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Abstract: Gasoline is a complex contamination agent, whicty e originated from a variety of contaminatiomurses. Sources may
include, among others, leakage of underground dteghge tanks in gas stations and large farmstifgieiy and quantifying the soil and
groundwater contaminations due to leakage fronutiteerground gasoline tanks are of primary impoean@roviding better regulations to
protect the environment. This subject has not weceimuch of researchers' attention in the Gulf aveih is recognized by its huge oil
production industry.

In AlQassim region of Saudi Arabia, most of theséikig gas stations are more than 25 years old wiemegion started its
development era. There were no environmental régnkfor constructing the gas stations and thartelogy used for the underground
gasoline tanks is outdated compared with the noygatkchnology. Therefore, it is expected that aod/or groundwater contamination
has been taking place for years.

The current research presents an attempt to atbeesisks associated with soil and groundwater aroittation due to gasoline
leakage from underground fuel tanks. A geo-envirental investigation is conducted for two gas stetiim the City of Buraidah, the largest
in AlQassim region. The results of the study showet there is an actual case of gasoline leakddehwed to soil contamination with
gasoline substances. This soil contamination nadgd threat the groundwater resources in the redjiento the leaching phenomenon. The
study draws the attention of the authorities to skeousness of this problem and the importancstaring a remediation process to
overcome the problem.

Keywords: Saudi Arabia, AlQassim, soil contamination, grdwater contamination, underground fuel tanks.
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1. Introduction
Gasoline is a complex contamination agent, whicly b originated from a variety of contamination re@s.
Sources may include, among others, leakage of groland fuel storage tanks in gas stations and lnges.
Identifying and quantifying the soil and groundwatmntaminations due to leakage from the undergitoun
gasoline tanks are of primary importance in prawdbetter regulations to protect the environment.
In AlQassim region of Saudi Arabia, most of theséirig gas stations are more than 25 years old Weeregion
started its development era. Not only that butlrfamans in the region depends in its fuel supplyuoderground
fuels tanks. The technology used then for the cocsbn of the stations as well as the undergrogasbline
tanks are outdated and did not consider the apiatepiinternational standard environment protection
regulations. While this subject has received muthhe researchers' attention in other countries @ud
Europe), it has not yet received the same attenitiothe Gulf area, which is recognized by its hugke
production industry. Therefore, it is expected thait and/or groundwater contamination has beeimgaglace
and accumulating for years. Following, we will pras some of the reported cases of soil/groundwater
contamination with gasoline products due to UFT.

In the USA, storage tanks for vehicle fuel and imgabil are common on farms and rural residences
nationwide. These underground tanks historicallyehbeen constructed of steel, and over the years aé
thousands of the tanks have corroded and leakedl@at products into soil and groundwater. Undeugtb
tanks are also subject to spills when refillingpumping. Even small leaks can add up to big problef
significant extensive study (ten years long) inttheald sponsored by the California State Water dreses
Control Board (SWRCB), Underground Storage TankT)JSrogram was published in 1995 [1]. The goahef t
study was to collect data about the fate and temispf Fuel Hydrocarbons (FHC) released into Catifa's
diverse hydrogeologic settings and the impactsethreleases may have on groundwater resources.tlithe s
investigated the FHC plumes, the factors that erfite the length and mass of FHC plumes, the exgfetiite
FHC plumes impact on groundwater resources, andethidts of the remediation process of the contataih
sites. Plume lengths were defined using a benzeneeatration of 10 ppbpérts per billioih The study
involved 5700 contaminated sites in the state dff@aia. For each site, a time series of estimdtedzene
plume lengths, average benzene concentrationgyrathdwater data were determined. Borehole logs wsed
to identify soil lithologic types present at théesiThe study showed that Sixty three percent efsites showed
a relationship between increasing TPHg and deared3i groundwater concentrations. The study showed that
plume's geometry tends to change slowly with tinme.general, plume lengths change slowly and tend to
stabilize at relatively short distances from theCFkelease site and an active remediation helpsceeglume
mass. The results also indicated that 16% of thé etalracterized sites were found to have averagede
concentrations greater than 10 ppb, while 42% ofdites had stable plume lengths. This finding may b
expected because plume concentrations tend to atecmaore rapidly and frequently than plume lengtinsl
there is a greater probability of finding a stapleme length than a stable plume concentration. Sthdy
presented a detailed comprehensive model for degecestimating, and remediation of groundwater
contamination sites. The study also presented éetniques for remediation such as over-excavadind,pump
and treat. Some of the important conclusions dréwm the study were; over-excavation can reduce the
likelihood of benzene getting into the groundwaiterhigh concentrations, especially in sites wittalkiw
groundwater. Application of pump and treat techeiquay increase the chances of significantly degrgas
trends in average plume concentration, and ovesvation technique may further increase the charRiesnes
at sites with very shallow groundwater almost nesfesw increasing lengths, while those at sites vetatively
deep groundwater are more likely to grow; whiclthis case of groundwater conditions in AlQassimsTHudy
led to overall changes in the technology used tstract underground fuel tanks in the USA and dwulations
that control them as well as the remediation praoesl

In a report published by the State of Wisconsin &#pent of Commerce, it was mentioned that the
underground gasoline tanks begin leaking afterol27 years [2]. They also mentioned that a tankitepone
drop every 10 seconds could release 60 gallonygzar and it takes only a few quarts of gasolinseweerely
contaminate soil/groundwater causing environmeatal health problems [2]. Figure (1) shows a schiemat
diagram for a leaking underground fuel tank andabksociated potential risk [2]. Figure (2) showsmoved
damaged underground tank in the state of Califpld®A [3]. The two figures clearly show why peopled
authorities should be very concerned.
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Figure (1). A schematic diagram for aleaking underground fuel tank in a gas station. [2]

Figure (2). A damaged underground fuel tank in California, USA. [3]

The USA Federal Emergency Management Agency (FENES known since at least the 1990s that
tanks under its supervision around the countryddd leaking fuel into soil and groundwater [3].€TREMA
tanks are part of a larger problem. More than 50® J@aking storage tanks — most of which are fillgth fuel
and oil — are buried across the country. Becausgrthunderground, leaking tanks can go undetedotegears.

If diesel leaks into drinking water, affected peomlould be at a higher risk of cancer, kidney damagd
nervous system disorders. A gallon of fuel can amiate 1 million gallons of water [3].

The common life expectancy of buried benzene t&k§-15 years. At about 20 years, the risk ofdeak
from buried steel oil tanks becomes significant [4daks can occur earlier if a tank was damageudsgdllation
or was not properly piped. The same reference ptederobable causes for underground fuel tankslsakh
as; in-tank corrosion, external rust, corrosivdssdeaking of buried piping connections, and datwand in-
door spills. In the State of New England, for a tyear period [1984-5] among customers who haveeduri
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heating oil tanks (16% of total customers) surveyimsnd an average of 1.7 oil tank leaks per thodsan
customers. The researchers studying these oilleatkrates also found 2.5 fuel line leaks per 160Geating
customers [5]. Shilet al. (2004) investigated the impact of fuel hydrocad@nd oxygenates from leaking
underground fuel tanks on groundwater resources TBe study evaluated the potential for groundwater
resource contamination by fuel hydrocarbons (FH@J exygenates (e.gtert-butyl alcohol [TBA], tert-amyl
methyl ether [TAME], diisopropyl ether [DIPE], ethyert-butyl ether [ETBE], and methyl tert-butyl ether
[MTBE]) by examining their occurrence, distributioand spatial extent in groundwater beneath leaking
underground fuel tank (LUFT) facilities. The datasacollected from over 7200 monitoring wells in 883FT
sites from the City of Los Angeles, California, USBhe study results demonstrated that MTBE poses th
greatest problem, followed by TBA and benzene. Btagl. (2001) investigated the fate and transport of fue
components below leaking underground storage tAdlET) in the City of Denver, Colorado, USA [7]. &h
stated that leak detection is primarily dependenpbysical measurement systems that are genegaglghte of
detecting leak rates as small as 0.2 L/h. The wsls evaluated by modeling fate and transport of fue
components from small LUFT leaks. It was found thatall leaks do have the potential to impact shallo
groundwater. They concluded that routine monitofighallow groundwater should be a component lefal
detection program, particularly in high-risk areaSorapcioglu (1987) and Baehr (1987) introduced
compositional multiphase model for groundwater agmnhation by petroleum products and solved numiyica
utilizing numerical analysis technique [8], [9].

Several studies were conducted to investigate teehamism by which the spilled or leaked fuel
transports through subsurface soil layers if eiffecinvestigative and remedial measures are taripéeimented.
As mentioned by Ricet al. (1995), once liquid FHC are released into thesatface, they percolate through the
unsaturated zone soil pore spaces, at first unterfdrce of gravity. The lithologic heterogeneitgpisture
content, and permeability of the soils determirne damount of liquid retained in the soil and theeaktof the
lateral spreading of liquid and gaseous hydrocabdéws liquid- and gaseousphase FHC move through the
unsaturated zone, they will follow the path of teassistance. When dense, low permeability layees a
encountered, the bulk FHC liquid flowing under foece of gravity will tend to spread [10]. A ponticof the
FHC mass will adhere onto soil particulates [11konply lodge in pore throat necks and dead-ené gpaces
[12], [13]. The amount of FHC adhered onto soiltigatates is dependent on the amount of organienztand
type of minerals present in the soil matrix [11].

All the above mentioned literature emphasizes ¢mgsness of this problem and that it has beeemund
investigations by researches in the USA for yeBgrefore it is about time that it gets the appiatprattention
in the Meddle East in general and Saudi Arabia thedgulf area in particular. The current study aongy at
shading the light on the problem in order to gitadattention of authorities, researchers, and ighdgencies to
look deeply into the problem. The study is thetfatep among a series of studies which will be cetetl in the
future which hopefully shall lead to improving teevironmental protection regulations in AlQassim.

2. M ethodology of Study
The program of the study involves conducting adfistudy of the gas stations that exist within the

limits of the City of Buraidah, AlQassim. The objee of the field study is to collect data abous gdations
including age of the stations, ownership, frequemaey method of fuel refilling, type of fuel, andyan
information about spill accidents. This informatisnstatistically analyzed, and the results aresgmied in the
form of the appropriate tables and figures. Follwyitwo of the oldest gas stations studied werecsad to
conduct a geo-environmental study in order to deitex the status of soil and groundwater within siies of
the selected gas stations. Four boreholes (10 nihdegre executed; two at each site, and soil sasnpkre
collected at an interval of 1.0 m or at change af sature. The collected soil samples were testethe
laboratory to determine the nature of soil at tiess The water table couldn’t be reached durirgglibreholes
excavation and consequently there were no collegtedndwater samples. The soil samples are themichby
tested in order to examine the existence of argefraf benzene contamination or any of its subsetarithe
concentration of the existing harmful substanceny, was determined in the form of a percentagedight of
the tested sample. Figures (3) and (4) show thatitots of the two selected sites for the study. fltnares also
show that the two gas stations are constructedbyeasidential areas which means that there iscimah
environmental threats to the health and of the lgelopng in the area.
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Figure (3). Thelocation of thefirst gas station in the City of Buraidah.
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Figure (4). Thelocation of the second gas station in the City of Buraidah.

3. Results and Discussion

3.1 Sail profile

The visual description of the collected soil sarapi¢ the two investigated sites showed that thie soi
profile tends to be of sandy soil with traces odv@l in some areas. The samples were subjecterhito gjze
analysis in order to determine its nature and gargize gradation. The results of the lab testsveld that the
soil profile at both sites are composed of surfamikof silt and sand with a varying thickness & 8 1.0 m. The
successive soil layers were found to be graded &amd medium to course with traces of silt and gtaat
various depths from ground surface. These soilrtagee characterized of high permeability whichgesnfrom
10" — 10° cm/s which reflects the high infiltration rate @fin water fall. Figure (5) shows the general soil
profile at the investigated sites.
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Figure (5). The general soil profile at the sites of investigation.

3.2 Results of chemical tests

The chemical tests were conducted on the soil sssmllected at two levels from ground surface (4.0
and 6.0 m). Almost all collected soil samples welbserved to have flammable solvents in appreciatvieunt.

In particular samples of BH-03 and BH-04 have Higmmable solvents; where as samples of BH-01 ade B
02 have higher hydrocarbons content.

The objectives of the chemical tests were to ingatt the existence of any harmful chemical
compounds and determine its percentages by weifjitheo soil samples weight. The investigated harmful
compounds include benzene and/or diesel fuel, agdbhtheir substances specially hydrocarbons. Esesnof
investigated compounds include but not limited Dodecane, Tridecane, and Pentadecane which ardaziem
compounds that consist only of the elements cailband hydrogen (H) (i.e., hydrocarbons), whereiasth
atoms are linked together exclusively by singledsofi.e., they are saturated compounds) withoutcyelic
structure (i.e. loops). These compounds are knoviretharmful and may cause lung damage if swalloWwhdy
also may be harmful by inhalation or skin absomgtior act as an irritant [14]. Tables (1) and (Bpw the
results of the chemical tests conducted on thessmilples in the form of % by weight, of the soil plamof the
harmful hydrocarbon compounds.

Table (1). Results of the chemical tests conducted on the soil samples collected at Gas Station (1) at 4.0 and 6.0 m depths.

% of hydrocarbons by Wt of Soil Samples|
Test Parameters BH-01 BH-02

Depth 4.0 m Depth 6.0 m
[ |
Dodecane $$ n-Dodecane-C12H26 0.234581 0.685269
Tridecane C13H28 0.785965 1.023695
Tetradecane-C14H30 1.235680 3.263851
Pentadecane-C15H32 2.358640 5.036925
Heptadecane-C17H36 2.012530 6.369810
Heneicosane-C21H44 3.256480 2.023689
Heptadecane-C17H46 2.365810 8.326981
Heneicosane-C21H44 4.359820 8.301200
Hexadecane,2,6,10,14-tetramethyl-C20H42 1.356820 1.235680
Nonadecane-C19H40 3.256980 8.156840
Eicosane-C20H42 4.356958 7.123580
Tetracosane-C24H50 3.356821 6.258680
Tetratriacontane-C34H70 2.359850 5.156380
Octacosane-C28H58 1.985621 2.356450
1-Pentene, 3-methyl-C6H12 15.7908 27.23022
Pentane, 3-methyl 20.50433 34.05188
4-Methyldocosane C23H48 9.90565 16.80349
1-Docosene 1.737667 2.957531
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Table (2). Results of the chemical tests conducted on the soil samples collected at Gas Station (2) at 4.0 and 6.0 m depths.

% of hydrocarbons by Wt of Soil Samples|
Test Parameters BH-01 BH-02

Depth 4.0 m Depth 6.0 m
[ |
Dodecane $$ n-Dodecane-C12H26 0.586319 0.977198
Tridecane C13H28 1.316936 2.194893
Tetradecane-C14H30 3.201052 5.335087
Pentadecane-C15H32 4.,45537 7.42561
Heptadecane-C17H36 5.309717 8.849528
Heneicosane-C21H44 2.169556 3.615927
Heptadecane-C17H46 6.58337 10.97228
Heneicosane-C21H44 6.65061 11.08435
Hexadecane,2,6,10,14-tetramethyl-C20H42 2.347495 3.912491
Nonadecane-C19H40 6.69362 11.15604
Eicosane-C20H42 6.5180 10.8633
Tetracosane-C24H50 5.728577 9.547628
Tetratriacontane-C34H70 4.879555 8.132591
Octacosane-C28H58 3.55985 5.93308
1-Pentene, 3-methyl-C6H12 10.32212 19.23568
Pentane, 3-methyl 15.2354 18.35682
4-Methyldocosane C23H48 8.02563 12.3568
1-Docosene 1.65863 1.89654

3.3 Discussion

The results of the chemical analysis as shown lrieBa(1) and (2) show that there is a serious prabl
that needs to be looked at. The concentrationh@fhiydrocarbons exist in the collected soil sampleses
environmental threats to people living near-byithestigated gas stations. The water table couldm’'teached
during the boreholes excavation and consequerghgtivere no collected groundwater samples. The Sttape
did not include executing deep sampling in orderctidlect groundwater samples. However, increasing
concentrations of hydrocarbons in the soil coupliti the high permeability nature of it would evealty lead
to the development of a leaching process of comtants to reach the groundwater aquifer in the area.

4. Conclusions

The current study focused on the environmentalatsref leaking underground fuel tanks of aged gas
stations in the City of Buraidiah, AlQassim, SaAdabia. Two sites were selected among the oldasstoacted
gas stations in the city where a geoenvironmentadstigation was launched. The investigation shotliatithe
soil profile at these sites is high permeable mmaithat any fuel leakage would transport easilpulgh soil
layers. The study also showed that there is anabh@&nvironmental problem in the investigated sitest
requires authorities' attention. The soil at theo teites has high flammable solvents contents amgh hi
concentration percentages of hydrocarbons compouride hydrocarbon compounds constitute an
environmental hazardous problem for the area thadtrhe thoroughly cured. Published research shbafs t
launching a remediation process in the contaminsited could reverse the contamination hazarddasteflhe
remediation process is also essential in ordertdp propagation of the environmental threat. Alijioithe
current study did not elaborate on the status efgfoundwater aquifer in the area; the literatgngewv shows
that most likely the soil contamination would eveaily led to groundwater contamination as welli ifias not
already done so. Therefore, it is highly recomneehdo launch a process of surveying other potential
contaminated sites in the city and a remediati@tgss for cleaning the contaminated sites. Gegespéaking,
USEPA suggests several techniques to be used fiectolgy leakage from UFT such as; automatic tanigiya
systems and statistical inventory reconciliationclthmonitors the fuel consumption on monthly baSdsese
are just preliminary recommendations which showddcbnsidered by authorities until the necessarylagions
for constructing the UFT are updated and set a@ugtd the world wide standards.
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ABSTRACT. Six-phase induction motor “IM” has advantages otreee phase“3®’IM like lower harmonics, lower losses, improved
reliability, higher torque per ampere, and highewer rating drive. However the control of such nmstis more complex than that of the 3-
@imotors. The principles of direct torque control ‘OT which is a well-known control method for 8- motors, can be utilized to
overcome this complexity. This paper introduces dpplication of the DTC principles to ¢-111IMs drives. The whole @ 1IM drive
system is modeled and simulated in the statioreference frame. However, it is noted from circuidlgsis and Matlab simulations that the
use of the conventional §-linverter gives poor performance drive. This is doehe fact that with the conventional inverteryosix
switching states can give balanced output voltéugtead of 64 switching states. This results indbeapability of control, less utilization of
the DC supply, and more harmonic distortion as .vétiwever to avoid this demerits, the authors haferred that the use of a dualg3-
inverter is the solution to be adapted. Simulatiesults of a DTC @1IM drive show improved performance compared witle th
performance of the field orientation trials in titerature.

KEYWORDS: Six-phase “6¢[ 1", induction motor “IM”, direct torque control “DTC voltage source inverter “VSI”.

LIST OF SYMBOLS AND ABBREVIATIONS

A-B-C-D-E-F The six phases notations

d-q Direct-quadrature frame (stator frame)

d-0-21-2,-01-0, The six phases notations after transformationaticstary frame
CC Constants

C() Abbreviation of cosine

idss Igs The stator current components in the stator reéeréame
iar, lgr The rotor current components in the stator refexrdrame

[1] The identity matrix

Lm Maximum value of the mutual inductance bet. rotut atator
L, Ls Rotor and stator inductances referred to stator

Lir, Lis Rotor and stator leakage inductances referrechtorst

[Le The stator self-inductance matrix

[Le] The rotor self-inductance matrix referred to stator

[Ls] The stator-rotor mutual-inductance matrix refetedtator

The sector number

Differentiation w.r.t time

Number of poles

Stator and rotor resistances referred to stator
6-¢ Inverter switching logic functions

Motor developed torque

The reference torque

Time

Rated motor torque

[T The six phase transformation matrix to stationaaynie
[T The six phase transformation matrix to a rotatiegnie
Ve Inverter DC supply voltage
Van, Vbn, Ven The stator phase voltages

Vas, Vis, Ves, Vs, Vs, Vs
V/;\N, Ven, Ven, Vons Ven, Ven
w

The six inverter phase voltages w.r.t the load naépbint
The six inverter phase voltages w.r.t the DC sugpbund
The motor reference speed

a The rotor angular position w.r.t. the d-axis

a1 Torque error

a1 Flux error

A* The stator flux vector in the stator frame

AqAd The stator flux components in the stator referdramme
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1. Introduction
It is generally known that balanced poly-phaseagis applied to a corresponding balanced windisgltren a
rotating magnetic field. In an ideal machine havinginusoidal distribution of the air gap flux ofjaven peak
density, the operating c/c's would be identicalday number of phases greater than one. Very &dit/had
two phases, but the version very soon replaced these. Three-phasé@ueziminated 3 harmonic problems
and resulted in a motor which was generally bettecreasing the number of phases beyond three has
advantages, which might be worth considering fatade applications [1]. Key advantages of multipids
drive systems over conventionalf3systems are summarized as follows:

1. Reduction of the required inverter phase curreminfie the use of a single power device for each
inverter switch instead of a group of devices catex in parallel. Problems of static and dynamicrent
sharing among parallel devices, such as bipolasistors, are thereby eliminated in large driveesys [2].

2. The sixth harmonic pulsating torques, associatet thie conventional & IM drives that fed from
six-step VSI, is eliminated by the appropriate chaif a multiphase motor winding configuration [2].

3. Rotor harmonic losses are reduced compared wittette produced in 3 systems [2].

4. The total system reliability is improved by providi continued system operation with degraded
performance following loss of excitation to onetled machine stator phases [2].

5. The torque per ampere for the same-size machinerisased [3].

6. A high power rating drive can be obtained with d&nd inverter power modules due to the use of
more modules of lower rating [4].

The high phase order drive is likely to remain tedi to specialized applications, where high relighis
demanded such as electric/hybrid vehicles, aerespgplications, ship propulsion, and high powewelri
applications.

However, when a multiphase system is implementeti Wie conventional voltage source inverter,
large harmonic currents have been observed [2][¢$] and [7]. This is due to misunderstandinghaf inverter
modes. Attempts have been made to improve the Isase drive performance by introducing alternative

modulation schemes [8-10]. The conventional topplofthe 6¢ inverter essentially gives low performance
drive and poor utilization of the DC supply. A ne¢apology for the 69 inverter will be introduced in the
present paper to improve the system performance.

Field orientation control strategy has been appt@dnultiphase IM [3, 5& 11]. In this paper, the

concept of DTC is applied to®1M, as there is no previous attempt in the literat

2. Machine Model
In a 69 IM, the six-stator phases are distributed with pacing of 60. The following normal

assumptions have been made in deriving tigelB model:
1. Machine windings are of sinusoidal distribution.
2. Saturation is neglected.
3. Mutual leakage inductances are neglected.
Under these assumptions the voltage equationseofmiédachine, in the original six dimensional space,
can be derived.
2.1 Machine Model in the Original Six Dimensional Space
The machine stator and rotor voltage equationdeanritten as:

Vol =[RID]+ prualelr] + [ I D (1)
Vel=[R Sl I+ pr(Le Jeln ]+ (L cli D) (2)

Where, in these equations, the voltage and cumenibrs are defined as:

Vas i As Var Iar
Vs igs Ver Igr
VA et P (P O V2 Dl O 1 Y (3)
VDs IDs VDr IDr
VEs ies Ver =
Ve ie Y i

L Vrs | L!Fs | L Ver L'Fr
The resistance and inductance matri?:es in Eq.(d)rEan(Z) are girven in Appendix .
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2.2 Transformation of the Voltage Equations to a New Rierence Frame

Modeling and control of @@ machine can be simplified with a proper transforomatto a six
dimensional frame of reference [5]. The transforamatmatrix used will be represented by six vectansl
referred to as the space--z-2,-0;-0," [12].

1 5 -5 -1 -5 5
NE) J3 -3 -3
o > < 0 = =5 @)
|1 -5 -5 1 -5 -5
[T]_ﬁ 0 -3 43 0 -3 A3
2 2
e e e L T |
7z V2 2 v 1z W2
1 1 1 1 1 1
2 7z 2 2 2 12

The actual machine phases will be referred to/e8-C-D-E-F". The transformation transforms the
original vector space to a new vector space haviadollowing properties:
* Machine variable components that produce air gap dre transformed to thekq subspace. Thd-q
subspace, commonly referred to asdkeeplane, is electromechanical energy conversiongela
« Those components of machine variables, which will produce air gap penetrating flux, will be
mapped to the subsparez,-0:-0, by Eq.(4). These components can be classifiednesvatype of zero sequence
subspace [11].
Applying transformation given by Eqn.(4) to Eqn.éhd Eqn.(2) yields

Ve s (L +3L,, 0 0 0 0 07ig
Vos s 0 Ls+3Ly, O 0 0 0 |ig
Vs :[RS]D.izls + il 0 Ls 0O 0 O .izls
Vays iz,s 0 0 0 Ly 0 0 iy
Vo,s oys 0 0 0 0 Lg 0 |igs
| Vo,s | Liogs | |0 0 0 0 0 Lygjios
[cos(8) -sin(d) 0 0 0 O ig |
sin(@) cos(d) 0 O O Ofig
+3L, O 0 0 000 Oy (5)
0 0 0 0 0 Ofiy
0 0 0 0 0 Ofig
|0 0 0 0 0 0fio|
(0] g | L, +3L, 0 0 0 0 O0Tig|
0 g 0 L,+3L, O 0 0 0 |ig
0 :[Rr][.izlr v pd 0 0 L, 0 0 O .izlr
0 0 0 0 0 L, 0 0 |iy
0 fo,r 0 0 0 0 L, O [ig
0] Loy | |0 0 0 0 0 Ly |io]
[cos(8) sin(@) 0 0 0 O igs |
-sin(@) cos(8) 0 O O O ig
+3L, [ 0 0 000 0y (6)
0 0 0 0 Ofiys
0 0 0 0 0 0fiogs
e 0 0 0 0 0]ig]

Where @is the rotor angular position.
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As expected it is observed immediately from thevabequations that all the electromechanical energy
conversion related variable components are mappedtied-q plane, and the non-electromechanical energy
conversion related variable components are tramsfdrto thez-z, and 0;-0, planes. Hence, the dynamic
equations of the machine are totally decoupleda Assult the analysis and control of the machimebeagreatly
simplified. In the analysis just completattq reference frames were, in effect, separately ladithdo the stator
and rotor, rotating at zero and rotor angular spesspectively. To express the stator and rotoagos in the
same reference frame and thus eliminate the sidetlan cosine terms in the above equations, theviailg
relation transformation, which transforms the rotariables to the stationary reference frame, Fegriate:

cos(8) -sin(8) 0 0 0 0
sin(8) cos(8) 0 0 0 0
0 0 0 0 0 0
T5|=
[f] 0 0 0 0 0 0 (7
0 0 0 0 0 0
0 0 0 0 0 0

With this relation transformation applied to Eq.68)d Eq.(6), the following stator and rotor combine
d-g plane stationary reference frame equation results:

Vs R +Lsp 0 Mp oM ids
VqS - 0 RS + Lsp oM Mp iqS (8)
0 Mp oM R +Lp ol i
0 -oM Mp -ol, R +Lp]|ig

Where:  p=49 | =1 +3L,,L =L, +3L,,M =3L,
The electromagnetic torque is given by:
_ 6 . . . .
T _Eg Lm('qs'dr - Iqr'ds) 9)

3. Inverter Model and Space Vectors

A 6-¢ voltage source inverter is shown in Fig.(1). Thigerter operates with the same main rules as the
3-¢ inverter (i.e. the two switches, or transistorbany leg are always in opposite operation), aretethare
always six switches in conduction. The inputs te thverter, as a control system building block, tre
switching functions of the inverter switche3,(Ss, &, S, S, S). These functions are logic functions, equal ‘1’
when the phase terminal is connected to the pesitfithe DC side, and equal ‘0’ when the phase itexinis
connected to the negative of the DC side. Howetber outputs are the motor phase voltages ¥es, Vcs: Vs,

: i Py
= = e e =

Fig. (1). Six-phase inverter circuit.



Direct Torque Control of Dual... 15

The model can be derived as follows. The invertersg voltages/fn, Vens Ven, Vons Ven, Ven), W.I.t the
DC supply ground, can be derived from the switchitages using:

(VAN ’VBN ’VCNVDN ’VEN ’VFN) :Vdc(SA’ SB ' SC ' SD ’SE ’ SF ) (10)

Then the motor phase voltages are derived fronintrerter phase voltages by applying Kirchhoff laws
to the inverter-motor circuit:

Vas ~VBs =Van ~Ven

Vas ~Ves =Van ~Ven

Vas —Vps = Van —V,

As ~ VDs = VAN T VDN (11)

Vas ~Ves =Van ~Ven

Vas ™ Vs =Van ~Ven

Vas * Vs +Vcs *Vps + Ves +Ves =0

Solving these equations then using (10)we getrthetioutput relation for the nverter:

Vas 5 -1 -1 -1 -1 -1| S,
Vis -1 5 -1 -1 -1 -1|S;
Ves | _ Ve -1 -1 5 -1 -1 -1|& (12)
Vps 61-1 -1 -1 5 -1 -1|%
Vi -1 -1 -1 -1 5 -1|$&
Vi -1 -1 -1 -1 -1 5%
The 64 voltage source inverter has a total of 64 switglstates, shown in Table (1).
Table (1). The 6¢single inverter switching states
S S S Sc S Sa S S S S S Sa
Vo 0 0 0 0 0 0 A 1 0 0 0 0 0
A 0 0 0 0 0 1 Vs 1 0 0 0 0 1
V, 0 0 0 0 1 0 A 1 0 0 0 1 0
Vs 0 0 0 0 1 1 Y5 1 0 0 0 1 1
A 0 0 0 1 0 0 Ys 1 0 0 1 0 0
Vs 0 0 0 1 0 1 ¥ 1 0 0 1 0 1
Ve 0 0 0 1 1 0 Vo 1 0 0 1 1 0
V7 0 0 0 1 1 1 Yo 1 0 0 1 1 1
Vg 0 0 1 0 0 0 Vo 1 0 0 0 0 0
Vg 0 0 1 0 0 1 A 1 0 1 0 0 1
Vio 0 0 1 0 1 0 Vo 1 0 1 0 1 0
Vi 0 0 1 0 1 1 Vs 1 0 1 0 1 1
Vi 0 0 1 1 0 0 \A 1 0 1 1 0 0
Vis 0 0 1 1 0 1 Vs 1 0 1 1 0 1
\ 0 0 1 1 1 0 Vs 1 0 1 1 1 0
Vis 0 0 1 1 1 1 \a 1 0 1 1 1 1
Vie 0 1 0 0 0 0 Ve 1 1 0 0 0 0
Vi 0 1 0 0 0 1 Vo 1 1 0 0 0 1
Vig 0 1 0 0 1 0 Yo 1 1 0 0 1 0
Vi 0 1 0 0 1 1 A 1 1 0 0 1 1
V2o 0 1 0 1 0 0 Y, 1 1 0 1 0 0
Vo 0 1 0 1 0 1 Y5 1 1 0 1 0 1
V2 0 1 0 1 1 0 A 1 1 0 1 1 0
Vas 0 1 0 1 1 1 Vs 1 1 0 1 1 1
Vo 0 1 1 0 0 0 Y 1 1 1 0 0 0
Vs 0 1 1 0 0 1 ¥ 1 1 1 0 0 1
Vas 0 1 1 0 1 0 A 1 1 1 0 1 0
Va7 0 1 1 0 1 1 Yo 1 1 1 0 1 1
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Continued table (1)

S. A Zaidet al.

Sf Se Sd Sc Sh Sa Sf Se Sd Sc Sb Sa
Vs 0 1 1 1 0 0 Yo 1 1 1 1 0 0
Vg 0 1 1 1 0 1 Vi 1 1 1 1 0 1
Vo 0 1 1 1 1 0 Vo 1 1 1 1 1 0
Vi 0 1 1 1 1 1 Vs 1 1 1 1 1 1
By using the transformation matrix of Eq.(4), tmwdrter phase voltages can be represented in the
stationary reference frame as:
- 1 5 -5 -1 -5 5} -
Vs Ne SA
0 B B g B _B
Vgs 2 2 2 2 (S
Vas | _ v 1 -5 -5 1 -5 -5(g 13)
Vos 4 -1 91 _1 1 _1|&
v 2 2 2 2 2 2 s
L O 0 0 0 O OfFf"

The 64 voltage source inverter has a total of 64 switchstajes. There are ten zero voltage states and
54 active voltage states. It must be noted thadethmumbers depend on the transformation matrix. ubkeel
active space voltage vectors can be representtteithq plane as shown in Fig. (2). It seems that therobnt

flexibility will be better with this large numberf gtate

S. To operate the inverter using thesesstiéte authors

have carried out many trials; however, all theldriaad to a highly distorted inverter output. Tiscdver the
core of this problem, let us investigate the cioif Fig. (3). These five circuits are the onlysgible circuits of

the inverter with the load at any switching statecept

the zero states. Therefore, the motor phalszges can

take discrete valuesl/2Vy., for Fig. (3-a), £1/6Vy, £5/6Vy), for Fig. (3-b) & Fig. (3-¢), and{l/3Vy., £2/3Vy),
for Fig. (3-d) & Fig. (3-e). This means that withyainverter switching state the inverter circuindake one of
these five circuits. For the inverter output vodatp be balanced, 60° must shift the six phaseaget.
Consequently, three phases are in antiphase wéthretnaining three. Therefore, with balanced vokagdiee
instantaneous phase voltages,(vss, Vcs) should equal the negative ab{ Ves, Vrs), respectively. However, for

the 64pinverter to operate in balanced mode, the o

circuit of Fig. (3-a). Hence, the voltage vectdrattcan
i.e. the motor phase voltage will B&/2Vy. Therefore,

nly iptesswitching states are those corresponding ¢o th

be used for balanced@re V7, V14, Vag, Vss, Vag, Vas),
the phase voltages will contain largemonics and the

benefits of the 8p system will be lost. An improved performance candbtained with the aid of dual @-

inverters, as shown in Fig. (3-f).

14 7
q
15 o 6
30 3161346 | 231147 39
1 10224 5:382 /
28 ad / . 35
« 6244 240 A\ 34>55 37 )
82629 / \ 43%1¢19
\
60 615240 | 415332 33
162558 | 175059
24
/ 57 w48

/
1S
56

49
Fig. (2). Six-phase inverter states.
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+
=

3
p

.

(a)
B
_|_
; 3-9 6-¢ 3-4
< VSI IM VSI
] AL
(d) ®

Fig. (3). (a-e)The 6¢0inverter-motor possible circuits, (f) the dual invetter fed 6-¢CIM.

The simulated six-step operation of Fig. (4) intksathat for balanced motor operation, the inverter
states must take the same previous st&ted/(s, Vs, Vs, Vag, Vas).

However, to achieve these voltage states, therd brisynchronization between the two inverters
signals. For instance, to get We must send a control signal to the inverter€088111) to the legs-¢E-D-C-

B-A). This means that theinverter A-C-E) must receive a control signal (110), while tHé (B-D-F) must
receive a control signal (100).

— — < < < —_
—_ o S = —_ —_
—_ — f—
VAs 8 g S —_ —_ &
] — p— — 8 8
p— — —_ <o
SV
-5V
VBS - -
VCE
VDs
VES
Vis
Fig. (4). The six-step operation of the @Uinverter.
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4. Direct Torque Control of 6-¢ IM DRIVE
As the 64 IM model in the stationary reference frame is Emio the 3¢ one, then the principles of

DTC that are essentially prepared fop3M, [13-15], can be applied to @-IM. By controlling the relative
motion between the stator flux and rotor flux vestthe torque can be controlled. In voltage soumgerters
(VSI's) that are convenient for DTC drives, thetstdlux is a state variable that can be adjustedhle stator
voltage and the motion of the stator flux is futigntrolled by the proper selection of the statditage vector.
The aim of DTC is to control both the flux and theque so as to be in hysteresis band as showig.ir{@j. For
this the motion of the stator flux vector is adagstby selecting the appropriate voltage vector. Voigage
vector is selected according to the following rules

1. Selecting an active voltage vector will move thatat flux vector, i.e. increase or decrease the flu
and the torque.

2. Selecting a zero voltage vector will stop the fltector motion, the magnitude will not change, and
will decrease the torque.

3. Thed-q plane, where the stator flux vector lies, is daddnto six regions or sectors [13] as shown in
Fig. (5). In each sector the next two adjacentagdtvectors can be selected to increase the tampiéncrease
or decrease the flux respectively. For instanceseictor “1”, either vectoY; or V4 can be selected to increase
the torque. Howevel/; will increase the stator flux magnitude bt will decrease the stator flux magnitude.

Flux Trajectory

V35
(100)

(10D

Fig. (5). Typical torque and flux (trajectory) responses with DTC.
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Fig. (6).-B|ock diagram of a 6¢ IM drive controlled with DTC.

19



20 S. A. Zaidet al.

Hence, the proper voltage vector, that affects Im¢hflux and torque in a certain sector, is kn@md
the results can be summarized in Table (2).
Table (2). Voltage vector selection with DTC.

ar N
1 2 3 4 5 6
aM=1 aT=1 \'% Via Vs Vsg Vag Vas
AT=0 Ves Vo Ves Vo Ves Vo
aA=0 aT=1 Vi Vg Vse Vo Vas \%
AT=0 Vo Ves Vo Ve3 Vo Ves

The basic block diagram of DTC system for a voltagarce PWM inverter-fed IM drive is shown in
Fig.(6). In this system the current and voltagetmecof the stator are measured then the realreléotque and
the stator flux vector is estimated through simg#émators. The zone detector detects the sebket .”..6” of
the flux vector from its angle. The estimated t@rdgicompared with the reference torque, whichésautput of
the speed controller, and the estimated flux ispamed with the reference flux. The flux and torgoetrollers
are hysteresis controllers which produce digitiaatput signals “1’ to increase and ‘0’ to decréase

These signals with the stator flux position sigaatl the sector number form the digital addres$i¢o t
EPROM that stores the switching Table (1). The ougd the EPROM is the switching states of the itefethat
form directly the control signals of the drive aiitcof the inverter transistors.

5. Simulation Results
A speed control system is simulated using Matlaih wimotor that has the parameters given in Ta)le (
[5]. A five horsepower, four poles IM with thirtyssstator slots was rewound to form a six pole pdirse IM.

Table (3). Motor parameters

N 1150rpm Rs 71Q Ls .05331H
Voh 145V R 1.290Q J .05N.m.sec”
F 60Hz Lm .0489H As 0.82Wb
L, .05331H T 8N.m

The torque and flux step response are shown in(F)glt is noted that both torque and flux arehivi
the hysteresis bands at steady state. The mot@epharents and voltages are balanced; the phisgeand
current is shown in Fig. (8). The stator flux locghown in Fig. (9), nearly resembles a circle. Eherent
spectrum of the @ 'motor and that of a § motor of the same rating; at full load; are shown in Fig. (10).

It is noted from the figure that there is a thirarmonic component with @-drive, this is a built in
disadvantage of the @-IM [1]. However, the total harmonic distortion thie 6 drive is less than that of the 3-

@ drive. The high order current harmonics appeanettié 6¢ spectrum has no effect on the motor torque as it
is absorbed by the motor inertia.
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Fig. (7). Flux and torque step responses of §:1IM with DTC at starting, the step torque and flux are 75% and 100% respectively.
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6. Conclusion

Modeling and simulation of a 8-IM drive with DTC has been examined. The saliemtatosions that
emerged from the study are the following:

1. With the conventional @ inverter there are 64 possible locations for tesultant voltage vector,
however only 6 locations can be utilized to gerebatlanced output.
2. An improved performance over the results of thédfierientation trials in the literature has been

obtained with the aid of dual @-inverters.
3. Compared to the @ drive, the converter total harmonic distortiortled 6-¢ drive is less than that of
the 34 drive.
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Appendix |
The resistance and inductance matrices in Eq.(d)Eam(2) are defined as follows, according to the
machine structure:
The stator and rotor resistance matride§ [R]:
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'R, 0 0 0 0 O]
0O R 0 0 0 O
0 0 R 0 0 O
[R]= '
0O 0 0 R O O
0 0 0 0 R O
O 0 0O O O
- RS‘_ (I-1)
R 0 0 0 0 O
0O R 0 0 0 O
0O 0 R 0 0 O
[R]=
0O 0 0 R 0O O
0 0 0 0R O
(0 0 0 0 0 R|
The stator self-inductance matrix{:
1 5 -5 -1 -5 5]
. 1 -5 -1 -5
-5 5 5 -5 -1
[Lss] = Lls [ﬁl ] + I-m il -1 -5 1 5 -5 (I-2)
-5 -1 -5 5 1 5
i 5 -5 -1 -5 5 1 i
The rotor self-inductance matrik,[]:
1 5 -5 -1 -5 5]
5 1 5 -5 -1 -5
2 -5 5 1 5 -5 -1
L. ]=L, d]+() o, -3
[ rr] Ir [@ ]+(Ns) m -1 -5 5 1 5 -5 ( )
-5 -1 -5 5 1 5
' 5 -5 -1 -5 b5 1 |

WherelL, L;;, andL, are the stator leakage, rotor leakage and mutdakttances.
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- c(9) C(’g’+6’) C(%”+6?) c2Z+6) clZ+6) c57+0)]
cl +6 c(6) C(g+9) cl@r+0) cZ+6) cl*Z+6
L]=w gokEe) ofyre) o) - clzvo) ofzreo) oo
T ) cir+g) clZ+0)  c(6) c(g+€) c\Z+6 (1-4)
clZ+6) cl2Z+6) clZ+o) cZ+6) (o) C(g"'@)
clz+6) dz+o) cl+e) climeo) clzre) ) |
o) i-o) c-o) d-o) der-g) osz-o]
fz-6) coe) clz-6) ozr-0) d¥-6) clir-6
cl4z-9) clez-6) o) clz-6) cZ-6) c[Z-0
[LrS]:LmDCéT—Q C&_g C5IT_)€ (ge) ) C(Z_g) Ci,_g (15)
3 3 3 3 3
d-0) ofir-a) dir-o) dz-e) o) di-o)
clz-6) czz-6) cl-6) ofr-6) oz-6) ofo) |
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Abstract. This paper presents a complete analysis of an titdugenerator linked to the power network throaghac voltage controller
aiming to control the generated active and reagioager at different speeds. The ac voltage coetreltes the extinction angle strategy to
control the generator terminal voltage. The gewerperformance characteristics regarding the haindistortion factors, active power,
reactive power, power factor, torque ripples anficiehcy have been computed at different speedesé&hcharacteristics have been
determined with the help of a novel equivalentwir the frequency domain.

Keywords: induction generator, ac voltage controller, gridhcected
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1. Introduction

Wind energy finds increasing applications as a @@wf renewable energy in the world. This power rhay
utilized to generate electrical power using theusithn generators [1-2]. The performance of a gndnected
induction generator using a solid state ac voltegetroller as an interface between the grid and stiator

terminals of the generator is studied in this papethis regard a forced-commutated ac voltagdrotiar which

utilizes a set of power transistor devices has sed.

Many authors have analyzed the self excited indactjenerators [3-8] which are utilized in far and
isolated sites. The performance of controlled gatoes using ac voltage controller has been analymed
previous publications for naturally commutated agé controllers, and forced commutated voltagerobets
[9-11]. The analysis has been determined using rigaletechniques based upon a dg-abc referenceefram
models. In the present paper the steady-staterielcand mechanical performance of the generaasrlieen
analyzed through modeling the induction generatat the static converter by novel equivalent cicuit the
frequency domain. This is expected to give moraugate results, and enables the iron losses to ke tato
consideration which leads to accurate estimatich@f@enerator efficiency.

Simulating programs have been developed to deterntire performance characteristics of the
uncontrolled grid-connected induction generator &#mel controlled generator for a wide range of ofiega
conditions and a specified switching strategy @& #t voltage controller. In this regard, the extorc angle
control strategy has been used. The computed peafare characteristics included the generator cuanaah its
distortion factors, the generator active and reagdowers and the generator efficiency. Also, the ¢urrent, its
distortion factors, reflected harmonics on the $yphe displacement angle, the bus active andtixeapowers,
and the power factor has been computed. On the sithe the mechanical performance characteristigarding
the unidirectional-developed torque and the pulgatomponents appearing as a result of the usbeoait
voltage controller have been determined.

When using the ac voltage controllers, the activeé geactive powers of the grid connected induction
generator can be controlled. The bus reactive pasvetearly controlled when using the firing anglentrol
strategy.

2. Solid State Control of the Induction Gener ator

Forced commutated ac voltage controller is sugdestde used as an interface between the gridrend t
induction generator.

2.1 Control Using a Forced Commutated AC Voltage Controller

The proposed circuit is shown in Fig. (1). Eachiastphase has control circuit that contains seaigd
shunt power transistor in bridges of diodes tovalthe current to pass in the two directions [10heTtwo
transistors are operated alternatively, when thieséransistor is turned on, the shunt transistturned off and
vice versa. This control circuit links the inductigenerator with the network. The terminal voltagewell as
the active and reactive power of the generatorlmrontrolled by variation of the on and off pesaaf the
series transistors. The shunt transistor bridgswalithe clamped current in the stator phase dihie@ff state of
the series bridge to continue flowing as freewtmggfiath.

The transistorized ac voltage controller may berodied using different control strategies. In gresent
paper the extinction angle control strategy is @gplThe control of the generator terminal voltégelone by
fixing the firing angle ¢) at zero degree, while the extinction andlgi¢ varied as shown in Fig. (2). One of the
advantages of this control strategy is that theéchivig off of the semiconductor devices is donsnall current.

The terminal voltages of the induction generateras follows:
Va= Vpsinot m< ot < (nz +), n=0, 1,2, .. Q)
V, and v lag behind yby 27/3 and 4n/3 respectively.
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F-phase bus bar

Stator-FPhase winding

Fig. (1). Induction generator connected to grid via ac voltage controller.

Fig. (2). Extinction angle control strategy.

3. Steady State M odeling

3.1 Frequency Domain Equivalent Circuits
The stator terminal voltage of the induction Getmravhen using an ac voltage controller is no more
pure sinusoidal voltage (Fig. 2). Using Fourieliesef12] this voltage can be analyzed to a sefiédsrmlamental
voltage and higher order voltage harmonics. L&t lths voltage;y, to be
Vpo(t) = Vi Sin et (2)
Then, the generator terminal voltagg,;is given by
Ve(t) = SF(D)- 3)
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Where SFgt) is a switching function that is fully determinadcording to the control technique such thathe t
case of firing angle control technique

SF(t)= 1 nm<ot<(mn+pf);n=0,1,2,.. 4)
Otherwise it is zero.
To get the Fourier series of the generator volt&gd) is easily analyzed using Fourier series rulegeto

SF(at) =@, + Y, c,sin(nat +4¢,) (5)
Where n is even number; n=2,4, 6, ...
Then,
Vo()= Vi sinet) { &, + Y c,sin(nat +¢,)} (6)
which yields the following equation:
Vo () =D, V,sin(hat + ¢,) )

Where h is odd numbers.
Vy, andey, are given for the extinction-angle control techugg in Appendix A.
The generator applied voltage components, obtdigdeburier series, are classified as follows:
a) Positive sequence voltage components:

Components of order nf =1 + 6k; where k =0, 1, 2, 3,...., are called positive sequence voltages. These
voltages generate rotating fluxes in the same timecf rotation of the flux produced by the fundamtal
voltage. The slip w.r.t the flux of any positivegsence voltage is obtained as follows:

S, = nf x N, =N,
nf x N
where Nis the nominal synchronous speed, andsithe rotor speed.
b) Negative sequence voltage components:

Components of order nb = 5 + 6k; where k = 0, 1, 2,...., are called negative sequence voltages. These
voltages generate rotating fluxes in the oppositection of rotation of the flux produced by thenflamental
voltage. The slip w.r.t the flux of any negativesence voltage is obtained as follows:

S, = nbx N + N,
nbx N

(8)

)

C) Zer 0 sequence voltage components:

Harmonics of order no = 3 + 6k; where k=0, 1, 2, 3,...., are called zero sequence or triplex voltages. The
net flux of these harmonic components in the ap gazero. Therefore, they neither contribute te thrque
output nor induce currents in the rotor.

The positive and negative sequence equivalentitsrofithe slip ring and plain cage induction maeisi
are as shown in Fig. (3a). Fig. (3b) shows the seguence equivalent circuit. The zero sequendag®drives
zero sequence currents if the induction generaitmuit allows. This happens in case of delta coregbc
generator or four wire system.

It is worth noting that the used equivalent cirsuikes into consideration the effect of the funelatial
and voltage harmonics upon the stator iron losslewhe effect of these harmonics upon the rotareiglected.
Rotor iron loss is not considered as; firstly theniloss due to the fundamental flux, which is heatationary
with respect to the rotor at normal running comdisi, is nearly zero. Secondly, the harmonic fluxesrease
drastically with the order of voltage harmonic. iftlty, the rotor iron size is small compared witlke tstator iron.
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(a)Positive and negative sequence equivalent tsrcui

Ry hX,J
VYV ' g

Vah

(b) The zero sequence equivalent circuit of theigtidn machine.

Fig. (3). The generator equivalent circuits.
(S = $in case of +ve sequence harmonics and § in 8ase of -ve sequence harmonics).

3.2 Generator Current, Power and Torque Calculations

For each voltage component (of order h) the appatgprequivalent circuit is used to calculate the
corresponding stator, magnetizing and rotor custeAtso, the power factor is obtained. Then, thenieal
active- and reactive- electrical power, air gap eoand the induced torque are calculated as follows

Pgh= Vgnlgh COS(gh —ygr) P.U (10)
Qgh = Vahl gh SIN@gh — Wgn) (11)
Pach = Ig’ Ro/Sy p.u 12)
Teh = PAGh /h p.u (13)

Wheregyq, is the phase angle of th® holtage component; ¥ Wgnis the phase angle of th8 burrent

component; §,, and § is the slip w.r.t the flux of thehvoltage component.

JIZ=17
THD=Y—1% (14)

Il
THD defines the total harmonic content [13], butdides not indicate the level of each harmonic

component. If a filter is used at the output of dmverters, the higher-order harmonics would benatted
more effectively. Therefore, knowledge of both flefjuency and the magnitude of each harmonic i®itapt.
The distortion factor indicates the amount of thenfionics distortion that remains in a particulavefarm after
the harmonics of that waveform have been subjectedsecond order attenuation (i.e. divided By fihus, D.F
[13] is a measure of effectiveness in reducing ume harmonics without having to specify the valogshe
second order load filter and is defined as [13]

D.F = %[hzzirl]hz)z]m (15)

|
P-Fu = |1.rh12

The total generator active- and reactive- eledtpoaver are calculated by
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Py = 2P (16)

Qg = Zk ng 17
The total steady induced torque is calculated by

=27 (18)

Where k=1, 3,5, ...
Interaction between the fluxes that rotate at diffe speeds results in pulsating torques. The gtead
pulsating torque components are calculated in pinguthe following formula [14]:

Ty = meksZkr (ls(ksf)lr(krf)Sin((ka —krf )at Rl /JN0W _‘//r(krf))
T = szkszkr(ls(ksb)lr(krb) sin((ksb - krb)at + & wy =¥ o))
T = meksZkr(l s(ksb)lr(krf)Sin((ka+ krf)at W) 'H//r(krf))

Tt = XD D ie (st oy SINKSE + Krb)et + Wy + Wiy )

Te=Ter— Tea+ Tez— Tes (19)
Isand | are the stator and rotor currents, respectivedf.afd krf are the stator and rotor harmonic ordérigh
induce forward rotating magnetic fields. ksb ant kre the stator and rotor harmonic orders whicluge
backward rotating magnetic fields.
3.3 Bus Current and Power Calculations
As at any instant the instantaneous bus powg) ¢guals the instantaneous generator powgr tfen

Pg = Pob 20]
which means

Vg ig = Vbbibb (21)
Using Egns. 3 and 21, leads to

ibb = Iy SF(t) (22)

ig has components calculated from the equivalentitgcorresponding to the voltage components ar{t) &s
its Fourier Series form. Thus the bus currep) Gould be expressed as a summation of current coemts as
given in Appendix A.
The active- and reactive- electrical powers areutated, keeping in mind that the bus voltage is a
pure sinusoidal voltage, as follows:
Pob = Vb lbb1 COS (-Wbb1) (23)
Qob = Vb lbb1 SIN (-Wpb1) (24)
The angle between the fundamental bus currgyatwhich is measured in the output sense, and thevbltage
is called the displacement angle (DANgl). This ariglcalculated as follows:

DAnNgle =ypp; + 7, (25)
The bus power factor is calculated from [13]
PF = PuF . DF (26)

Where PuF is the purity factor and is given by; Bulf|
The generator efficiency is calculated as follows:
n=FR/(Te Ny (27)
The bus current total distortion factor and theivrdial distortion factors are calculated using the
formula applied to the generator current (Eqns.184,

4. Performance Characteristics of the Controlled Generator

4.1. Generator Performance Characteristics

A simulation program based upon the steady stagjfEncy domain) equivalent circuits, with the
terminal voltage represented as a series of fund@heoltage and higher harmonic voltages has been
developed. The terminal voltage is determined usingrier series analysis (Appendix A.1) which gitbe
voltage components as a function of the extinctiorgle. The program has been used to compute the
performance characteristics of the generator havtiregg data given in Appendix B. Various performance
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characteristics of the generator such as the fuedtah current, total current, various distortiorctéas, the
active power, the reactive power and the efficieatyhe generator have been computed versus theraten
speed at different extinction angles. These cheriatics are depicted in Figs. (4-9). These figuneicate that
at a certain speed the fundamental current de@emsehe extinction angle decreases (Fig. 4). Adsothe
extinction angle decreases the harmonic currenteots increases. It should be mentioned here thigt add

harmonic currents exist (Figs. 5-7). It is obviduem Fig. (8) that the active power decreases asttinction

angle decreases. The reactive power absorbed lyetherator increases with the increase of the Ghgr the
normal operating slip range (- 0.005 to - 0.02) thactive power behaves in a fluctuating mannethas
extinction angle decreases. The generator effigiadecreases as the extinction angle decreasesodthee t
increase of the harmonic contents (Fig. 10).
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4.2. Impact Upon the Supply

The effect of using the ac voltage controller wieemploying the extinction angle-control strategy mpo
the supply (bus-bar) has been investigated. Theerard quantities include the bus fundamental otrre
different current distortion factors, the activeago, fundamental-current reactive-power, the disptaent angle
and power factor. The computed results showingeffert of the extinction angle are depicted in Hig$-17).
The bus fundamental current decreases as the #otingngle decreases (Fig. 11). The bus curreke, the
generator current, contains odd harmonics. Asetlinction angle decreases the harmonic contectease
(Figs. 12-14). As the extinction angle decreashks, displacement angle increases in the leadingtitire
consequently, the generator consumes more fundahreattive power and delivers less active powigs(FL5,
16). The power factor shows rapid decrease asdirecgon angle decreases (Fig. 17).
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Fig. (11). Relation between fundamental component of bus current and gener ator -speed.
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Fig. (13). Distortion factor of thefifth order harmonic component of bus current and gener ator -speed.
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Fig. (17). Relation between bus power factor and generator -speed.

In light of the calculated generator and bus amtreemponents, the ratings of the ac voltage ctiatro
devices could be determined (see Appendix B). Tenatte the penetration of the resulted harmonients
into the supply a rejection passive or active fi[fie8] should be connected between the generatbthenbus.

4.3 M echanical Performance Characteristics of the Controlled- Generator

The effect of using the ac voltage controller upiod induced torque as regarding the produced agerag
torque and the added pulsating torques has beestigated. The computed results are shown in Figs21).
The total average steady torque produced by allvtiitage components is shown in Fig. (18) versies th
generator speed at different extinction anglest phaduced by the fundamental voltage is shownign @9).
The 6" order and 12 order pulsating torques are shown in Figs. (20 2i)das a percentage of the total steady
induced torque. As the extinction angle decreases'torder pulsating torque (computed as a ratio osthady
torque) has the tendency to increase but withaiufating manner. The frder pulsating torque (computed as
a ratio of the steady torque) behaves in a fluatgananner similar to the"6order pulsating torque.
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Fig. (21). Relation between twelfth order pulsating tor que and generator -speed .

5. Conclusions

The performance of a grid-connected induction gatioerusing a solid state ac voltage controllerras a
interface between the grid and the stator terminélthe generator has been studied. In this resjpeced-
commutated ac voltage controller which utilizeetdf power transistor devices has been used.
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The steady-state electrical and mechanical perfocmahas been analyzed through modeling the
induction generator and the static converter byehequivalent circuits in the frequency domain. Pphnesented
model is more accurate compared with the time domaddels, which usually neglect the iron lossese Th
computed performance characteristics included #w@ei@tor current and its distortion factors, thaegator
active and reactive powers and the generator effigi. Also, the bus current, its distortion factaeflected
harmonics on the supply, the displacement angéebtls active and reactive powers, and the powé¢orfaas
been computed. On the other side the mechanicédrpence characteristics regarding the developegu&o
and the pulsating components appearing as a ksl use of the ac voltage controller have besarchined.

When using the ac voltage controllers, the activeé eeactive powers of the grid connected induction
generator can be controlled. The bus reactive pasvelearly controlled when using the extinctiorgiencontrol
strategy.

Using the solid state electronic switches is asdediwith the existence of current harmonic costémt
the generator and harmonic currents reflected ensiipply. Only the odd harmonics especially thedthi
harmonics exist extensively.
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Appendix A: Fourier Seriesof the Generator Voltage and_Bus Current

A.1- Generator Voltage
Vg = Vi sin(ot). SF(t)
where SF(t) is the switching function which is detmed according to the control strategy as follows

SF(t)= 1 nm <ot<(mnrn+P);n=0,1,2,..
Otherwise it is zero.
Using Fourier series analysis of the switching fiorg the generator voltage can be expressed lasvil
Vg = 0.5V [(80-a) sin(t) + (&-a4) sin(3wt) + (a-ae) sin(5mt) + (a-ag) sin(7ot) +.......

+ pcosit) + (y-by) cos(It) + (s-by) cos(mt) + (bs-bg) cos(ot) +....... ]
Thus, the fundamental componen; ¥ 0.5V, (a-a&) sin(t) + 0.5V, (b,) cos(ot)
= ¢ sin(t + ¢1),
where ¢ = 0.5V [(a0-a)° + (0)]"" 1= arctan(t/ (ar-a)]
3" voltage harmonic components¥ 0.5V, (&- &) sin(3wt) + 0.5y, (bs-b,) cos(3t)
= c3 sin(3wt + ¢3),
where 6 = 0.5Vq[(8,- &)” + (b)) ™% g3 = arctan((-by)/ (a- a)]
5" voltage harmonic components¥ 0.5V, (a- 8) sin(Smt) + 0.5V, (bs-bs) cos(mt)

= G5 sin(Sot + ¢5),

where g = 0.5Vi[(as a)* + (bs-02)]™, 95 = arctan[(ig-ba)/ (ar- a)]

and so on.

a0, a, and iy are given, for the extinction angle control stggtas follows:
3 =2P/n

a, = sin(2rB)/(nm), n=2,4,6,,....

b, = [1- cos(2®)])/(nTT) , n=2,4.6,...

A.2- BusCurrent

Ibp =i SF()

The fundamental bus current is given by

ipb1 = {0.5 lg1 ((20-8) COSfyg1)+b, Sinfygr)) + 0.5 s ((-as) cosfyga) + (by-by) Sinfygs)) + 0.5 s ((2u-3)
COSfygs)+(be-bs) Sinygs)) + 0.5 b7 ((86-a8) COSlyg7) + (D5-be) SiN(yg7)) +....}xsin(wt) +{0.5 Iy (b cosfygr) +
(a0ta) Sin(ygn)) + 0.5 bz ((batby) coslygs) + (a+as) Sin(ygs)) + 0.5 ks ((betbas) COSygs) + (atae) Sin(ygs) + 0.5
lg7 ((bs+bs) COSHyg7) + (a+38) SIN(Yg7)) +....}xCOS(EY)

3% harmonic bus current is given by

ipb3={0.5 lg1 ((&-a4) COSlyq) + (batby) Sinfygr)) + 0.5 ks ((8-36) COSfyga) + bs SiNfy ¢3) + 0.5 ks ((2e-26)
cosfy g5) + (be-by) siny gg)) +....}xsin (3wt) + 0.5 k7 ((a-a40) COSEy ¢7) + (D1o0a) SIN(W 7)) + {0.5 gz ((04-by)
cosfy g1) + (a+au) sinfy g1)) + 0.5 b3 (bs COSfy g3) + (atae) SiNfy g3)) + 0.5 ks ((betb,) cosfy g5) + (a+as) Sinly
95% +0.5 |7 ((bugths) cosly g7) + (ataud) Sinfy 7)) +....}xcos(3nt)

5™ harmonic bus current is given by

ibbs= {0.5 lg1 ((as-a6) COSEy g1)+(be+bs) SiNy g1)) + 0.5 |3 ((&-36) COSY ) + (botby) SIN(W ¢3)) + 0.5 ks (2020
COSfy g5)+bio SiN(Y g9) +....}xSin(Bwt) + 0.5 k7 ((&-a12) coSly ¢7) + (Prrby) Sin(y 7)) +{0.5 lgz ((be-ba) cosfy
g1) t (atag) Sinfy g1)) + 0.5 b3 ((be-by) cosfy ga) + (+as) SiN(y g3)) + 0.5 ks (D10 COSEy gs) + (r+aun0) SINfy gs)) +
0.5 b7 ((bizthy) cosfy g7) + (atar) sinfy 7)) +....}xcos(Tnt)

where | ,lg3,lgs lg7 ......... are the generator harmonic currents.

a0, & and by are as given before.

Appendix B: Generator System Particulars, Parameters and Device Ratings

The generator used is a three ph&88 KVA, A/Y, 1830 rpm, 600/1039 V, 475/274 A, 4 pole, 50 Hz, cage
induction generator having the following parameters

R; =R, =0.015 p.u, X=X,=0.091p.u, %= 4.251 p.u, R=30p.u.

In the present work the generator has been corthetté.
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The current flowing through any of the series tistoss has a uni-directional full wave-form, whitet flowing
in any of the diodes has a uni-directional half-e/émrm. Thus the devices are rated as follows:

The transistor ratings are: | (r.m.s rating) £ 274 A,

I, (peak current rating) = #K; \2 274 A,

Vgo (forward breakover voltage) =,K2 600 V

The diodes ratings are : | (r.m.s rating) /& 274 A,

I, (peak current rating) = #K3 V2 274 A,

Vgp (reverse breakdown voltage) 3R 600 V

K, is a safety factor (1.2 is a suitable valueyigka factor greater than one introduced to accfmrthe effect of
the existence of current harmonics upon the r.ralgev(1.3 is a suitable value)g 6 a factor greater than one
introduced to account for the effect of the existef current harmonics upon the peak value ofciimeent
(1.15 is a reasonable value).
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Ashraf Aboshosha, and M ahmoud Sayed

NCRRT, EAEA, 3 Ahmed El-Zomar Str., 8" District, Nasr City, Cairo Egypt. P. O. Box 29,
Fax. 0020-2-24115475, Email: ashraf.shosha@gmail.com

(Received 29/10/2009; accepted for publication 25/1/2010)

Abstract. In this article, hard and soft digital cores haweei developed for refining, shaping, counting and
multi-channel analysing (MCA) of scintillation deter signals. These cores are implemented to afhyy
forward wavelet transform for signal decompositaond the back interpolation technique for the retrorton
phase. We aim to de-noise, compress and reconstrese signals by which the processing speed amdgst
will be optimized. Moreover, the presented techaigleliver all important features of the scintithat signals
such as; counting, shaping, pulse height. Alsgeitforms multichannel analysing from the single rofed
analyzing results. The new contribution of our feamrk arises from employing the interpolation téghes to
reconstruct the signal where the mother waveletdetdils are neglected. Moreover, soft technigua® tbeen
applied to evaluate the performance of the nontimeather wavelets and interpolation methods. Thelware
design is implemented using hardware descriptinguage (HDL) and is implemented practically onFR&GA.
The performance of the design has been testednulaiion mode on Model Sim benchmark and in reakti
mode on XC2S 50 Spartan-ll FPGA. The soft procesgicluded in this article employs a special pugos
digital filter to refine the nuclear pulses ancetdract their important features.
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1. Introduction

The scintillation detector is one of the most impat detectors used in nuclear and particle physipgriments
as well as in nuclear medicine. These detectorsised in several radiation detection systems ssale#ection

of mixed ionizing fluxes near nuclear objects, caiclide control of samples and radiation polluteomd in
determination of the type and energy of high-enapgyticles and products of their reactions withyéds.
Scintillation signals are digitized, consequentbantization noise is added, the loss in signalityual due to
additional noise and shaping or pickup on signaé.liOptimum filtering and more complex algorithme a
implemented relying on the VHDL core. These algnssare implemented on field programmable gate array
(FPGASs). The overall scintillation system preserntethis study is shown in figure (1).

Scintillation detector
and photo multiplier

Pre
Amplifier

71 —

‘ Counter :—b[ SCA
| MCA

Main
B Amplifier

Figure (1). The overall scintillation system.

Throughout this framework the wavelets has beerd &= base for the pre-processing phase. The
wavelet transform has recently emerged as a polmedlfor many applications such as data compossdie-
noising, feature detection, and biomedical sigmatessing. Wavelets have been used in ultrasotéciien [1],
in biomedical signals [2], in digital communicat®ohannels [3], and in medical images B] Mahmoudet al
[5] described an acquisition and treatment systesigmhed for semi-analog Gamma-camera. It consistexd
nuclear medical image acquisition, treatment aimtigcaphic image construction in real time.

R. Engelset al. [6] developed a data acquisition board, it was a slot board which received all the
temporary information of the detector signals atidwaed for complete pulse shape discrimination. igitdl
acquisition and elaboration system were developetassembled for the direct sampling of fast pufsas
nuclear detectors such as scintillators and dianaatdctors [7]. G. Pasqualet al. [8] implemented a DSP
equipped fast digitizer. They used a digital sigpabcessor (DSP) online analysis of detector sgnal
Algorithms have been written and tested on detsctdrdifferent types (scintillators, solid-stategsefilled),
implementing pulse shape discrimination, constamiction timing, semi-Gaussian shaping, and gated
integration. S. Zuberi [8] described a series gieziments and technical developments concerninglitiéal
signal processing (DSP) of scintillator pulses uclear physics applications. J. Carledtaal. [9] designed a
field programmable gate array (FPGA)-based diditatdware platform that implements wavelet transform
algorithms for real-time signal de-noising of optianaging signals.

Our proposed digital processor for scintillatiortea¢or signals is described as follows, see fig@)e

» De-noising and compression of scintillation sigrmelying on wavelet transform

< Employing hard and soft interpolations to recorwtrignal patterns

« Shaping signals with respect to threshold level

» Pulse counting

« Multichannel analyzing

The acquired scintillation signals are negativeahwiloating decimal values. To overcome these
problems we upscale all signals by large numberrais® signals by adding a dc value. Also, we ktibe
synchronization between PC and the FPGA kit to ensie stability of our integrated system. Our tdigi
processing core has been developed using HDL asdrnitplemented on an FPGA for denoising, compogssi
reconstruction based on linear interpolation, shgpand counting of scintillation signals. Moreoviiie
developed technique converts the single channdyserato multi channel analyser. The proposed Ewluis
illustrated in figure (2).
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Pre-processing Phase
1-Wavelet based Decomposition
2- Interpolation based Reconstruction

|

[ 1
Pulse Shaping & Multichannel
Counting analyzer
L ]
¥

Store & Show data

Figure (2). The applied Technique.

The rest of this paper is organized as follows; Section 2 is an overview on scintillation detectors.
Section 3 reviews the fundamentals of the pre-msiog technique presented in this study where theelets
decomposition and the interpolation based recoctiru are presented. The FPGA implementation for
computing the Haar Wavelets Transform (HWT) andlithear interpolation are presented in sectionekti®n 5
presents signal shaping and counting obtained &oranline analysis algorithm. In section 6 the emof the
transfer from single channel analyzing to the meifinnel analyzing is presented. Section 7 intredube soft
processing. Finally, Section 8 summarizes the emnch.

2. Scintillation Detector

A brief overview of the most important parts of thleysics behind gamma detection, scintillators and
pulse shape analysis (PSA) are needed to fullypgtascontent of this research work. A scintillata material
that emits light, scintillates, when absorbing atidin. When a particle passes through the matirallides
with atomic electrons, exciting them to higher gryelevels. After a very short period of time theatons fall
back to their natural levels, causing emissionigiitl There are six different types of scintillaaahey are;
organic crystals, organic liquids, plastics, ingngacrystal, gases and glasses. Pulses of lighttednby the
scintillating material can be detected by a seresitight detector, such as the photomultiplier t(B&T) or
photo diodes. The photocathode of the PMT, whidditisated on the backside of the entrance windonyerts
the light (photons) into so-called photoelectroBs the other hand in a photodiode, the scintillatdotons
produce electron-hole pairs that are collectedeapectively the anode and the cathode of the dibhbest
frequently, reverse biased PIN photodiodes are hs@thg a low capacitance and leakage current. élamc
alternative way to detect the scintillation lighom a crystal is the use of a silicon photodiodee Tow level
noise limitation of photodiode can be overcome Isyjng Avalanche Photodiodesvalanche photodiodes
(APDs) are photo detectors that can be regardeitheasemiconductor analog to photomultipliers [1@y
applying a high reverse bias voltage (typically -BB® V in silicon), APDs show an internal curreairgeffect
due to impact ionization (avalanche effect).

In scintillators, the efficiency of converting thégh-energy radiation into light is typically abal®%,
hence the scintillator material must be transpathe radiation it produces[11]. To accomplisis,tthe wide-
gap material is activated with impurities which negent recombination sites for electrons and hdlésis
produced light has much lower energy than the lgmpdof the host crystal. Anyhow, PMTs have severalits
they are; they are standard devices, large sigraisbe detected and fast rise times to signafsaisible.
Conversely, the quantum efficiency of silicon phibitales is typically 70 % but its’ surface area armétéd and
noise threshold is low.

3. The Pre-Processing Phase

The pre-processing phase is divided into two stie@dirst one is the wavelets and the second otieis
interpolation.
3.1 The Pre-Processing Phase

The pre-processing phase is divided into two stie@dirst one is the wavelets and the second otieeis
interpolation.
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3.1.1 Principles of the wavelet based decomposition
Wavelet transforms are associated with multiregmiunto different scales, see figure (3).

[

|—A1—I Dy

[ =
Dy

Ag

Figure (3). Signal Decomposition.

5= A +D (1)
=:'j_:—5'5 T D: T 5'1
Wavelet transforms do not have a single set ofslasictions like the Fourier transform, which aiéls
just the sine and cosine functions. Instead, wauetasforms have a set of possible basis functidimsis
wavelet analysis provides immediate access to nmdtion that can be obscured by other time-frequency
methods such as Fourier analysis. Dilations amslagions of the Mother function, or analyzing wiates(x;
define an orthogonal basis, our wavelet basis:
P () =2 202 x - D @)
The variabless and| are integers that scale and dilate the mother ifume to generate wavelets.
Hence, the mother functions are rescaled, or dilatepowers of two, and translated by integers. WWinakes
wavelet bases especially interesting is the sefflarity caused by the scales and dilations. Tonspar data
domain at different resolutions, the analyzing wet/is used in a scaling equation:
wix) = ¥¥ 22 (-1)%,. . 0(2x — k) (3)
Wherewlx! is the scaling function for the mother functionand ¢ are the wavelet coefficients. The
wavelet coefficients must satisfy linear and qutidi@onstraints of the form
Yisicr =2 i cicay = 28 (4)

Where {6} is the delta function anfi} is the location index. One of the most useful feeguof
wavelets is the ease with which a scientist carosbdhe defining coefficients for a given waveledtem to be
adapted for a given problem. Where the coeffici¢ags....} are filter coefficients. The filters are placada
transformation matrix, which is applied to a rawadgector. The coefficients are ordered using t@wmithant
patterns, one that works as a smoothing filtee(kmoving average), and one pattern that worksing out the
data's detail information. In this paper the signial filtered in a hierarchical algorithm calledpgramidal
algorithm. This algorithm was applied to the oraisignals, then it is smoothed and decimated Hifyusang
down sampler. Just as in the first stage, we refpefatd second wavelet transform. This completesiteration
of the Haar analysis bank, which is graphically respnted in figure (3). The mother wavelets (Haar,
Daubechies, Coiflet, and Meyer) have been testesklect the best one of them according to the aiityl
measures as shown in table (1.a). The peak sigmadise ration (PSNR), mean square error (MSE)|eEdéan
distance (ED) and the cross correlation (CC) pritnag Coiflet is the best mother wavelet. To setbet best
decomposition level, practical tests have beereghout to find the best one of them. Table (1Hmves that the
third decomposition level is the best one accordintpe results of the similarity measures
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Table(1).a) The statistics of the similarity measur e of the different mother wavelets.

Mother Wavelet CcC ED M SE PSNR

Haar 0.9866 12.7990 0.1643 31.926

Daubechies 0.9890 11.8139 0.1418 32.5656

Coiflet 0.9900 11.3834 0.1324 32.8635

Meyer 0.0148 106.878 11.4230 13.5046

Table (1).b) The statistics of the similarity measure of the different decomposition levels.
Level CcC ED M SE PSNR

One 0.9681 20.4778 0.1493 27.8567
Two 0.9830 14.7395 0.1575 30.7084
Three 0.9866 12.7290 0.1443 31.9258
Four 0.7021 18.9554 3.2561 27.0625

3.1.2 Thelnterpolation based Reconstruction

In the mathematical subfield of numerical analysitgrpolation is a method of constructing new data
points within the range of a discrete set of knalata points. Interpolation is often recommendedsfgnal de-
noising, and would not be much more difficult toplement. We also intend to consider methods thrastiold
based on estimates of the noise, generated inimealkalongside the data. Signals recovered usitig lhard and
soft interpolation; in hard interpolation only lareinterpolation is implemented on FPGA. In sofeipolation,
several Matlab functions are described, which immget various interpolation algorithms such as rstare
neighbor interpolation, linear interpolation, culliermite interpolation and cubic spline integtimn. The

statistics presented in table (2) prove that ttet beethod was the cubic spline.
Table (2). The statistics of the similarity measure of the different interpolation techniques

Method CC ED MSE PSNR
Linear 0.9782 16.4669 0.2731 29.7192
Cubic Spline 0.9866 12.7990 0.1643 31.9258
Nearst 0.9307 28.8462 0.8380 27.8501
Cubic Hermit 0.9818 14.8984 0.2226 30.6066

We propose reconstruction method using only appraiibn coefficient by applying the interpolation
technique. Hence, a simple function is appliedaicudate new data points. The some of the sigralfes may
be lost but this algorithm is the right manner émove noise from signals also these signals weredstin
economical way by which only approximation coeffitis were stored. There are many interpolation oasth
in this work we implement linear interpolation oRGA and the cubic spline in soft techniques.

4. FPGA-based | mplementation

In this section, we design and implement the digrexprocessing algorithm on the FPGA
4.1 Design simulation

The proposed architecture is designed using HDL samadilated on Mentor Graphics (Model Sim) to
validate its functionality on FPGA. The simulatiogsults are shown in figure (4). The main paransetérthis
simulation are the master clocklK”, the enable signal calledb”™ and ram which use to save intermediate
signals RAM”, the address of ram is given by signatiti”. The simulation results and the schematics sheew t
hard wavelets decomposition and the hard interjpolaéchnique.

m| wave - defaut

File Edit Cursor Zoom Compare Bookmark Format ‘Window

FEHS | SRR LX o  QRSGQ@R | 5 | EIERE | eiciesfiofin BIG

Tus 1500

0 nsto 1341 ns

Figure (4). Smulation using Model Sim program.
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4.2 Wavelet based Hard Denoising of Scintillation Detector Signals

The hard denoising has been designed and implethent¢he FPGA in two phases; the first phase is
the down sampling shown in figure (4.a); while #eseond phase is the interpolation shown in figdtb)( The
device utilization summary, micro statistics anchitig summary of the down sampling phase are shaown i
tables (3-5) while the device utilization summanygro statistics and timing summary of the integtioin phase
are shown in tables (6-8). The original scintibatidetector signal, the down sampled one and tenstructed
signal are presented in figure (6). The resultsssh@n figure (6) shows that the compression reads@%

without scarifying the original signal. The hardealescription of the system with the computerrfate is
shown in figures (7, 8).

b) Interpolation based reconstruction
Figure (5 a,b). Schematic of theinterpolated based Waveletsfor scintillation signal denoising.

Table (3).Device utilization summary.

Number of Slices 374 48%
Number of Slice Flip Flops 32 2%
Number of 4 input LUTs 647 42%
Number of bonded 10Bs 18 18%
Number of GCLKs 1 25%
Table (4). macro statistics.
LUT Ram 256x4-bit 5
Adders/Subtractors 11
Registers 8
Comparators 3
Multiplexers 2
Table (5). Timing Summary.
Minimum period 6.536ns
Minimum input arrival time before clock 26.204ns
Maximum output required time after clock 6.788ns
Table (6). Device utilization summary.
Number of Slices 176 22%
Number of Slice Flip Flops 16 1%
Number of 4 input LUTs 277 18%
Number of GCLKs 18 185
Number of GCLKs 1 25%
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LUT Ram 256x4-bit

Adders/Subtractors

Registers

Comparators
Multiplexers
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Table (8). Timing Summary.

Minimum period

7.022ns

Minimum input arrival time before clock
Maximum output required time after clock

23.366ns
6.788ns

Figure (6).

a

> W . .
£ AN 'r\_l‘vm.\;.-m.r \Aar/ —wrwﬂ_mvw-\_-".v_r\_ﬁb AT
3 . . . Count
[0} 21 100 150 200 25
g b
8
S T . ; ;
>
4 |
[ Mo,
| / T Count
A AN, i M v A M NP
I 1 F 1 1 1
a0 &0 an 00 120
T T T T
L )HLL Count |
U‘ﬁg
A FEA oo | Ty L "
LAS ._n’g/\_f\,uﬁ o W MU AAMA N \_\__,LU'\_-U’\UJL
1 1 1 1
[} A0 100 150 200 20

Figure (7). XSA -50 board.

Figure (8). The hardware setup of the system.




54 Ashraf Aboshosha, and Mahmoud Sayed

5. Signal Shaping and Counting
The previous denoising filtering is an essenti@psn pulse shaping and counting. Figures (9,show
the effect of denoising on pulse shaping and cagntiThe noise has harmful effect on the digitaihalg
processing. Figure (8) shows the imprecise countiogurred due to presence of noise while the reimofva
noise led to very precise results as shown in &ig@f). Successful results for counting and stapf series of
pulses are presented in figure (11) where (a) ssr@ées of pulses, (b) is the shaping while (ahes count of
nuclear pulses.

Figure (9).explain theincorrect discrimination.
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Figure (10). correct pulse shaping.

Figure (11).Counting and shaping of scintillation detector signal (a) denoising (b) pulse shaping (c) pulse count.
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6. Multi Channel Analyzer
In MCA the pulse height of each input analog sigadigitized as shown in figures (12, 13). The MC
tabulates the voltage pulses on the basis of thgubof the ADC by assigning an energy range tdhedche
detection channel. If a voltage pulse falls witttie range represented by one of the channel, a ngdowation
corresponding to that channel has the number afitsan it incremented by one. By performing thieigiion
for all detector events in a given interval the M@Anerates a spectrum of the distribution of endogya

measured events (energy histogram) with the y @psesenting counts and the x axis representiagret
value (relative energy).
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Figure (12). the scintillation signal.
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Figure (13). the output of the multichannel analyzer.

Channel Calibration

Energy channel values are converted into kilo tedec volts with a channel-to-kilo electron volt
conversion factor which is determined from a coriguar of photo peak energies and channel locatiosecto
the energy of interest.

7. Soft Processing of Scintillation Detector Signals
Throughout this study two modules have been deeelp the first one is the hard processing
implemented on the FPGA for the real time applaatind the soft processing for the off line dataimalation.
The soft pre-processing includes applying the rioear wavelets for decomposition and non-lineagripblation
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techniques presented in section 3. The comparisbmeen the proposed pre-processing technique pessan
this paper and the pre-processing techniques aséue accumulation algorithm presented in [11] dedpre-

processing based on median filter proves that tbpgsed technique is superior to them as showabie 1(9).
Table (9). Comparison Statistics of the Preprocessing Techniques.

M ethod CC ED MSE PSNR
Accumulation Tech 0.9680 21.3433 0.4555 27.4972
Median filter 0.9831 14.7856 0.2186 30.6856
Proposed Solution. 0.9866 12.7990 0.1643 3B925

8. Conclusion

This research work presented a qualitative pregssing, pulse shaping, pulse counting and
multichannel analyzing based on hard and soft igcies. One of the most important advantages ofsygtem
is the high compression rate using the interpolatadelets where the mother wavelet and the ddtaivge been
neglected. FPGAs are visible computational platfdomprocessing of scintillation detector signalghahigh
speed while the high precision has been achieved the soft processing as well in off-line applicas. The
wavelet transform and interpolation based recondtm operation are simultaneously implemented e o
processor. The applied techniques achieved higtigioa denoising, compression, reconstruction, istgapnd
counting of the signals under study up to (12.5%heut scarifying the original signal. The presenstady
shows the superiority of the proposed techniquepaoed with the others. The main target of that tes
optimization of the overall system by which theratze capacity, precision and speed have been isgymify
improved.
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Abstract. A new method for obtaining a compact parametenegal solution of a system of Boolean equatiornzésented. The method
relies on the use of the variable-entered Karnamgip (VEKM) to implement various steps of the salntiprocedure and to ensure
minimization of the expressions obtained. It ishiygefficient as it requires the constructionnaftural maps that are significantmaller
than those required by classical methods. Moredkiermethod is applicable to general Boolean eqoatand is not restricted to the two-
valued case. As an offshoot, the paper contribstese pictorial insight on the representation ofj"Boolean algebras and functions. It
also predicts the correct number of particular mhs of a Boolean equation, and produces a corepeébe list of particular solutions, if
desired. Details of the method are carefully exp@diand further demonstrated via an illustrativeneple.
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1. Introduction

The topic of Boolean equations has been a hot twipiesearch for almost two centuries and its irtgoare can
hardly be overestimated. Boolean-equation solviagngates many areas of modern science such asllogic
design, biology, grammars, chemistry, law, medicisgectroscopy, and graph theory [1, 2]. Many irtgoutr
problems in operations research can be reducedetproblem of solving a system of Boolean equatidine
solutions of Boolean equations serve also as aoriapt tool in the treatment of pseudo-Boolean &qna and
inequalities, and their associated problems irgtdinear programming [3].

To solve a system of n Boolean equations, the @amstre usually combined into an equivalent single
Boolean equation whose set of solutions is exablysame as that of the original system of equstidhis is
conceptually simpler than obtaining the set of sohs for each equation and then forming the imtetion of
such sets to obtain the set of solutions of theralvasystem. Typically, general subsumptive or paetic
solutions are sought [1-5]. Such general solutimmscompact forms from which an exhaustive enurioeratf
particular solutions can be readily obtained. Ajbes of solutions are obtainable by either algebeai map
methods [1, 2, 6-10].

Both Brown [1, 2] and Tucker and Tapia [6, 7] salv@oolean equations using a Marquand diagram (also
called Veitch chart) in which natural binary orderfollowed, or used a Conventional Karnaugh MagNg in
which the rows and columns are arranged accordirsgreflected binary code. Their methods in [16,27] are
restricted to (or reduce their subject to) two—edlBoolean variables. All these methods state thtgs in cell-
wise tabular form.

Rushdi [8, 10] developed yet another mapping mefloodbtaining a subsumptive general solution of a
system of Boolean equations. This method is ndticé=d to the two-valued case and requires thestcoction
of maps that are significantly smallgran those required by earlier procedures. Thizetsause it relies on the
use of a more powerful map, namely the variablesedt Karnaugh map (VEKM). The VEKM is an adaptation
of the CKM that retains most of its pictorial instgand effectively combines algebraic and mappéuipiques.
Historically, the VEKM was developed to double tregiable-handling capability of the CKM [11]. Latehe
VEKM was shown to be the direct or natural mapficite Boolean algebras other than the bivalen2-ealued
Boolean algebra (switching algebra) [1, 8, 10, 12]. These algebras are sometimes called ‘big’ &awol
algebras, and are useful and unavoidable, evewéicognizable, in many applications [1].

In the present work, we develop a powerful VEKM hoet to implement an existing procedure [1, 2] for
deriving the parametric general solution of a systé Boolean equations. This VEKM method is morficieht
than the CKM method in [2], since it requires sfigaintly smaller maps. Another merit of this VEKM that it
produces the solution in the most compact formnkkao a well-known VEKM minimization procedure [11
13]. As an offshoot, the present work contributesis pictorial insight on the representation of "dgpolean
algebras and functions. Moreover, it correctly redthe number of particular solutions of the jmemt system
of equations, and it identifies a pitfall in an learattempt at such a prediction in [2]. If desiréhe compact
parametric solution obtained is expanded into draestive list of particular solutions.

The rest of this paper is organized as follows.tiSecll introduces some notation, while Section IlI
reviews pertinent properties of Boolean algebrad addresses the question of pictorial represenstif
Boolean algebras and functions. Section IV presemiew VEKM method for deriving the parametric siolo
of a Boolean equation, which is a map adaptatioanoéxisting algebraic procedure. Section V dennatest the
VEKM method via a big-Boolean-algebra example. ®ecVI| addresses the topic of the number of paldicu
solutions and their exhaustive listing. Section 88hcludes the paper.

2. Representations of Boolean Algebras and Functisn

A Boolean algebra is a quintuple= (B, L], 0, 0, 1) in whichB is a set, called the carridr] and O are
binary operations oB and the zero (0) and unit (1) elements are distmembers oB, with certain postulates
on commutativity, distributivity, binary-operatioidentities and complementation being satisfied J[13he
following facts about a Boolean algebra can be dedu

1. Every elemenX of B has a unique compleme)ﬁ .
2. There is a partial-order or inclusiof) ¢elation onB that is reflexive, anti-symmetric, and transitive.
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3. A Boolean algebr® enjoys many useful properties such as associgtidempotency, absorption,
involution, consensus and duality.

4. A Boolean algebrB is a complemented distributive lattice with disti@ and 1 elements.

5. A nonzero elemer¥ of B is said to be an atom & iff for every X [] B, the condition Z< X implies
thatX=ZorX=0.

6. Every finite Boolean algebm is atomic, i.e. for every nonzero elemént] B, there is some ato@
such thaZ < X.

7. Examples of Boolean algebras include the algaifralasses (subsets of a set), the algebra of

propositional functions, the arithmetic Booleanedia (wherd 1 and denote “the least common multiple” and
“the greatest common divisor”), as well as the shitg or two-element Boolean algebra.

8. Boolean algebras with the same number of elesrametisomorphic.

9. Every finite Boolean algebBhas 2' element, where m is the cardinality of (numbeeleinents in) the
set of atoms oB.

An n-variable functiorf: B"— B is Boolean iff it can be expressed in the minteemonical form

fx) = L fa) x4, 1)

where the ORing operaticﬂ in (1) extends over ai = (al, a2, ..., an)] {0, 1}", andX" is defined for X =
(Xl, Xo,..n, Xn) I B"as

XA= XXX )

where forX [J B and al] {0,1}, X *is defined by
x%= X, (32)
X=X . (3b)

In (1), the function value&A), whereA [ {0, 1}" are called the discriminates f¢X).

A dramatic consequence of (1) is that a Booleawtfanf: B" — B, whereB is a carrier of 2 elements, is
uniguely determined by a truth table or map paytis@presenting for the restricted domain {0, 1which is a
strict subset of the complete domaif Buch a representation needsable or map cells. The complete function
table off (which covers the complete domaifl, Bind hence requires{ = 2™ table lines or map cells) is
neither warranted nor needed. In fact, such a cet@pable should be avoided. Not only does it megigdious
work, but it also poses a problem of checking cstrsicy in its B/{0, 1}" part.

It is customary to name the elementd8adh terms of a minimum number of abstract variabMs= (Y, Y»,

..., Yy). Usually the elements & are taken as the elements of the free Booleam@®B(Y) = FB(Yy, Ya, ...,

Kk
YJ). FB(Y) is isomorphic to the Boolean algebra of switchfngctions of k variables, and ha$ 2 elements.

This method works directly when m =.2t is also applicable when*% m < 2 provided that certain
constraints are added to nullify some atom&B(Y), i.e., some mini-terms of the switching algets@morphic
to FB(Y).

The first two Boolean carriers aBg = {0, 1} andB, = {0, 1, @, a}. Let us temporarily jump to the fourth
Boolean carrieBs = FB(a, b) whose elements constitute the hypercubiedaghown in Fig. (1). This carrier has

4 atomséﬁ,ﬁb, ab and ab which constitute the 4 dimensions of the hyperclmw, if one of these atoms is

nullified (e.g., if we setab to 0), the hypercube in Fig. (1) loses one ofdts dimensions, and collapses into
the cube of Fig. (2), which constitutes the thirdoean carrieBg. Similarly, FB(Y;, Y,, Y3) can be used to
represenB,sg directly, or to represes,, Bes, B1og With 3, 2, and 1 atomic constraints respectively.

We now consider the question: What is the naturap ior f (X) : B" — B, with B having ' elements
where #'< m< 2. The restricted input domain for this functior{@ 1}" representing only the bivalent values

k
of X = (X3, Xa, ..., X»). The entries of the map could by any of the Zwitching functions o¥ = (Y4, Ya,..., Yi),

with possible ORing with don’t care terms representhe nullified atoms when m <.2The map described this
way is nothing but the Variable-Entered KarnaughpM®EKM) typically used to represent an incomplgtel
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specified switching functiof(X;Y): {0, 1}"*— {0, 1} usingn map variableX andk entered variable¥ [8, 10-
13].

Note that instead of a conventional map representaif the switching function of (n+k) variableX;(Y)
asf (X; Y) {0, 1}"™* — {0, 1} which has constant {0, 1} entries , a VEK@livides the input variables infomap
variablesX andk entered one¥, and therefore represents the functitx): {0, 1}" — {0, 1}* with variable
entries belonging t6B(Y). Therefore, a VEKM is the “natural” map for repeatingf(X): B" — B whereB has
2" elements and“2< m< 2°. In other words, the VEKM is the natural map fd8@olean functiorf(X), since its
input combinations is the restricted domairf ahd its entries cover the rangefofn attempt to represent a big
Boolean function via a conventional Karnaugh mapisNl) should be discouraged. Such a representasi@) i
less efficient, as it produces significantly largeaps, and b) conceptually misleading, as it insdwndy shifts
symbols used in describing the output of a funciitto extraneous inputs, and at the same time asdhe
actual nature of this output by reducing it intbigalent form.

A conventional Karnaugh map is conceptually medaningowever, for solving a switching equation

involving the functiorf (X; Y): B, _, B,, when it is required to express a set of depensigitthing variables
X in terms of a set of independent switching vagall [14].
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Fig. (1). A lattice indicating the partial ordering among the 16 elements of &
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Fig. (2). The lattice in Fig. (1) when collapsed ufer the condition"a b = 0.

3. VEKM Derivation of Parametric Solutions

Brown [1, 2] proved that n parameters are sufficienconstruct a parametric general solution ofnan
variable Boolean equatiag(X) =1, whereg: B" - B. He proposed a procedure for constructing suchisol
using the fewest possible parameters,p,, ..., R, which are elements @&, where k < n. We adapt this
procedure of Brown into a VEKM procedure as follows

1.Construct a VEKM representing(X). Such a construction is achieved via a Boole-8bantree
expansion [11-13]. If the original Boolean equati®in the dual forni(X) = 0, then construct a VEKM fd¢X),

and complement it cell-wise [15] to obtain a VEKbt ff (X) = g(X).

2.Expand the entries of the VEKM gfX) as ORing of appropriate atoms of the BooleanieaB, or
equivalently as a minterm expansion of the freel8amw algebra representiig

3.If certain atoms oB do not appear at all in any cell of the VEKM fg(X), then these atoms must be
forbidden or nullified. Such nullification constiesa consistency conditiofor the given Boolean equation.

4.Construct a VEKM for an associated functi@(Xy, X, ..., X%; P1, P2 ---,» R)- This VEKM is deduced
from that ofg(Xy, X,, ..., X,) through the following modifications:

a) Each appearance of an entered atom in the VEKilisfANDed with a certain element of a set of
orthonormal tags of minimal size. Table (1) givearaples of such sets as a function of the numbeeld in
which an atom appears. An orthonormal set consifta set of terms Ti = 1, 2, ..., k, which are both
exhaustive (TO T, ...0 Ty = 1) and mutually exclusive (T; = 0 for Ki<j<k).

b) Each nullified atom is entered don't care in aél WiEEKM cells.

5.The parametric solution is
X; = The sum (ORing) of the"2 cells constituting that half of the VEKM in whi¢h is asserted

(Xi=1), i=12,..n 4
6.Apply an appropriate VEKM minimization procedure {13] to recast (4) in a minimal form.
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Table (1). Minimal orthonormal sets of tags attache to instances of each atom depending on the numbef cells in which it appears
(Each orthonormal set consists of exhaustive and rtuglly exclusive terms).

The No. of e
Ce'fn 'Ztﬁ,”,?fh A set of orthonormal tags of minimal size number of

e

1 {1} 0

2 { P Py} !

3 { Prs P1P2, PP, } )

4 { P1P2s P1P2: P1P2, P P2}

5 { P1P2s P1P2s P1P2s P1P2P3s P1P2Ps }

6 { P1P2: P1P;: P1P2Ps: P1P2Ps: P1P,Psy P1P,Ps } ,

7 { P1P2s P1P2P3: P1P2P3: P1P2 P3s P1P2P3y P1P2P3y P1 P2 P3

8 { r)lrjzrjﬁii r)lrjz p3’ r)lpzrjﬁii r)lpZ p3’ plF_JZF_J:%’ plﬁZr):%’ p1p2r)3’ p1p2 p3}

4. A Big Boolean-algebra lllustrative Example

Let us apply the present method in terms of a VEKddresentation to find the parametric general
solution of an equation of the forgiX;, X,, X3) = 1, whereg is a Boolean function st - BigandByg

is the Boolean carrier of 16 elements shown in @i}. Note that the complete input space of g cigsif 18 =
4096 combinations oX, butg is uniquely defined by the values assigned tanitobaly 8 combinations oX,
namely those belonging to {0, 3} Let g be given by the formula
g (X) = bX X,X, OabX X, O0abX,X, JabX,X, OaxX,X,X, =1. 5)

Equation (5) has been solved by Brown [2]. Histfstep is to expanginot only with respect to the 3
variablesX;, X;, andX; but further with respect to the “constanésandb thereby producing a 5-variable 32-cell
Karnaugh map. In our present procedure, howeverexpandg only with respect to the true variablgg X,
andXs, thereby representirggby the 8-cell VEKM in Fig. (3) which ha%;, X;, andX; as map variables and has
a andb as entered “variables”. Sineeandb are actually constants, this VEKM is a natural rfagm. Now, Fig.
(4) shows each of the entries of the map of Fig. (3) being expanded as ORing of approprédtens ofB;¢, or
equivalently as a sum of certain minterms &B(a, b). Out of the 4 atoms &, three atoms, namely,

55, aE, and ab appear somewhere in the cells of the map of Hig.while the fourth atom@b) does not

appear at all therein. This means that the a@ltnis nullified or forbidden @b = 0). In Fig. (5), the function
g%, X, X3) is replaced by an associated funct®(X;, X;, X3, p1, p2), Where each appearance of an entered
atom in Fig. (4) is ANDed with a certain elementacget of orthonormal tags of minimal size (Seel@ab. The
atom ab appears in 4 of the 8-cells of the map in Fig, &) each of these 4 appearances is tagged with a
particular element of the orthonormal seép{p,, P, P, P1P,, P;P,}. respectively. The aton@b appears in
3-cells of the map of Fig. (4), and hence eachhe§¢ 3 appearances is ANDed with its own tag szlefitom

the orthonormal sett P;, P, P,, P, P, }. Finally, the atomab made its appearance 3 times in the cells of the

map of Fig. (4), and utilized a set of orthonorrzjs equivalent to that of the ato@b. In assigning tags to
various instances of various atoms, slight simgdifions are achieved if adjacent tags are locateatjacent

cells whenever possible. The map in Fig. (5) is mempleted by adding the nullified ator@lp) as a don't-
care entry in each of the 8-cells of the map.

Now, the parametric solution can be readily deducech Fig. (5). For i = 1, 2, and 3, the varialdeis
equal to the sum (ORing) of the 4-cells constiwtialf of the map for whiclX; is asserted, i.e., for whick =
1. This means that
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X1 = aBpl p, U aBplF_)z Oab P10, Dab P.P; Od(ab), (6a)
X, =abp,p, Jabp,p, Dabp,p, Dabp,p, Od(ab), (6b)
Xs = ab PP, U abr)lpz Oab P1P, Débl_ol Dabplpz Od(ab), (6¢)

The expressions (6) can be minimized by any algelmamap method, such as the VEKM minimization
procedure in [11-13]. Due to space limitations,deenot elaborate on this procedure herein, thouglywe the
reader a glimpse of its details in Fig. (6) and. Ei§. Each of these two figures shows pictorialhd succinctly
how the VEKM minimization procedure achieves mininexpressions foiX;, X, and Xz;. These minimal
expressions are

X, = pb, (7a)
X,=p,(@tb), (7b)
Xs= p,b Op,p, IPAa, (7c)

In the general solution (7), the two paramefgrandp, are independently chosen elements of the underlying
Boolean algebra, i. e., of tlygcarrier in Fig. (1) that collapsed intdg carrier in Fig. (2). Since each pfand
p, can assume one out of eight possible valuespthériumber of combinations of values farandp;, is & or
64 values. This number is an upper bound on thebeuraf particular solutions of Equation (5). Theuat
number of particular solutions of Equation (5) fec#ly less than this upper bound, since there difierent
combinations of f;, p,) that produce identical particular solutions ofuation (5). For example, each of the
parameter assignmeniz;,(p,) = (0, 0) and 4, po) = (0, b) produces the particular solutioK;( X,, X3) = (0, O,

a).

X1
| |
a b ab ab
] _ _
X, ab ab ab ab
I_|
X3
g (x1,1 x21 X3)
Fig. (3). A natural map representation of the Boaan function g given by (5).
| X4
ab Oab ab Dab ab ab
X, ab ab ab ab
—

X |

g (X11 XZ! X3)

Fig. (4). Entries of the map for the function g inFig.(3) expanded in terms of atoms of B or minterms of FB(a, b).
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Xy
_ _ | |
ab p,p ab p _ _
- ablﬁ ’ q agl_ ab p,p, ab p,p,
o P1P, Od(ab) Od(ab)
0d(ab) 0d(ab)
XI_ ab PP, ab P, P, ab P, B, ab P.P,
’ d(ab) 0d(ab) d(ab) d(ab)
I_|

| X3 |
G (Xl, 20, X3, P, pz)

Fig. (5). Each appearance of an entered atom in F#is ANDed with a certain element of a set of ortimormal tags, while the atom

ab that appears nowhere in Fig. 4. is entered don'taze.

a a
a1 1 1
PP PPy P 2Py 2Py
VP, | VP, W P By W P WO Py
r I = I
BF
b p b d e b d P17
L L W PPy L
] Hq o
a a
a — I |
o 2TTITITITON
! B By ByliRy Py |
T ! | R B 1
I_ N N R i
b r \‘//’ ,' ‘\\\ I_ !\\ ! |
L @ B & ) Ao b i, PPy ||
Ll See——” R Y /
Xi=pb Ha=plawvk) Hz= pob vpp, VA

Fig. (6). VEKM expression of the parametric solutio.
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) P F
I I | ——

aimh | 5 va@ dat) | abvabva@vy | @il i

| | I

T r T | 'dl_ur—[
P2 ffk’iﬁb:'g bwdi@ | B | d@) | abvabvd@vh)| ik | @i | o
L= L] L e L Labwabvab
= pb = plavih) o= pob vpp, VBE

Fig. (7). An alternative VEKM expression of the paametric solution.

5. Direct Derivation of Particular Solutions

Any particular solution is obtained by randomlyairing a single instance of each of the enterethat
in the map of Fig. (3). Figure (8) shows the casen the atomab is retained in the X, X, X, cell, the

atom ab is kept in the X, X, X, cell, and the atomab is retained in the X, X, X, cell. Note that the

atom ab was not entered in Fig. (3) and hence is notrretkin Fig. (8).
As stated earlier, the consistency conditiorald = O, which means that the ato@b is a forbidden

or cannot — happen entity, and hence it appear8-dare in each cell of Fig. (8). In the particulsolution
obtained, the value of th¢ variable is the disjunction of entries in tKehalf map, augmented by a don't-care

ab,ie.,

X, = ab Od(ab) =a, (8a)
X, = abdab Od(ab) =a Ob, (8b)
X, = abC d(ab) = b. (8¢)

The number of particular solutions for this cas8 x 3 x 4 = 36, a number which is well below the

upper bound of 64.
Brown [2, pp. 192-193] obtained a particular santusing a 5—variable Karnaugh map representatiavhich
he used the parametexsaandb as extra map variables. His solution is similathte present one, with

the exception that he did the equivalent of ranigoadding the forbidden atomab to the ceIIX1)72X3.
Therefore, he obtained the particular solution

x,=abOab=a, (92)
X, = abdab, (9b)
Xs=abCab=b, (9¢c)

which is not different from (8) if the consistenogndition is invoked . However, the freedom of iadd

ab arbitrarily asserted to one of 8 cells producesl ¢ironeous prediction of 388 particular solutifsp.
192], an overestimation by a multiplicative factdi8, and also a violation of the pertinent uppeurd.

In general, the number of particular solutions déory big Boolean-algebra equatig(X)=1 can be
obtained by drawing the natural Karnaugh mapg{et) and observing the number of times each entexad af
g(X) makes its appearance in the cells of the map, i.e
Number of particular solutions =

I (Number of times an atom appears in the map %¥)g( (20)
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where the product operatdi) in (10) runs over every entered atom in the nmfag(X).
If desired, a complete listing of all particularl@®ns can be obtained in a variety of ways sush(a)
exhaustively and directly enumerating particuldusons by repeatedly following the strategy ofstisection, i.
e., by noting every instance in which each entatedh is retained once in the natural map of thetfan g, (b)
assigning independent values to the parameterparanetric general solution, and (c) expandingea of sub-
cases for a subsumptive general solution [1, 208,

Table (2) explicitly lists all the particular stilbns of the equation g =1 in (5). These solutians all
the valid solutions (and nothing else) producedviddally without any kind of overlapping or reptan. For

each of these solutions g can be shown to e@ialb which is 1 according to the consistency condition
(ab = 0). However, Table (1) is not the recommended fasmaf solution representation since it details gdar
number of solutions and obscures regularities éir iorm.

ab [d(ab) d(ab) d(ab) d(ab)
X2 4(ab) ab[ d(ab) d(ab) a0
L
X

Fig.(8). Pertaining to tiie uenvaiion of one particlar solution.

Table (2). Listing of particular solutions of equaion (5):

X1 Xz X3 X1 Xz X3
0 0 a ab 0 a
0 0 b ab 0 b
0 b a ab b a
0 b aChb ab b aChb
0 b b ab b b
0 b 1 ab b 1
a a 0 b a 0
a a a b a a
a a ab b a ab
a a b b a b
a alChb 0 b alChb 0
a aChb b b alhb b
a aChb a b aChb a
a aCb aCb b aCb aCb
a aChb ab b aChb ab
a aCh a b aChb a
a aCb b b aCb b
a aCh 1 b aChb 1
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6. Conclusions

This paper presents a new method for obtainingntiest compact form of the parametric general
solution of a system of Boolean equations. The otkth based on the use of the variable-enteredatgimmap
and hence is an effective combination of mappind algebraic methods. The method starts by reduaing
Boolean system of equations into a single equatfdhe form gK) = 1, expressing &) in appropriate VEKM
form and then modifying this VEKM by augmenting #&somic entries by appropriate elements of sets of
orthonormal tags which are products of the pararmaieed. The method then proceeds by constructiradl s
VEKMs for the pertinent variables. Each of these latter functions is an ISBF that app@ a form suitable for
VEKM minimization. The technique proposed hereimdd restricted to two-valued Boolean algebraslearky
attested to by the illustrative example in Secbrms an offshoot, the paper contributes some pitdnsight
on the representation of “big” Boolean algebras famdtions. It also predicts the correct numbepaifticular
solutions of a Boolean equation, and produces goemensive list of particular solutions.

The concepts and method developed herein can hkieedtiin various application areas of Boolean
equations [1-10, 16]. In particular, an automatersion of the present Boolean-equation solver eaagplied in
the simulation of gate-level logic. However, suchapplication must handle the incompatibility betwethe
lattice structure of ‘big’ Boolean algebras, whigte only partially ordered, and multi-valued logiedich are
totally ordered [17]. The ideas expressed herem alao be incorporated in the automated solutiotaigfe
systems of Boolean equations [18]. They can als@iiended to handle quadratic Boolean equationf [19
Boolean ring equations [4, 5, 20], and Boolearedéhtial equations [21].

List of Symbols

n number of input variables for a Boolean functiof(X).

m cardinality of the set of atoms of a Boolean htgé.

k minimum number of symbols used in a free Boolelgelaa to represent the elements of a Boolean
carrierB.

A/B the set difference of sets Aand B X{ X [ A, X [ B}.

X an n-tuple Xy, X,, ..., X, ) of Boolean variables(; L] B.
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