussed eiaid
below.

The UGVs’ test space was the predetermined spae (s
Figure 5) in which the bots would be navigated. Tést
space was recognized by the frame built to surrdbaedest
area. The frame was built using aluminum bars, \sad 8
feet in length, 8 feet wide, and 7 feet high (8%B). The
frame held the vision system at the top of the o@dter of
the predetermined area.

A high-quality vision system was needed to prowide
bust images of the environment. The vision systam to
be capable of capturing images at regular interaald be
capable of operating remotely. The vision systeso dad
to cover the total test space and provide highityuahag-

es. A Canon 50D SLR camera was used as it fulfélikaf
the above requirements. It was fitted with a widegla lens
to cover the test area.

Figure 5. Test Space

The vision system was connected to the server uging
USB cable. It was operated by the EOS utility pded by
Canon. It could be programmed to capture continiimas-
es with a predefined delay between the images arsdie
them in a specific location on the server. It coaldo be
operated manually. The transmission hardware wak bu
using a Board of Education (BOE) component caly@ard,

a BS2SX, and an RF transmitter. The BOE providex th
interface for the BS2SX to connect to the seriat pod to
hold the transmitter module. The BS2SX was prograthm
to receive the signals from the CIBCU and transighals
using an RF transmitter. The RF transmitter usedhis
project was a Parallax 433.92MHz RF transmitter uhed
This module comes with a transmitter chip, an amemnd
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four connection pins. It operates at a baud raté2ofk —
19.2k and transmits up to 500 feet.

Testing and Data Analysis

All of the algorithms and programming discussedvabo
were validated by testing in the test environmeitfirst,
synchronization between the different parts ofgarip was
tested After which the different modes of operatafrthe
program were tested. The vision system was testedef
mote shooting by connecting it to the controlled aaking
test shots. Zoom and focus of the lens were adjusteov-

er the whole test area. The vision system can lee pr

grammed for different photo formats and image deton.
The vision system was set to save images in tig fiprenat
with date and time stamps in the specified foldgethe us-
er. The vision system was also set to take imagesdon-
tinuous mode with the image capture interval anchiver of
images being controlled from the remote-controlghan

RF communications of both the transmitter and remei
was tested for functionality. The RF transmissiasuested
by checking which signal the RF hardware was reogiv
and which signal it was sending out. The RF recewas
tested by placing a DEBUG code in the receiver maog
and checking which signals it was receiving. The d®f-
munication was tested by sending signals to thécieshto
move them forward, backward, right, and left. ltswasted
on all vehicles for continuous signal transmissama trans-
mission range. The synchronization test was comadiutd
test the synchronization between the controllesiovi sys-
tem, and RF transmission. It was tested by runttiegpro-
gram to navigate the vehicles to verify proper perfance.
It was also tested for all modes of operation andiféerent
speeds of the UGV and camera intervals.

The vision navigation was first tested by the natign of
one vehicle from its present position to a giversifpon.
This was done by running the program in the indigid
UGV mode. Only one vehicle was placed in the testf
and navigated to a final position specified by twordi-
nates. In this mode, an image was taken and predessd
the UGV navigated towards the final position. Aftarery
movement in its trajectory, another image was takad
processed to check if the vehicle had deviated ftempath.
If the vehicle deviated from its original path it rotated
to get it back to its final position. If the veleclvas near the
final position within an acceptable tolerance, thehicle
navigation was stopped. The data for every positi@s
recorded automatically in a “.csv” file.

The Vision Navigation test was run continuously ten

times by navigating the same UGV between the saaré s

and final positions. All of these data were recarée sub-
sequent analysis using the save-data option, asisdeable
3. The x, y coordinates of head and tail orientatd the
vehicle for every image were recorded across tés Gt
data. The error in the data will be different evérge the
bots are navigated, thus the mean value was cédufeom
the ten data sets. These mean data were thendptottius-

Mean Values

Tail X Tail y Head X Head Y Orientation

Angle
170 108 170 105 261
127 58 122 58 266
136 61 130 60 260
144 66 141 65 253
154 74 150 72 244
160 80 152 80 240
187 105 164 85 242
171 93 170 92 245

178
203
213
191
229
194

101
127
136
114
154
130

178
182
188
192
191
194

101
107
112
115
122
130

248
252
258
305
245
258

trate performance of the system.

Table 3. Mean Values Table of Test Data Recorded
Figure 6 is a plot of the mean tail data showing rslation-

ship between th& andy coordinates. As can be seen, there

was not much deviation from the expected path. feiguis

\

o | N—

2/22422/-2/126520.20325.212210234235230230

a plot of the mean head data showing the relatipnisb-

2/2 2.3 2452/0 26C 26. 203 25€ 21. 216 232 231 236 23C

CENTRALIZED VISION-BASED CONTROLLER FOR UNMANNED GUIDED VEHICLE DETECTION

63



tween thex andy coordinates. There is hot much deviation other parts of the system depend on the valudseat@ordi-

from the expected path.
Figure 6. y versusx Coordinates
Figure 7. y versusx Coordinates

Figure 8 is a plot of the mean orientation datarshg the
deviation from expected values of the orientatingle. The
orientation angle graph should also be a straigbt How-
ever, it was observed that the UGVs deviated frbeirt
expected path. The deviation was the effect ofangh in

- A
\%4

2 .4/ 6 05 1 32-222.242/

the coordinates on heads and tails of the vehi€élegher-
more, the deviation was only in the area indicatedhe
graphs. This is because most of the deviationénotiienta-
tion angle was dependent on both head and taidawates.

Figure 8. Deviation in Orientation Angle

Figure 9 is a plot of the data calculated from thiel-

PN
o- AN

—383%

2/2 24- 243 2/5 260 265 203 25/ 21. 210 23. 231 230 230

points of the mean data to illustrate the deviafrem ex-
pected values. This graph gives the actual patthefbot.
There is not much deviation as the UGV moved frosn i
present position to its final position.

Figure 9. Deviation in UGV Path

Conclusions

The implementation and testing of this vision-basadi-
gation system allowed for some conclusions to kmewvdr
which would have a positive effect on the efficigraf the
system. Efficient operation of the vision-procegssystem
results in better operation of the navigation systd&hus,
vision processing is the most important part ofghgect. If
the coordinates generated by the vision-processiigare
incorrect, all other parts of the system resuleiiror, as all

nates generated by the vision-processing unit.

Vision processing depends on the image generateteby
vision system and the reference images. Both tlagénand
reference image directly depend on the image labelthe
UGVs, therefore the image labels on the bots agek#y
element for the success of the project. This meaose
work and time are spent coming up with better imadels
that can help in generating exact coordinatesef#hicles.

Recommendations

After working extensively with the reference imagtwe
authors came up with some recommendations for rgakin
image labels:
1. All of the images should have a square backgtoun

with different shapes on them.
2. All of the shapes on the images should be agpsim

possible.

3. Both background and shape on a label shouldfbe o
different colors.

4. Care should be taken to have different colorstten
labels for backgrounds and shapes.
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M ODELING LEAD VEHICLE DYNAMICS THROUGH
TRAFFIC SMULATION AND FIELD DATA

Fang Clara Fang, University of Hartfofélei Xue, University of Hartford

Abstract

The majority of existing driver-behavior and car-

following data sets, upon which many models aretiaare
relatively old and focus primarily on the followingehicle
instead of the lead vehicle. Therefore, the purpafsthis
study was to look at how lead vehicle speed vaslesg
basic uniform roadway segments, with grade and tatti-
zontal curvature in the microscopic traffic. Thenslation
results showed that lead vehicle speed will rencaimstant
under any circumstances, irrespective of sloperadey or
road type. The simulation results may not, howeredtect
real lead vehicle dynamics in the real world. Tleddvior
of a lead vehicle at an intersection with a traffignal was
also investigated. When approaching a red lightinear

regression was drawn between lead vehicle decilerat

distance and its original speed, i.e., the speéardelecel-

eration. The study showed that at higher roadwaeds,

more lead vehicles slowed down to pass the intdosec
with a green light. Moreover, this study examineavha

change in speed for all vehicles in a curve is edusy the

change in speed of the lead vehicle. The studybreadd

using field data, was carried out by an ApplicatRmogram-

ming Interface function in the advanced simulatinadel,

namely AIMSUN. The results showed that if the speéd
all of the lead vehicles is influenced by roadwayvature,

i.e., there is a reduction in speed, the overadrage speed
of the traffic network will be affected in the samenner

regardless of the volume and speed limit.

Introduction

In traffic engineering, increased computer powes rex
sulted in increasing use of more microscopic tcagimula-
tion models over larger traffic networks. Older ratsdused
primarily macroscopic traffic analyses, which inwed the
aggregate behavior of a traffic stream, charactdriay its
volume, speed, and density. Recently, microscoyaitfi¢
simulation models which track the temporal locati@and
velocity patterns of individual vehicles in smalimé
steps—that could be as small as 0.10 second in sase
es—have been attracting increased attention arglvieg
increased use. Microscopic simulation models use fal-
lowing theory” [1] to capture the changes in anividlal
vehicle’s velocity and, thus, its location in respe to the

& & 9/
has indicated that assumptions regarding car fafiguwules
make a difference in emissions estimates and aisihe
overall aggregate traffic parameters produced &f§i¢rsim-
ulation models. The majority of existing driver-laefor
and car-following data sets are relatively old &mclus pri-
marily on the following vehicle instead of the leazhicle.

While almost all microscopic traffic simulation neld
are stochastic based, very little attention has Ipeéd to the
lead vehicle dynamics. In other words, the modskume
that every vehicle/driver has a relatively constdasired
free-flow speed. This desired speed typically \&aketween
simulated vehicles and is often a function of theesl limit
on a given link. The percentile of a given driver the de-
sired speed distribution is assigned stochasticaflythe
vehicle is not following another vehicle, in othgords it is
leading, it travels this desired speed. Some modelsh as
PARAMICS, alter this speed due to horizontal cunvat
when it is coded into the network but, for the musit, this
speed is assumed constant over time with no rekstip to
its surroundings. In reality, it is obviously reaable to
assume that grade and curvature also affect leadtlge
speed variability. Moreover, transportation plamgnine-
searchers have illustrated that surrounding lared [dk as
well as road and shoulder width, can affect speed.

Since the behavior of lead vehicles is the mainutirfpr
second-by-second operations of the following vehicia
the car-following theories of microscopic traffisrailation
models, studying the lead vehicle dynamics is irtgrar
This is especially true since the vehicle dynansicenodes
are the new key input variables for emission madelss
essential to get the lead vehicle dynamics to caef#i real-
world driver behavior to make traffic simulation des
useful for modal emission modeling. Some reseaschave
pointed to the need to collect lead vehicle daja ljat to
date none have been collected. Most car-followeggst that
have been carried out in an effort to advance aloviing
models were conducted on test-track facilities andehic-
ular tunnels [5]. In these tests, lead vehicle dpesually
followed a predetermined speed pattern, includimgstant,
random, or sinusoidal patterns [6-8]. Thereforerghis not
a complete understanding of how lead vehicle speets
with grade, with horizontal curvature, or as vetschcceler-
ate or decelerate within the network along basifoum
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roadway segments.. In addition, it is unknown whetine
behavior of all drivers is relatively the same,ifovariation
from person to person is large enough that a certamber
of distinct driver categories must be establishamdnfiodel-
ing purposes.

The critical second-by-second vehicle operationsain
simulation model are dictated by microscopic fltvedry or
so-called car-following models. The majority of stikig
driver-behavior and car-following data sets, upohich
these models are based, are relatively old andsfpdmari-
ly on the following vehicle instead of the lead g In
addition, simulation models typically assume tlegtd vehi-
cles travel at a relatively constant desired speigid minor,
random acceleration or deceleration changes. Thietl
study of lead vehicles is surprising because thewer of
lead vehicles is the most fundamental input to rthiero-
scopic car-following theories and, therefore, afeaccura-
cy. As such, it is necessary to understand the \eduicle
dynamics over different roadway and traffic corafis and
to use this information to replicate real-worldver behav-
ior. Furthermore, the lead vehicle typology develbpn
this current study will be essential for establighthe type
and size of driver samples needed for future realehdriv-
ing data collection.

Objectives

If a vehicle is not following another vehicle, i be
seen as a lead vehicle. A lead vehicle should trat/éts
desired speed, the maximum allowable speed. lityedl
seems reasonable to assume that the desired sjmetchot
be fixed but in fact vary with each basic roadwagreent,
grade, and horizontal curve. To test such an assomp
microscopic traffic simulation models that are lthea ‘car
-following theory’ appear easy to employ due toirth®n-
ceptual similarities with the assumption.

The purpose of this study, then, was to evaluate lead
vehicle speed varies along basic uniform roadwagyneats,
with grade and with horizontal curvature in the rogcopic
traffic simulation environment, using AIMSUN. Thext
section presents the experimental method of capgudad
vehicle information, and the three subsequent@estiocus
on testing the three hypotheses, which are:

Hypothesis 1: Lead vehicle velocity is influenceg Hori-
zontal curvature over all kinds of roadway types.
Hypothesis 2: Lead vehicle velocity is influenced drade
over all kinds of roadway types.

Hypothesis 3: Lead vehicle deceleration rate imérfced at
intersections with signals for both green and rglats$.

In addition, the study investigated how the chaimgspeed
at a curve for all vehicles is caused by the changthe
speed of the lead vehicle using field data.

Detect Lead Vehicles in Simulation

Lead vehicle means the vehicle is unconstrained tsg-
hicle in front of it. In this simulation study, add vehicle
was defined as one where no other vehicle has gdbse
current position in the same lane within the paseéonds.
This definition is consistent with the one usedhe field
data collection process, where constrained driviag con-
sidered when the driver was following another vighigith
less than a five-second headway or the brake lijbtsi-
nated on a vehicle ahead of the instrumented \&h&]l
Additionally the five-second time interval/lheadwag
equivalent to a 330ft headway on an urban road with
average speed 45 mph, or 513 feet on a freeway avith
average speed of 70 mph.

Lead Vehicle Dynamics on
Horizontal Curves

Lead vehicle dynamics on horizontal curves wereistl
using AIMSUN as the simulation tool. As shown irgtie
1, a study area in the city of Hartford, CT, wakested in-
cluding a segment of 1-91 with both on and off ramgev-
eral urban streets with eight signalized intereaj one
stop sign, and one yield control. The traffic wasnprised
of cars, trucks, and buses.

Figure 1. Traffic Network of the Study Area

Figures 2 and 3 detail the placement of detectarsno
horizontal curves on an urban street—Cottage GRead
4 % -91 freeway (Figure 3), in order to de-
termine whether or not the horizontal curvatureeef the
velocity of a lead vehicle. One detector was sébreethe
curve and the other within the curve. The speetheflead
vehicle was measured and compared by these twotdete
as it passed them.
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Figure 2. Lead Vehicle Velocities with Urban StreetHorizontal
Curves

Figure 3. Lead Vehicle Velocities with Freeway Hodontal
Curves

The simulation was run for 20 minutes. In totakréhevere
75 lead vehicles going through the curve on thamdireet,
all of which showed no change in velocity (lessnttamile
per hour). Similarity, the 164 lead vehicles detdcon the
freeway segment also exhibited no change in velo€ihe
study showed that lead vehicle speeds will staysi@om on
a curved road on any type of roadway in the sinutagén-
vironment, AIMSUN.

Lead Vehicle Dynamics on Roadway

Grades

detector and eighty-seven lead vehicles were recbih
the freeway. None showed any change in speed. dudts
of the simulation using AIMSUN showed that neittead
vehicle behavior nor speed was affected by grade.

Figure 4. Lead Vehicle Velocities with Urban StreeSlopes

Figure 5. Lead Vehicle Velocities with Freeway Slags

Lead Vehicle Dynamics at
Intersections

In this section, the behavior of a lead vehiclamtnter-

Lead vehicle behavior affected by grade was examnine section with a traffic light was investigated. Twoenarios

using AIMSUN. As shown in Figures 4 and 5, a segnoen
Blue Hill Avenue (Figure 4), an urban street with &02
percent grade, and a segment on |-91 (Figure &geavay
with a -8.52 percent grade, were chosen. Two dategtere
placed in each segment: one in advance of the gnadi¢he
other on the peak of the grade. The simulation®wen for
20 minutes. Based on the data recorded by the tdetec
including the number of vehicles and their spestdy-six
lead vehicles were captured going past the BlukAdénue

were considered: one was to study how a lead \ehéel
sponds to a red light, while the other was hovedcts to a
green light when approaching the intersection.

Approaching a Red Light

It was found that all vehicles would reduce thgeed
when approaching a red light. Without the intenfee of
other vehicles ahead, the extent to which a leduiclere-
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sponds to this scenario is simply a function opigsception
of and reaction to the red stop signal. This experit stud-
ied the deceleration distance of a lead vehicleesih was
easier to measure and more intuitive to understdine.
deceleration distance measures the distance tleaidave-
hicle travels from its current speed to a dead stih a
constant rate of deceleration. The intersectiddainh Street
and Albany Avenue was studied, as illustrated guFe 6.
The approach roads were selected so that roadndekdg
ments such as grade and curvature would not affiecte-
hicles’ change in speed.

Figure 6. Lead Vehicle Deceleration Distance withraffic
Signal

Detector One (Figure 6) was placed 305.9 feet dway
the stop line of the intersection. A vehicle wasd®mined to
be leading if no other vehicle passed the deteetthin 5
seconds of that vehicle. For a lead vehicle appiogca red
traffic signal, its speed was tracked and measategvery
simulation step as it traveled to the stop linec®the lead
vehicle started to decelerate, the distance tostbp line
was determined to be the deceleration distance.

In order to study the relationship between vehgpeed
and deceleration distance, three speed ranges exara-
ined: 20~30 mph, 30~40 mph, and 40~50 mph. A sitianla
of 20 minutes was used for each scenario. A tota2®
lead vehicles approaching a red light were evatliated
their corresponding deceleration distances weresuored.
Figure 7 shows the relationship between lead vetdpked
before deceleration (mph) and the decelerationaniést
(feet).

A linear regression was performed on the experialent
data and the following equation was derived:

y =5547x- 41712+ ¢

where

y = Lead vehicle deceleration distance while appriach

the red light (feet)

X =
proaching the red light ( mph)

Lead vehicle speed before deceleration while ap-

+ = A normal distribution with a mean of 0 and ansta

ard deviation of 38.68 feet

Figure 7. Lead Vehicle Speed before Deceleration.vBecelera-
tion Distance

The R value in this regression model was 0.809.edor
ver, both the ANOVA and T-test showed that the Rwwaf
the coefficient of the slope was 4.15%t0which means
that there was a strong linear relationship betwbeenead
vehicle deceleration distance and its speed befecelera-
tion. In addition, the domain of this model wasttkavas
between 10 and 60 mph, as this was on an urban road

Approaching a Green Light

How a lead vehicle changes its speed when appmgehi
green light at an intersection is discussed inghigion. The
hypothesis was that ‘aggressive’ lead drivers wapded
up at a green light, while ‘safe’ lead vehicle éris would
slow down. At the intersection of Main Street anthaxy
Avenue, two more detectors were added on the sdéomn
approach: Detector Two and Detector Three, as shown
Figure 6. Detector One was still used to test wéreth not
a vehicle was a lead vehicle, based on the 5-seoded
Once the detector captured a lead vehicle whiletriiic
light was green, then the vehicle would be trackeduch.
When the tracked lead vehicle passed through Detdeto
with the same green light, its speed was compaitdtiat
from Detector One. If a reduction or increase inexpof 2
mph or more occurred, the speed change was noted.

This study excluded the following two scenarios:

1) The traffic light switched to red while the leadhi-
cle was passing through Detector Two.
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2) If there was a significant number of queued olelsi
ahead of the lead vehicle that prevented it frcam-tr

The ANOVA analysis showed that the data were random

ly distributed and there was no obvious linear thieo rela-

eling freely through the intersection. The scermrio tionship discovered between these two factors.

could be easily detected with Detector Three, which
was placed close to the stop line in order to measu

any queued vehicles.

A series of vehicle original speeds (speed beftoeisg
down or speeding up) were examined and are prekémte
Table 1. It was found that no lead vehicle chanitedpeed
passing the junction with an original speed of ldsmn 30
mph. The higher the original speed, the higherptbeent-
age of vehicles that slowed down. When the origgpsded
reached 45 mph, all of the lead vehicles slowedrdaiithe
intersection. It is worth pointing out that at spe@bove 50
mph, one vehicle sped up while the rest slowed down

Table 1 Variation of Lead Vehicle Speed at Green lght
Intersection

Original N\yerﬂﬁ:%so f N\yenrq\Pcelerzso f ve’\rlllijépebseggée i
Speed speed speed increased
unchanged| decreased

0~30 mph 13 0 0
30~35 mph 18 2 0
35~40 mph 12 5 0
40~45 mph 4 12 0
45~50 mph 0 15 0
SOQTJ%rLgnd 0 13 1

Figure 8 illustrates how the speed decreased cadpar

with various approaching speeds. The x axis infifpere
shows the speed before slowing down, while the ig &«
the speed reduction when the vehicle went throhgtiriter-
section with a green light.

Figure 8. Speed Reduction at Green Light versus Vétie
Approaching Speed

Simulation using Field Data

Change of Lead Vehicle Speeds in the
Simulation by Application of a
Programming Interface (API)

The simulation study showed that lead vehicle speed
NOT affected either by horizontal curvature or g=dn
various types of roadways (with different postedesplim-
its). The field study suggested that there weréssizally
significant differences in speed and accelerat@ttepns for
older and younger lead drivers [8].

This section reviews how the speed at a curvelfwehi-
cles, caused by the change in the lead vehiclesedp
changed. A segment on the study route used in ¢te d&hd
Aultman project [8] was selected. As shown in Fig@r the
radius of the curve was 175.35 feet. The total hernf the
curved road was then set to be 601.56 feet. Theds|mit
of the road was 40 mph, one lane per direction. Stbdy
period was 9:00am to 9:20am. The traffic compositieas
90% cars and 10% trucks. As shown in Figure 9, det®c-
tors were planned, one at the beginning and ther @hthe
end of the curve.

Figure 9. Study Scenario

Since the simulation software, similar to AIMSUNye
not automatically change the speed of a vehiclermihae-
gotiates a curve, the study applied an Applicakoogram-
ming Interface (API) to manually change the speédlb
lead vehicles. The flowchart of Figure 10 describew the
API was applied in order to achieve this purpose.
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Figure 10. Flowchart of API to Manually Control the Speed of
Lead Vehicle

An APl is available as an advanced feature in seimei-
lators such as AIMSUN to provide an interface catioa
between user-defined applications and the simulagiovi-
ronment. The flowchart of Figure 10 was repeatedviery
simulation step. It showed that once Detector Capured
a lead vehicle, it would be tracked and its spestliced.
The reduction is stochastically assigned followénijormal
Distribution with a mean of 10 mph and a standezdiat
tion of 4. The vehicle traveled at this reducedespwithin
the curve. After it passed the curve and Detectwo,Tthe
vehicle would be released from its “tracking” statand
allowed to resume a speed automatically assignethéy
simulation software based on its characteristicd #me
speed limit of the roadway.

Impact of Lead Vehicle Speed Change to
the Overall Network given a Speed Limit
of 40 mph

Table 2 presents the average speed of all vehielssing
that section during a 20-minute period where thedveay
speed limit was 40 mph. Two scenarios were consder
one without API control to represent that there idae no
change in lead vehicle speed, and one with APIrobmb
show where all lead vehicles are forced to slow mW@e-
cording to the distribution explained in Figure The over-
all average speed of all vehicles in that sectitthaut API
control and with API control under different traffvolumes
were compared and summarized in Table 2. Here,ofBI
controls the speed of the lead vehicles.

Table 2. Overall Average Speed affected by Lead Vete Speed
Changes

Volume Overall Av- | Overall Aver-

Vehicles | erage Speed age Speed Difference

per hour | without API with API
200 43.56 36.25 7.31
600 42.57 37.68 4.89
1000 41.70 37.26 4.44
1400 40.31 36.77 3.54
1800 38.09 36.03 2.06

(Roadway: Speed limit = 40 mph)

The results shown in Table 2 clearly indicate ttrad
overall average network speed decreased when th@nhe
traffic got heavier, if there was no change on lgadicle
speed (i.e., without API control in the simulatiohjowev-
er, the situation was quite different for the cadere the
lead vehicles did change their speed in order ¢otigte the
curve (i.e., with API control in this experiment)he simu-
lation showed that the overall speed fluctuatedvbeh 36
and 37 mph. Since the speed of the lead vehicles rera
duced by a random value with a standard deviatiod o
mph, compared to the speed standard deviation58f ph
in Table 2, it was believed that traffic volume wiasle-
pendent of overall average speed. The finding sstggbat
if the speed of all lead vehicles is affected by trvature,
i.e., resulted in a reduction in their speed, &the vehicles
in the entire network would be affected in the sananer,
regardless of the volume.

Impact of Lead Vehicle Speed Change to
Overall Network for Various Speed Limits

This section presents the results of whether orthet
roadway speed limit affected the results. Tablé@as the
results for a local road of 25 mph and a freewag®mph.
Both cases showed consistent results with the siraedf
40 mph. The overall average speeds decreased ttigle
traffic volume increased. However, with a dropedd vehi-
cle speed, there seemed to be little impact onotrezall
network speed by the change of volume.

As shown in Tables 2 and 3, the differences in ayer
speed (the last column) were approximately the same
terms of a variety of traffic demands. It meand #a&l re-
duced almost the same amount of speed from itsnafig
speed under different speed limits. Hence, the atéolu of
network speed by API is independent of the spewid.li
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Table 3. Overall Average Speed affected by Lead Vete Speed
Changes

Overall
SIirr)neite d \\//é)rlulijaffs Sr_\é%rgnség-e( Aé/egaé%e Difference
mph | per hour | without API with API
60 200 62.49 55.96 6.53
600 61.21 55.52 5.69
1000 59.84 55.38 4.46
1400 58.46 55.90 2.56
1800 55.95 54.43 1.52
25 200 27.14 19.83 7.31
600 26.19 20.72 5.47
1000 25.33 19.87 5.46
1400 24.55 19.96 4.59
1800 23.06 20.42 2.64

(Roadway: Speed limit = 60 mph and 25 mph)

Impact of Each Vehicle Speed Change to
the Overall Network

An interesting experiment was conducted to studw ho

the network would behave if each vehicle would oegpto
the curvature by reducing its speed following aistiaal
distribution, explained in Figure 10. Table 4 prasethe
comparison of two cases for a roadway of 40 mpk: with
speed control of each vehicle, and one with speetial of
the lead vehicle only.

Table 4 A Comparison of Overall Average Speed

Overall average

VRIS of spous i oueral® o speed with
hour each vehicle vehicles
200 33.95 36.25
600 10.40 37.68
1000 6.87 37.26
1400 3.60 36.77
1800 3.54 36.03

(Roadway: Speed limit = 40 mph)

It was surprising to discover that the overall ager
speed with a control of each vehicle’'s speed deectaery
quickly with an increase of traffic volume. The sea is
that with an application of normal distribution,ettspeed
reduction of each vehicle is randomly assigned ttsat

some vehicles slow down much more than others Aloa
result, a vehicle with a current speed of 40 mpgghnbe
forcefully slowed down to 15 mph, which would creeat
bottle-network or slow-moving queue scenario in tifadfic
and, therefore, have a more profound impact onetitae
network.

Conclusion

The simulation results showed that lead vehicledpill
remain constant in any circumstances, whether siithe or
grade changes and on all selected road types. NéiHife
experience, it is reasonable to assume that lediclee
speed and acceleration are affected by the cuevand
grade of the road. These hypotheses were alscatedicby
field studies [9], [10]. Hence, the results genedaby the
microscopic traffic simulation model do not mattie fpro-
posed hypotheses. It is believed that the simulatimes not
reflect lead vehicle dynamics in the real environtn&ome
detailed findings and justifications about the daion
study are provided below:

First, in AIMSUN, when a car is travelling on a tzom-
tal surface, its speed will be affected by threstdes: maxi-
mum desired speed of the vehicle, speed acceptdnite
vehicle, and speed limit of the section or turneThaxi-

mum desired speed is a maximum value between a spee

generated by the characteristics of the driver argpeed
imposed by the presence of a vehicle in front,aféither of
which take into account road geometric informatiSpeed
acceptance of a vehicle is part of a driver's ctiaristics
which still do not include effects of the geomety the
section. The only geometric information of the sm is
the speed limit of the section that is unfortunatelfixed
value, so it becomes very easy to understand wyeki-
cle speed will not be affected by any horizontalvature of
the section.

Secondly, in AIMSUN, when a vehicle is travelling a
section with a slope, the slope percentage wily aflange
its maximum acceleration. The calculation of théigke
velocity uses the same calculation for when theckelis on
a horizontal surface. Therefore, the slope pergestawill
not change the vehicle speed. In other words, AIMSb
just a program that applies the microscopic tradfimula-
tion in a mathematical way, and cannot replacel fiests.

Moreover, the behavior of a lead vehicle at intetis@s
with traffic signals was investigated. When appioag a
red light, a linear regression was drawn betweead hehi-

&
i.e., the speed deceleration before deceleraticwener,
the data also showed a more random distributionnvepe
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proaching a green light. The study showed thathilp@er
the roadway speed, the higher the percentage dfvehi-
cles that slowed down. More lead vehicles woulduoed
their speed when they travel on the higher speadways
when approaching an intersection with a green light

Finally, how the change in speed at a curve foveHi-
cles caused by the change in speed of the leadleshvas
studied using field data. An API was developed anoally
carry out this plan in the simulation. The findirggow that
if the speed of all of the lead vehicles is affdchs curva-
ture, i.e., resulted in a reduction in speed, Bthe vehicles
in the entire network would be affected in the sananner
regardless of the volume and speed limit.

It is suggested that a more realistic speed digtah of
lead vehicles responding to the external envirorimer.,
curvature or grade, should be used in the simulafata
collection on various driver populations with diéat be-
havior or age groups is absolutely necessary tamethe
accuracy of the simulation.
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