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ABSTRACT

The Design of a Traffic Detector using the phase-lock-loop
concept is presented. The Detector is capable of adjusting to
environmental fluctuations with no loss of accuracy. The Detector
oscillator is discussed in light of the components susceptible to
changes in environmental conditions and the ability of the
phase-lock-loop discriminative circuit to cope with such drifts. The
versatility of the Detector is demonstrated by illusting two of its
many potential applications - the Automatic Traffic Data Collection

and Semi-Vehicle-Actuated Traffic Control.
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Objective of the Thesis

In this thesis, the design and implementation of a versatile
Traf'fic Detector which can be used for traffic management and control
is prosented. It is one of the projects embarked upon at Ahmadu Bello
University, Department of Electrical Enginecring which not only serves
to demonstrate the process of technology dev010pmmi6)but will also
permit the proper exploitation of a family of versatile feodback
Traffic Controllers developed in the Department, The available

technology is used to solve the local problems in a standard fashion.

The Traffic Detector employs & phase-locked-loop concept to
scavert the passage of vehicles into electrical signals., It is reliable
and easy to instal. It is economical and since the power consumption
is low, readily maintainable. The versatility of the Detector is
demenstrated by two examples from a wide spectrum of potential
applications, These are in the traffic survey data collection where
a hard copy is automatically produced as a histogram and the semi-
vehicle-actuated traffic controller of a T-junction. The design
procedure employs known 'theoretical and practical engineering methods

and a systematic snalysis of circuits and subsystéms im presented.
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CHAPTER ONE
INTRODUCTION
1.0 Synopsis
The need for and ways of Traffic Control are stated. The advantages

and types of Traffic Detectors in traffic management are enumerated,

Tele Maxinising Utility of Automgbile liobility

One of the greatest achievements of the present day civilization is
mobility which improves the social lifc and promctes cconomic growth, This
achievement notwithstanding, mobility has brought with it many socio-economic
problems. Road transportetion which is undoubfcdly a major means of
information, pocds and people transfer both in Urban and Rural areas has
agsociated with it traffic congostions in Urban centres and this is costly
in social and financial terms. Time is lost. Fuel is wasted and poople
suffer from the nuisance of start/stop of engines and exhaust pollution

while the cngine, transmission and brakes deterioriate .

Life is lost in accidents ocaused by uncontrolled Urban Traffic.
In order to derive the maximum benefit from automobile mobility, there
is need for sound Urban Traffic management - "Control of Traffie to provide

safe, convenicnt and cconomic movement of vehicles and pedestrians”,

A considerable amount of effort is now devoted to optimizing many
attributes of the road networks. These include the reduction of the

Journey time and accident rates.



Many strategieé1) have been employed to combat the problem arising
from increased use of wotor transportation in urban centres, These
ineclnude the construction of new roadg, flyovers and highways aimed at
increasing the meximum pogsible traffic volume, while in scme instances
reduction of Traffic density is achieved by a compulsory anssignment of
odd and even number days, one way systems, parkings regulations; reducing of
the delays and conflicts at intersectionsby usinz human controllers,
i.e. policeman, Traffic ardens; and Automatic Traific Signals, The use
of /utomatic Traffic Signals provides a very eccononical and versatile

nethod that can reduce both the accident rate and delay at intersections,

1.2 DIraffic Detoctors in Networks and Intersection Control

2

The developnent( )of Traffic Control fron manually operated to

fixed tinme signals where the right of way for e.ch approach is predetermined
has helped to ecase traffic congestion but with sub-optimal efficiency

especially for junctions with considerable variation in traffiec volume,

In 190, a Vehicle Actuated Traffic ZFignal was installed in the
United States of America with a microphone being used ag the Vehicle
Detector, While the Vehicle Detection by such mcane presented an
approach for making system timing responsive, thec uge of mierophones
was. rapidly dropped for more reliable and lesa temperamental methods.
In this thegis, a Vehicle Detcctor using a magnctic inductive loop is

developed, analysed mnd used for a type of Vehicle Lctuated control and as



a traffic survey instrunent,

Vehicle~-dctuated control of Traffic with itz advantage of
flexibility and sensitivity to Traffic Variation is now commonly used
at urban centres as well as at some isolated junctions where the side-
roed Traffic expericnces very long delays. It also helps to reduce

the nuvisance of turning Vehicles at these intersections,

Up to dnte information of the Traffic situation is necessory for proper
urban . traffic control, Traffic Detectors have also come to assume &
very important role in Data Collection Survevs., These surveys are
frequently used for planning and timing studies and the Detectors tend
to provide a cheap and reasonably reliable source for 24-hour data
collection. The Detector in this thesis is able to perform this

function and in a simplc coxample present  the datn as a histogram,

1«3 ZIypes of Traffic Detoctors

Automatic data collection invelves the detection of the vehicle
by wvehicle detectors and counting of the seme. The wvehicle detectors
used are usually installed on the road surface end inelude a variety

1
of techniques such as given below,

(1) The Pneunatic Detectors

This type of detcetor is quite popular in the United Kingdom and

needs careful maintenance for reliable operation., It consists of a



thick-walled rubber tube of zbout 412 mm diamoter, a diaphram and a
counter. The rubber tube is fized to the roid surface perpendicular
to the flow of traffic. One end is terminated with a plug having an
air-release hole to avoid ccho pulsea while the otler is terminated

by a diaphram. When the vehicle wheels cress, the compression of the t
tube pencrotoa air unves which gropagatc in both directions, The
ddnphron is then pushed to opera.:q o mrke=-and-bronk contact which the

countcr records.

This type of Detector appears sinplce but requires regular
maintenance. The tube rust be checked regularly for punctures and
blockages whilc the diaphram snd switch must be cleaned and renewed

regularly.

(ii) The Hydr=ulic Detector

This type of Detoctor is similar in set uw) to the pneumatic type
with tho exeption that the tube is filled with liquid to give better
sengitivity. However the maintenance of thig type ie nore difficult as

the 1liquid must be rcplaced regularly.

(1i1) Electremametic 3ean Detector

In this class azre the photo electric wmethod, radar, infra red and
ultrasonic beams., The electromagnetic besn is focused across ' the
road and the passage of vehicles causes .n interruption vhich is

interpreted by the Receiver. The eircuitry und instcllations are quite
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complicdted and naintenance is c_{uite difficult,

(iv) .The Phage~Logked-Loop Vehicle Detector

An Inductive Vehicle Detector requir;es less strir;g.ant mechani-c:al.
.I‘m.aintenance thén even the Pneumatic type which appears to be the simplest
of the aforementioned types. The installation involves the cutting of a
rarrow slot on the road surface whero the coil is buried.,. It is safer
since no intruder, (children) can have ocasy access to it, This will also

fimetion wall under verying weather conditions characteristic of Nigeria,

The type developed in this thesiz uses a phase-locked~loop and as
such it is self-adjusting and can accommodate pai'éme:her-vrariations off
the eloctric circuit usually associated with time and weather. The
detector is veprosented dagramatically in fig. 1.1s It consists of a
detector coil buried just below the road surface. This is a rectangular
coil made of few bturns of copper wire and insulated from moisture, The
coil forms part of a Detector Oscillator (D.0.) whose frequency is
chenged when tho wheels of a vehicle crosses it. The sudden chenge in
frequensy of the D.0. is converted into a d.c. signal by the phase-locked-
loop disoriminator. The output of the PLL is amplified by an operational

amplifier, A schmitt tripger monostable circuit is included which
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converts .'t:hc cutput of the operational wn?iifier into electricai

pulses that can be used to drive other elecirical systems.
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C ER _TWO

PROXTMITY TRANSDUCERS

2.0 Syncpsis
A bricf survey of proximity transducers is presented here with

particular cmphosis on metal detector. The relative merits of the inductive

type seleoted for the Traffic Detector are enumerated.

2.1 Introduction

Tn nany industrial and everyday situations nced of'ten arises to sense the
presence and the spatial behaviour of a body within a reference system,

Such information is usually employed to determine control actions.

The transducers which have found wide applications include mechanical,
pneumatic and clectrical types as outlined in chapter one. Far a sensor to
be useful, its characteriatic(a7) such as lincarity, sensitivity, repeatability
and maximum error, must be known. There are many electrical sensors in use
today and each exploit the ochanpes in one of several possible electrical
properties of matter that ocan be influenced by the proximity of another
body. Such properties include
(a) Photo-electricity (b) Resistance (¢) Capacitance

(d) Inductance and (e) Electrolytic

The choice of property used in measurement system depends on the type of
sengsor application contemplated. Each type of transducer exhibits specifiec
characteristics which can then dictate the mode of application. The
inductance property is selected here because of its suitability and
installation simplicity.



2¢2 The Megnotic Induction Proximity Transducer

The change in inductance of a magnetic ccil due to the physical
presence of a body can be exploited for the detection and measurement of
physical quantities involved. Usually, the variation of inductance is used
to change a parameter of an electric circuit which includes the variable

inductance coil,

The variation of inductance of a coil can be achieved in a number of ways.

(a) By changing the geometry of the coil, for example the overall length of
the ocoil,

(b) By changing the effective permeability of the magnetic core material,

(e) By changing the reluctance of the magnetic path as in the variation of
air gap of a magnetic circuit,

(d) By changing the coupling between two or more elements as in the LVDT,
(Linear Voltage Dependent Transformer),

Many transducers have been designed using the above principles usually
with an associated electrie cirecuit to allow the display or conversion to
measurable quantities. Such circuits which are used to convert inductance
changes to other electrical readout quantities include the -

(1) simple a.c. potentiometer (i1) a.c. bridge

(i41) tuned oscillator (iv) transformer type sensors,

The change of inductance in this Inductive Proximity/Presence transducer
is due to chanse in permeability of the magnetic coil and eddy current action
when a conducting body somes into its proxdimity. A tuned Colpitts oscillator

is used to interprete the change for eleetrical readout. The circuit was



Dy

selected because of itas advantages over the rest for this partiéenlar
application, This can be scen as circuit (i) above is gimple but gives
non-linear problen for small loads, (1i) presents balancing problems
Jeading to circuit complexity and (iv) ofton needs a dummy transducer
to ennul the back-off output current at quiescence. Though method (a)
ghove is simple, it provides lmited flexdbility and latitude for the
acgommodation of environmental variation, | S

Method,(bl) not only suffers from the above montioned constraints, but
it is also diff'icult to achieve a balance adjustment without the use of

expensive comp onents.

Mothod (d) would need morc thap a coil and consequently the influenceo

of self=-capacitance on circuit performance becomes more prominent.

The mechanism for inductance change can Do iljustratoed as follows,

The inductance of a coil is given as

L = ‘!-i fJ‘.éTlg-z Herrys
where
/JC' = permeability of free space
= 4N x 1_&7 Henry/moter
}/r = Relative permeability of the coil core
4 = Cross-ssctional area of the magnetic path in square meters
N = Number of turns
1 = 1length of the megnetic circuits in meters
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When a megnetic material is introduced into the core of the coil, the
relative permeability changes and consequently the inductance of the
coil changes, Another phenomenon which contributes to the change in
induc tance is the eddy curE':I’li,S)induction. Consider a long straight
conductor carrying an alternating current of constant amplitude. It is
well knowm that it will set up an a.c, magnetic field concentric with
its axis, This ficld, by Maxwells concept, has an associated a,.c.
electric ficld and consequently induces an cddy current in any conducting
body in 4its neighbourhood. The flux due to the eddy current in the
conducting body opposes the main flux. Since the inductance is given by
-2

where

numbor of turns

ﬁ: flux

—
]

current
there is an effective reduction in the flux and hence the inductance drops,

These two phenomena producing inductance change appear to counteract
cach other, However, the change in inductance due to permeability change
is very negligible as the coil is buried inside the earth and the axle metal
of the vechicle is reasonably far away from its core. However, the axle
metal is close enough to the coil such that the eddy current effect plays

a greater role in determining the direction of' the inductance
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change., Practical results confirm this as the freguency of an LC

oscillator rises when a vehicle crosses. The frequency of the oscillator

_._1.._\/1
f_m i

which shows that a drop in inductance for a oconstant capacitance will

may be expressed as

produce a rise in frequency, f.

2.3 Tuncd Oscillator Induction Dotector

The change in coil inductance caused by the preaence of metallic
objects has been used to build a class of sensors called Metal Detectors,
The veriable inductor farms part of a tuned oscillator circuit and the
change in frequency caused by the chage in inductance can be interpreted
by several techniques which include:

(a) the Boat Frcouency Oscillator (BFO)(1O)
(b) Induction Balance
(e¢) Phase logic

(d) the Phase-Locked-Loop technique, which is the method used in this project.

In the Beat Frequency Oscillator (BFO) technique, fig. 2.1 two oscillators
are used - onc the search coil oscillator (8C0), (usually of the LC tuned

type) and the beat frequency oscillator.

The two oseillators are tuncd such that therc is a small frequency 1

difference between them, say about 10 Hz, The outputs are then mixed
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éﬁgether and ﬁhe differeﬁcc is sélecte& by a suituble low pass filter.
The Adifforence frecucncy produces an audio tone after anplification,
When the scarsh coil is brought near a metal, its associcted oscillator
frequency (S.C.0) changes hence causing s chenge in the differenco'_l

FI

frequency and giving o difforent audio tone.

The prinéipal digadvantage of this method iz that the cseillator
froquencles must be very stable and must not drifi due to external
variations. This type of stability is usually difficult to achleve at

low cost leading to poor sensitivity of the method,

fnother nefhod which is ofteﬁ enployed to pﬁoviﬁe inproved sensitivity
is the Induction Balance, Fif.2.2. In this method, Wro coile with virtuslly no
coupling botween them are used in the gearch hend, A modulated redio
froquency signal ie fed into one coil while the other serves as the
raceiver., When a metallic objceet is brought ncar the search head, oddy

currents arc induced in the object and subsequently an a.c. fleld is

induced according to Lenz's Law which now off sets the initiazl induction

balance between the twoe ceils. The receiver coil then picks up a gignal
which iz amplificd and demedulated., This method while providing a better

sensitivity, iz noigy and difficult to adjust for zero balance,

The comparison and detection of the phase difference of two omscillator
frequencies could also be used to sense the proximity of a motalffe body.
This methed is aimilar to the B.F.0. type in thattwo ozcillators are naeded,

However, in thias case the search coil oscillator ond the reference oscillator
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are initially tuned to the same frequency. The outputs of these
oscillators arc compared by a phase comparctor, “hen two frequencies
differ from cach othor by say <Af, therc is a phasc difference & §

(11)

in time T betwecen them given by

The detcction of this phase difference has boen usecd Lo loeate metals

with licht enitting dicde (L.E.D.) readout. This is phase logic method,

2.4 The Phase lock Ioop Proximity Detector

In both the 3.¥.0, and the phase logic methods, two stable
ogeillators are required to enhance goed scnsitivity. The level of
stability rcquired is not usually easy to achieve with cheap oscillators
since this involves identical drift characteristics with the two

oscillators.

In the induction balance nethod, apart fron the nced of two coils,
it is very difficult to establish a zero offset in quiescence, A
method which solves these difficulties and simultancously provides for
sensitivity and reliable metallic presence detection cmploys the phase

lock loop technique.

A phase lock loop is an-clectronic feedback system which consists
of a phase dctector, low pass filter and a voltage contrelled oscillator,
Its feedback nature gives it the ability to adjust to cnvironmental

variation yet without loss of accuracy and semsitivity. Environmental



variation effect on the dctoctor is even nore nronounced for the
Traffic Detcetor wherc the loop is bdburied in the rond., Only one coil
is needed to build the Deotector Ogeillator (D.0). The second
oscillator is in-built in the loop.and hencc itas etability is greatly
improved, It posscsscs the ability to track amall drifts in the D.O.
due to environmentel variations with ne sacrifice in the noise imunity
characteristics, It is rclatively easy to build =«nd thc components are
available now either =8 a single chip looPp c.. Sigmetics NE 565 or as

(36)
a separate building blocks,

The Dotecetor opgeillator is tuned tc the seme frequency as that of
the voltage controlled oscillator of the PIL. This frequency is also
the centre frequency of the loop and a capture range is defined to

suitebly acconodate drifts in the Detecter Oscillator.

The capture ronge can be controlled by the sclection of the low
pass filter and consequently anllowance can be node for any predicted

drift in the D.0.

The output is a d.c, signel which is also thc error voltage that
forces the V.C.0., to synchronise with the loop oscillutor. The capture
range is inverscly proportional to the overall g2in or sensitivity of
the loep., It is usually desirable to reduce the capture range to get
better scngitivity., This is done either by using a large tinc constant
filter or/and by employing the Narrow Band Operotion technique. Further

details are discussed in the ensuing chapters.



2.5 Summary

A survey of proxinity detectors has becn outlined in this chapter.
The possible cheice of cloetrical property for uwee has been given, An
insight has also been given into the use of freqrency rodulation in
Prossure Finding., The various methods for ouch Locators have been
comparod and the justification of the selectod method for the Traffic

Detection applic=tion has been outlined.
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CHAPTER _THREE

THE_DETECTOR 0SC ILLATOR

3.0 Synopsis
This chapter discusses the Detector Oscillator. The construction of

the Loop Coil is presented. The performance of the oscillator so desigmed

using this coil under varying weather conditions are also enumerated.
3.1 Introduction

The Loop Detector

This is the main sensing component of the Vehicle Detector which must
be properly designed and ingtalled for rcliazble operation, The inductive
loop is made part of an osoillator, the Detector Oscillator, D.0. 1In
Metal or Treasure hunting applications, this loop coil, termed the Search
Coil is usually much smaller and mobile, It is moved from point to point
to detect buried 'Treaswres'. In this application, as in many other
industrial applications, it may be fixed. The principle of operation is
however, the same in that a conducting bedy coming into the neighbourhood
of a current carrying coil alters the coils inductance and induces eddy
currents, The coil in this application is buried giving rise to problems
that are unique to the application., The problems will be discussed in a

later part of this chapter,

3.2 Construction of the Loop Detector

The structure of the Loop Detector must satisfy both physical and
electrical conditions, The specifications of the coil includes its length,

width, number of turns and wire diameter,

The physical dimension must be such that it is possible to discriminate
between vehicles on opposing sides of the road, This imposes a constraint
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on the width of the coil, A study of the width of single carriage roads
around Zaria, Kaduma Stete, Nigeria shows that it varies from about

3.0 meters for local roads to about 3.66 metere for Urband prinary reads,
In addition, the average widths of vehicles {rim to rim) of some vehicles

plying Zaria roads are shown in Table Ji1s

Vehicle Type Rim—f;;l:i;ﬂl;idth
1 Morris Minor 1.58
2 Cortina (¥ord) 1.42
3 VW Pasalt 1.48
4 VW 1500 cc 1.48
5 Lada 1.49
6 Peugeot 404 Sgloon 1445
7 Morris Marina 1450
8 Peuzeot 504 L 1.56
9 Toyota Dyna . %97
10  Opel Record 158
ble : _Averagze Width of some Vehice

From these considerations, a dimension of 0.6 x 2.0 mcters was used in the
design., The choice of the number of turns is subject to two constraints.

The frequency of operation of IC-Oscillators is fixed generally by the



inductance, L and capacitance C according to the ecuation

f g -.'J—'——" s e rs s 3-1
B 2n./L ¢

which implies that the change in frequency is given by

ar = (-3{)a a + (-%?)L ae 32

where (%%)c is the partial differential of freaucrey vith respect to the

inductancc when the capacitor is held constant.

A large number of turns will give stronger field and larger change
in frequency when the Vehicle¢ erossea, However, the larger the number of
turns, the smaller the valuc of circuit capacitance that can be used. A
large number of turns will in general increase the sclf capacitance of the
coil which is less predictable and subjeet to strong variations in environ-

nental condi tions,

The inductance =and conscquently the number of turns is determined in
part by the optinum expected self capacitance to eircuit capacitance ratio,
This is discussed later in this chapter. Ceneranlly, a few number of turns
is used and the sengitivity is compensated for by the usc of narrow band

operation of the phasc-lock=loop,

(8,9)
The wire guage is selected by considering the skin effoct ' which

is important at the cperating froquency. The skin effect bocomes appreciabdle
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—

when the ratio of diemeter to skin depth is equal to 2,0, The depth of

penctration for a copper conductor of circular crogs section is
N _ o .

i

N S 1Y S

Therefore the wire diameter at a frequency of f (Hz) is

LI NN NI B A N 3‘3

d - (,l}_) LA cm sesrresitrenms 34

—Jf
for an opersting freguency of 100 kHz o standard Wiice Gauge No, 27 with

a dicreter of 0.417 en is adequute.

The turns of thie rectangular coil arc held togother by an insulating
tape. A strip of Aluninium foil is wound round with a gap at one ond -
see fig. 3.1. This serves as a screen which stabiliges the effect of
electrogtatic £i0ld on the coil therehby stabilising the effcet of the
stray capecitance . The introduction of the screesn increases ihe gelf
-capacitance of the coil and reduces its inductance duc to the eddy currents

indueced in it,

The reaponse of the coil to the Vehicle presence is nol significantly
affected since the depth of penctration of the signal ot 100 KHe in

Alurdinium jg much greater thon its thickness..

For AMumwinium, the depth of penetration is given by

T -



m— ———

ceIlLs
INSULATING TAPE

SCREEN
INSULATING TAPE
POLYTHENE

€—ereee INSULATING TAPE

(v)

Flg 3.,1: CONSTRUCTION OF THE LOOP COIL
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whére_':
¢ = angwlar frequency in radians
1 = weve impedance o
- B = absolute poﬁncmbility.of;ﬁadiﬁm
@ = conductivity of Aluniniun .
or _~° = Sl e iesieeeneaaes .

W

Therefore the depth of penétration for aluminium at 100 Kig is 0,3 am

4

whereas the thiclmess of the foil used is ,02 mm.

The screocned coil is covered with insulating tepe, For improved
operation the coil must be insulated from moisture. This is a difficult
task, Water moleocule migration will affeet thae oscillating frequency
stability. This is onc of the reasons why a phase lock loop digcriminator
is selected for this Detector. The coil is wrapped with polythene, The
construction is shown in Tig. 3.1. The whole asgenbly is hurded in a
amall slot cut on the road surface., The depth of the slot should be such
that it iz well gbove the water table and cloge to the top nco that thers
can be greater interaction hetween the electronmenetic fleld and the rim
of the Vehicle, About 4 cu below the asphalt iz suitable, 4 mwre expensive
way of installation can however be applied to check the influence of water
on the coil characterigtics. For instance, the slot could be sealed with

conent or/and asphalte . ' o g  §'“, LT
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The resultsiof measurements as the coil is treated is shown in Table 3.2.

Frequency ! Percentage Drop Stability %o
Treatment (KHz) in Frequengy per deg. C Ambient
14 Coil alone 144 .6 0 0.26
2. Secreoncd 132,05 6.7 0,25
3. Soreencd & 126,05 1140 0,16
grounded
4, Covcred with 119.38 15:7 0, 34
Polythene
5. Buried on the 92,66 3o b 7.0
road

Table 3,2: Treactment of the Coil, and Performance Measurements

The screen has increascd the self capacitance, and so decreased the
oseillating frequency. Further compression of the screen due to taping
further increascs the self mapacitance. In the [ollowing sections, some
oscillator structures considered for the Loop Detector Oscillator will be

discussed.

3e¢3 The Detcctor Oscillator: General

Since the variation in the frequency of the Detector Oscillator, (D.0.)
is the primary indication for the presenco of a Vehicle, the D«0. is a very

important part of this type of Vehicle Detictor, The oscillator must



-0 =

p-esess several importont charpeteristics. The negt inportant is that
it nust include the detector coil whose characteristic (inductsnce) can be

influenced by the Vehiele presence in the ncighbourheod,

A large number of cscillators can be defined using the Detector Coil
as one of the frequency selecting elements. Usually, a capacitor is used
as the other fregquency selecting component in order to nelilevo a stable
and varisble cscillating frequency. In sone resiricted instances, the
self-~capacitance of the coil can be used bu? thias leads to very unstable
and troublegome nseillations. The faE§£;,1;g Inductance-Capacitance, IC
Oscillator is ghown achenatically in fig. 3.2. This can bc broadly
clagsified into relaxation and harmonic oscillators, The harmonic class

whixh is of interest in this investigation can be broken inte two types -

the negative resistance and [focedback oseilletors,

There is not nuch distinction between the two in netual sense, A
negative-registance osgcillator is a one-pair terninal dovice which includes
an active conponent with a part of its voltage-current characteristic
'negative in clope'. Such active devices include the Tunnel diodo(r?'1a)
For oscillation to persist, it is required that the negative resistance
be equal or greater than thc resistance of the associated passive network.
A useful nmethod of deternining oseillation conditions is by polar plotas.
The polar plots are plotted to the sane scale on the sane axis and the
point of intersection of the two curves is an indication of oscillation

conditions, This method is used for the analysis later on in the chapter,
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There are two-terrinal pair devices such as transigtor and triodeg
which could be used to muild oscillators of the feedboelk type., The
principle is illustrated in fig. 3.3. which involves positive feedbacl,

A portion of the output is fedback into the input with the same phase as the
input, Hence the oseillator is a gelf-fed anplifier converting d.e. into

a,C, POWCr,

The d.,c. power drain is very inportant particularly if tho Vehicle
Detector is to be operated from a battery, The forward path eclements, 91(3)
and Gz(o) of fig. 3.3 nay not be always geperatle as in iransistor oscillatora.
In nost cases the feedback elenent H(s) is usually unity, The closed loop

(15)
transfer function iz given by

ne) = Gq{8) Gy(s) H(s)
1+ G1(3) Gz(ﬂ) H(a)

PRI 3.1

The stability of the systen is determined by the charactoristic equation

01{8) 02(3) H(s) + 1 = 0 T O R T 3.2

If the polar plot of eoustion 3,2 oncloses the critical plet - 1 + J
oscillation is probable., The point of ogeillation ia the intercept of the

root~locus with the imaginary axis.

The applicetion of these analysias criterin to the spocific ogeilletors
design is presented in the following scctions, Many pouribilities for

oscillntors are known but only twoc are presented in this thesis,



3+4 The Transistor Colpitte Qacillator

A Transistor Colpitts Oscillator was designed =znd tested with the
Detection Coil. The cormeon emitter transistor colpitts oscillator is shown
in fig. 3.4 with its eguivalent circuit, The junciion cempacitances are

indicated neglecting the high frenuency interbase rcsistance.

Bage collector junction capacitance

Collector cndtter junction capacitance

a
&

CB-O = BRage cnitter junction eapacitance.

Due to the low impedance of the transisvus émnyt , the nethod of anas, -,
is to load the output witk the input irpedance and break the feedhack lcop

at point X. A test voltaze V, is applied which gives a besc current of

1
¥,/h, . The collector curreat is Beo v

hie

ApPPlying standard theorerns loads to fig. 3.4 ¢ where

1

2y = hie 1/ Aed

. 1
Z —1 X ' // b= i LU R L 303
¢ %2 hoe

Zy, = KL//Kﬁ

and
i = jﬁc;

o n el

c3 Jw C.j
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' — . — e T
X132 = 02’

' - o
c 1 = 01 + Cy
Cpo = G+,
[ % = CHG -+ CB

where CB is the self crpaciliance of the coil,

The output voltage V_ in fig, 3.4 ¢ is given by

VO - Z1 m’. ‘f1 22 CRERE LA R 3.4
Zy + 22 + 2
or
E‘('j' = gT "”2 m . - - 3-5
V1 2»1 +13524l-2.3

Fron equation 3,2, the tramsfer function in equation 5,5 muast be equal

to -1
That is

71'1'32'1' 713 = —:711 ZESI'I et e s e 3.6

If the values in equation 5.7 sre substituted into equation 3,6, then
A = JLd T, :
143800 C,4h b+ 3@h 6+ TP L%((hae

¢, W% e cr))= -emh

+ W0, + § iy

ie Toe ie
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Equating the innzinzry ports of couation 3.7

L 2
' — e - ¢ @) w O
hic(c 2 *+ 01) 1 _w ?L C" hnc h) }110 1 C l') LR R A 3.8
2
.o' w 2 = h\'(.' f hie -_—..-..-.-1. .I...’.-.---
— e o w B —-———C-;—c:—- + L((:_ . ?J-_c-.? )
(C'y + 0y )05 + 172 ) I
- C!'+ CI
1 2
HI'- G hﬂe/hic # ....l.. R R 309
L ct; + C*
=k 4 “'l“r"u‘z"n' 1 ’ !
37 6RG,

Dguating the real parts of ccuntion 3.7 gives

2 2
L hiu h c - u') L Cl52 + U-" L hic- h{*u C;
- = = pn hiu

" RS

Since h, = @mh

fe 1o
W 2((hfo = Bio Do - 1) (03 . 0’2 - Biq hcc 011)
= ~{lahy 3B B ) eicciccrennaesennies 3.9
If hie ?}na\ heo .(.19.)... 3410
(:hdch is true for BC 103 vhere hie = 2,7 lIdlo olr.e, hou =18 x 10~6 nicro mho

at I = 2 n4 and by is -bovt 15¢),

fc

then

2
W (Bpp €5 = €1)) = = by [T 3,19



Substituting

N 1
- ] 1
(03+ C1 c2 ) L
G%-;-Ué

from cquation 3.9 by neglecting the first term inside the bracket of the

right hand side,

CI
oo hp iz 2

LI L B I I ] 3.12
°4

3.5 Dosiyn Criteria

In this scetion, some design inequalities and congiderations for a
Transistor Colpitts Oscillator are presentcd. The specifications for the
oscillator arc the

Operating frequency 100 KHz

d.c, pover supply = 9,0 volts
The coil is constructed as shown in an earlier section., The inductance of
the coil was first of all made equal to 3.0 microhenrys. This value did not
allow the uszsec of a large ocircuit capacitance that will invalidate the

variation of the sclf capacitance on the frequency stability,

The inductance was then reduced to about 100 microhenry by reducing the

numbers of turns.
It is necessary to select a transistor whioch can provide satisfactory

operation, BSatisfactory operation implies high hfo’ alpha~cutoff, fT

end low intcr-clectrode capacitances. )Tr:msistor BC 108 was sclected
(32

with the following characteristics:



hfe{} 2zp at colleetor current of 2 ni

hie43-2.7 kilo ohng at collector current of 2 mi
hoog.JO micro mho at collector current of 2 ng
Collector capacitance. Cgc & 6 PP at 1.0 MHz
Emitter-base Capecitance, Cﬁé = 8 pF at 10 HHgz

Gair bandwidth Product,fT = 150 MHgz at collector current of 10 ma.

A collector amount of 6.5 ni was selected which will allow the oscillator

to develop enough power for the expeeted load

The capacitor: volues are found bty considering equation 3,12 and

the equation

which is a practical starting point assuning that the junction capacitances
are negligible together with the self capacitance of the coil. The
capacitor type should be gelected by considering the touperature coeffiecient

of frequency of the osgeillater,

The temperature coefficient of freguency is rclaied to the temperature

coefficient of induector and capacitance since
£ = f(c1, Chy Ly hfa)
If f o -—4— L I I T I R I I A B B 3.13
2WJIC
(33)

Then change in frequency is rdve by the partial differential cquation.



af = (%—%}C AL +(%—§)I|dc 3.14

Since L and € alsc varies with tenperature

a _ (O a, Ay &
dT - (dL)C dT + (hc)li dT L B A U B I I A 3-15
where

(—%}{. i3 the partial differential of f with respeet tc L vhen €
iz constant.

(§3c= - 3,16

L L RO R B R R A R I B B I B I

and
L5 _ L
L 2C
. 1 a8 _ (1L AC 1 4% -
" f dT — _%(c . a7 + L am canrean e ,.‘t?
ke = -3 @, HK,)  cereeennne. 318
wherc

O, is the tenpcrature coefficient of frequency
X » is the temperature coefficient of capacitor

C!L is the tenperaturc coefficient of inductor
The optinun desigm would require
O'sf - 0,

In practice O(f is mininised by choice of capecitor types which cen offset
the coefficient of the inductance which is positive tending to roduce $he

right-hond side of equation 3.18,



For an oscillator using two capscitérs ©, and C, in series

1 2
g. &
C =
C$ + 02
then
(£ :;2 )? 3.19
n1~{12 u1 - 02
g : 2 20
".Ill‘i ( ) - .__l—-) LR A B O O 3.
“ p- (B4 . + 0
21 i P
80
El_c' == (-‘_.:3-)2 fl + ( 01---.)2 —d—Eg- - ® e a8 3-21
i o r 3 i
or
A . .
- < c, + ¢ ovewary D2
01 -+ 02 1 01 4 02 2
>4
If 027 r:1

then X 20, 3,21

2
Equation 3.21 shows that if
¢, 27 ¢,
capaci tar 02 vill have a dominating influence on the {rcquency as temperature

varies. Hence 02 nust be carcfully selected,

However, (XC is rot so sinple since there is anothor 'capacitance! 03

which remesents the varying sclf-eapacitence of the coil,
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In fig. 3.5 is showm the vardiation of frequency with ground and
Anbient temperaturc, “The Tapficitance’ 03 is rosponzible for the fact that

froquency variation did not follow anmbient tenperaturc faithfully,

Assuming the capaciters are in parallel, the teriperature cocfficient

of capacitor can bc found since now,

= Sases e sa e : 22
¢ 01 +C‘,_:+C§ b 1%
Qe 20 2c  _
2" _a—cz' 273
S0 ecquation 3,21 becones
ac £ ‘ B dC1 X . C.: 1L d02 e ?3
- o] o 0
a7 C1 + 02 + o aT 01 + G, + Cj 5 daT 01 -+ 02 + 03
dac
1l 2
C; AT ssueieste 323
¢ C C
01 + 02 + 03 C1 01 + 02 B 03 2 CT + 02 + 03 3

LI 3-24

which shows the difficulty of stabilizing thc frecuency of the oseillator
when 03 is taken into account, The third tem cf couwation 3,24 is
responsible for the itroublesonc behaviour of the oseillator with hunidity

and temperature,

In the first place C, verics with hunidity and temperature and the

direction of wvariation ie detcrmined more or lees by the humidity of the mediun.




SaImyegedue], 108 TQUY PUE pUNOIH YITM uoTIBTIB) fouenboay :G°¢ °*FTd

. £Lep a3 Jo samoy
bz 2z oz 8l 91 ¥ ¢t

i 4 A - 4

ot

Qﬂut

ot

c8




B2

It ig therefore necesgory to nake
03“-01 + C2
go that equation 3.24 reduces to

c c

qc -+ 2 ac csmbusaw 3-25

1
¢, + C 1 C1+02 2

and carcful selection of f:1 and C? will mipnimise the frequency drift with

temperature,

3.5 Colpitts Oscillator Using a llon-lincar Blement

A Colpitts oscillator bullt around an electroric relay clement is

shown in fig. 3.6, It consists of a nonlinear elcment and a frequency
(18,20,21,22) )

selecting network, The Describing Furction approach is used to

snalyse these types of oscillators. This approach is justified if the

harnonics generated can be neglected without introducing appreciable error.

The Describing Function, D.F,, is defined as an ervivnlent transfer
function of the nonlirear systen, This is used to vrecplace the neonlinear
asystem so that the entire systern reduces to a linear un2 vhich eould be

analysed by standard lineer control theory.

The nenlincar element selected here is an clectronie velay with a
deadband, Thia is the Trameistor- Transistor Logic (TT1) inverter gnte 7404
whose transfer charascterisite is shown in fig, 3.7. [hc characteristice

shows that the output during logie '0' is greater then 0.0 volta, The
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systen is not odd symmetrie and go there is a d.c. sirmal which is fed

round the loop, and back irto the input of gate,

There arc two inputs now to the non-~lineasr eclenent - a d.e. signal

and a sinusoidal sign=zi.

Consequently the usual assumptions nade in the derivation of the D.F.
that the d.,c, conpenent of the Fourier serics is zero do not held here,
The analysis is thercfore perfermed by the Dual Inpui Deseribing Function

(26,27,28)
(DeI.DJF.) method,

The DWI.D.F. for this nonlinear elenent car be derived dby considering
the diagran in fig. 3.8 vhich shows the input - cutput wave forms of the
TTL 7404 gate., For ccnvenience, the gate iz treated am consisting of a

buffor and an 'inverter'., The input to the gate is

o (t) = OL+ ﬁsin(.ﬁt 3.26
the deadband is

D — m -+ ﬁsin 91 sssssspeame 3.27
; g !
e 41 = arc rnin (D?'j avsenene e 3.28

o, = T - &

The output ias

Y

i

A feowlt L6,

0 G2éut L91+2“ see s e 3-29
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Apmlying Fourier series,

the d.e, tern is

G1+2
= ke
P, = 2n_9d(t)awt 3430
1
- e i
- gl u‘.‘-zg1) 3.31

According to the agsumptions of the D.F,, the highor ternn in the
Fourier scries can be neglected leaving only the averase velue and the

fundanental,

For n =1, the cosine tern is zero

01+2
For mm = 1, the gine term is P1 = *ﬁ_- LO (1:] gin U.)t dwt
Gl‘l
= &‘J}. nr's@ I T I I Y '5.32
» 1

i

o P, o= f\‘r (q1 8) 5‘%‘ (1 - 2:\.!'055.!1(25-&-) Y eeeeees 3433

and .
2114%-\/1 E (QG;‘-"L)2 veeees 3434

- p,= 1, (©(, B)
These values arc now ready to be used in conjuctiorn with thoe transfer

0

1
function of the frequensy sclocting network,

The Trancfer Function of the linear part of the froquency deternining

nctwork is obteined by ginple ecirecuit analyzis and is
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1

1 = (1+RSC1)(1+S_2_L02)+R028

1

+.<:;"L02 +SR(C1 +02)+1 vereses 3,35

EB_R L 01 c

2

Eguation 3.75 did not take into consideration the self capacitance of the
coil, This sclf capaclitance is very inportant ac far as reliable operation
iz concerned. The modifiod transfer function, faldng this into conzidergtion

beeones

3
1+ 5 L 03

57 (» c, (034. 01) + Os (r C, o+ 1)) + 3(11(014- 02)) + 82 1 02) + 1

[

srstaae 3.36

The gnalysia is conpleted by scolving those two equations to obtgin the

ogeillation conditions:

N f —_ - +
GDI\O (q_" P) - 1 LICHC I B R N B N 3.31’
f - AT 5
Wh@re o Li-; O G2 (J(A)) LR R RN I W AR R R 3.38
The evaluation of gquation 3.37 is done for variows volues of to get
corresponding velues of B, These valueg of and B are then used to

solve equation %.38 in sraphical formn.

The frequency of cscillation is deotermined by the point where the

. . . . 1 g s >
plot of Gz(.j(a)) interdects the -~ m axiz end the amplitude
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of oseillation is gpecified hy the velue of -—**‘L"—:') at thot point.

N0 5P

Design Critoria for the Oscillator

The coil is prepared as eerlier on disecribed. The freguency desien
starting point can be obtained by dgnoring 03 and equating the inaginary

part of equation 3.35 to zero.

LIz | 0y

L 01 02

rif Lo ! e BUET

or f = LCT 02
ZT"\! C'l +02

The cholce of capacitor follows the same routine as discusged in scetion

Jede

3.6 Performange Tests of the Detector Toop Ceeillator

Two types of Colpitts Oscillators have boen designed and tested.
This gection discusses tho rulaiive merits of thesc tuo methods and in

addition reports the performance teusts ag eirecuit componcnts woere varied,

Vhereas the intesratod cireuwit (I.C.) type may not be shle to withstand

nore than 7000 anbicent temperature (cowmercial type), the transistor type

can withstand higher temperature than this.

Table 3,% showg that tho fremency change when a ¢:r passes is

almost the sama for the two {¥ypes ceecillating nt about the seme frequency,
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The table elsc shows that the higher the frecuencey of operntion the

greater the change.

Treatment F:E;:ég:t):ncy —%-f- %
TTL 7404 Type 57.7 i
TTL 7404 Type 104.3 1,2
Transistor Type 4730 1
Teble 3,3 Change in Frecuency with Vehiele Precence,
(23,24)

For regular TTL power dissipatior per gate is about 10 nillivolts but the
disgipation in transistor circuits c=n be controlled by the choice of
biasing curr nt. The TTL type cen only withstand a supply variation of
about % 5% around 5,0 wolts while the transistor type esn withstand more
than this depending on the bias arrangement. For class A bins it can

withstand up to % 20 € variation.

4 TTL 7404 Colpitts Oscilllator was selceted for further investigation
in opder to provide more information about its behaviour and provide o
better understanding of its performance.

However, to obtain o cleaner waveform, ~ Schmitt

(25)
TTL 7414 was used,

trigger inverter,

Tuc to its hysteresis , 1t hag bLot..r noisc immunity
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though the froquency of operation is slightly lower, table 3.4, because

of phase shift introduced Wy the hysteoresis.

The analysis is sinilar to that given for 7404 carlier but the

phase ghift due to the hysteresis muat be taken into ~onnideraticn,

c, ¢, f*b"mﬂu?i}KHz]

o " 04 | 7414
1 47.0 10,0 152.27 148.24
2 47.0 22,0 125.55 122,00
3. 47.0 36,0 109,910] 105.86
4, 47,0 47,0 105,311 96,700
5- 1":'?.0 65.0 H r:‘ -T'?'T 88.821

|

Table 3.,4: Using T404 and 7414 as Nonlineor Dlement,

(10)
The band of frequency allocated to "Metal Detcctor® is 16 - 150 KHz

with a forbidden band from 90 to 110 KHz to protecet the "Standard Freguency"

of 100 KHz,

The prefered dband is however fron 8 to 90 KHz and 110 to 144 KHz. The

lower prefer band is chogen sinec it vill give less drift with tenperature.
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The effeet of the self capacitance on the Detector Toop (seillator has
been ddscudscl ¢arlier. It has also been argucd that the use of higher
circuit capacitance will give improved operation, Table 3.5 gives the

variation of frequency with temperature for variocus Inductance tc Capacitance

ratio,
|
L C 1 U2 ¥ Fasl T
nicrohenry| nF nF Kilz g %%
340 Sl 2.5 88,05 i 7.6
100 6 &8 47 89, 80 0.256 T §
Table 3%.5: Preguency Drift with Temposratu ¢ for various
Inductance to Capacitance ratio,
It can be secn that the use of smaller inductance provides more

gtable operaticn,

Capacitor 01 and C, are both responsible for the frequency of

‘ (
32)
operation although it has beem surzgested that C1 is rcaponsible for

the anplitude level while 02 doternines the frequency, Table 3,6

shows that both C‘| and 82 inlact influence the frequency but 02 has

greater influence.
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'31 N C; Frcquer!r:-y ]
nf ) nf Kz 1
33 33 117.64
33 47 112,67
47 47 99.51
47 68 89,76
68 68 83.53 :

Table 3.,6: Influencc of €, and 02 on Frequoncy

1

It is thorefore desirable te malke 02 tig in conparisgon to the expected

gelf capacitancc.

In scetion 3.5 it was shown that the tenperature coefficient of
frequency is a function of the icnperature coefficient of the inductor
and the capacitors. Two caprcitors are at anblent tuapersture while the
inductor and the third 'capacitor'ape nt ground tempearaturs, Conscquently
both the ambient and ground temperature affcet the frequency of operation

28 shown in table 3.7 and %.8,
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"y,

Table 3.8 showa the voriagtion of fregquency with both anbient and

ground temperature for different but smaller ratio of ¢

ratio,

3

to (c1 T 02

+ C

by | mme | TRT (jTemersie e Rosasi
1 | 8.00 o BT 22,2 | 35.5 ¢ = 5.1 oF

9.00 84,074 23 35.25 o' _ 5.4 up

10,00 pn 84534 28,3 34..89 ¢

11,00 pm 84,465 22,6 | 34.% = 340 microhenry |
2 | 8.100 an 87,53 22,2 | 30.72

4,40 m 85,851 23,8 | %5.33

5,00 pm 5. 804 35.49

6,00 m 5. 506 25.0 | 35.55

7,00 £5.,762 3.0 | 35.3

8,00 pm 84,054 235.0 - 34,83

9.00 pu 84,604 23.0 | 34.79 |
3 | 8.30 an 87.70 50,3

9.30 an 87,77 30.44

10,00 an 87.40 30.58

11.00 an 87.07 30.72

12.00 pm 85.61 30. 86

1, 00 m £4.44 31,69

Table 3.7:

3)
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The ground temperaturc is mezaured with the azid of a thermocouple
inserted on the road by the side of the coil. The other end is kept at a
refcrence temperature. The tempersture difference between the twe

junctions is measured by a Galvanometer -~ fig. 3.9.
The calibration curve is shown in fig. 3.0,

This curve can be described by the equation

t = C-‘@ + Troi’
where Tref is the referencé temperature for the calibr.tion of the
galvanometcr.

Q

& = galvanoneter reading at a  temnperature t C,

OL= slope of the curve in deg. C/g.

It is not necessary to return the cold end to Tref each time a reading is

to be taken if it is scon that

)

t = Ole + Toet + (TH-Tmf

vwhere TH is the new reference temperature which may be the ambient

temperature,

§IJ.III'—§££:£

In this chapter, the deasign of the Detector Loop znd its oscillator

were prescented and their performance under normal operating conditions
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were discussed, Various physical and elecironic constraints were

tranglated to design inequalities and suitable design procedures were
outlined,

In the noxt chapter, the denign of a PLL dicerininator for the
detection of the loop Oscillator freguency variciion with vehicle

preaence 1s presented,

-
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CHAFTER FCUR

THE PHASE-LOCKED-LOOP (PLL)_

zlroo Sz!lUESiS
The design of o phasc-locked-loop discriminator ig the subject of this

chapter. It introduces the PLL ag a building block and goes on to use it

t0 build a frequency discriminstor suitablc for the performance characteristic
of the Detecctor Oscillator of the previous chapter, A suitable output
circuitry for interfacing with other circuits, and in particular cmnectioh

for e vehicle counter with L.E.D. display is presented.

Le1 Introduction to the PLL

The analysis and resulta of the provious chapter indicate that although
oscillator frequency can be changed by the passage of a vehicle over the loop

an undesirable component of frequency change is also presented.

The Phasc<Locked-Loop is used in this chapter first as a frequency
discriminator tc detect the sudden changes in the frequency of the loop
oscillator duc to the presence of 2 vehicle over the coil and secondly to track
Detector Oscillator slow drift due to environmental conditions. This ebility
of the phase~locked-loop to track the drift in frequency is what determines
the superiority of this method to the other methods discussed in chapter two.
The need to successfully track the drift and also the rate of change of the
frequency prescribe thé important parameters of the FLL such as the cap;twe

range and lock range.

The f‘unda.fﬁgntal congepts of the phase-locked-=loop has been know by the

oarly 1930, Its use however, was limited by cost and complexity of discreta



form implimentation.

The advant of integrated PLL implementcd as either a simple chip or
(36
mualti~chip )configurations has simplified the design and widened the
application areas of the PLL. Applications now include use ih T.V., tracking

of satellito signals, frequency synthesis and discrimination, and contrel.

L.2 Analyeis of PLIL, Rasponse
Basically, a phase locked loop, PLL is an glcctronic feedback system which
conaists 2f a phase detector, a low pass filter, an amplifier and voltage

controlled oscillator, VCO, as shown in fig. 4.1,

A gimplificd qualitative picture of the cperation of the PLL can be
described as follows: The phase discriminator sclects the phase change between
the input signal and the voltage controlled oscillator which is sclectsd by the
low pass filter ond amplified by the amplificr, The amplified error signal
is used to control the frequency of the voltage controlloed oscillator. In
control terminelosy, the V.C.0. is the controllod system whilst the phase

detector/emplifier/low pass filter perform the orror detection and conditioning,

It is quite evident that if' the system were linear and the error is such
that it reduces the difference in frequency and hence phasae, the V.C,0. would
tend to track the changes in inconming signal frequency. The PLL is said to
be in lock when tho frequency of the incoming signal, the PLL are egqual ond
with Tr/2 radians phase shift. In practice, a2 small deviation in phase is

prosent botween the two system becoause the system loop gain is finite,
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The phase discriminator in practice is a multiplior eircuit wvhich

generates the sun and difference of the input frogquencics,

14
1

, = %flgj_'n (mi-g.)o)+ain (u)i-r- wo)‘]....... 4.1

where

bl = input frequency in radians
o Wo

The low pass filter, IFF elininates the sun frequencies such that

V.€.0. centre frequency in redimms.

for small difference in frequencies the output of the IPF can be represcnted

ag followg:-

92-'-: K(Ldi—wc) L 442

fron (4,2) it is poesible to sec that jhase the ddscriminator and the LPF
are cquivalent to a simple frequency comparator. Depcnding on the
characteristicas of the IPF, anplifier and V.C.C. recsponse, the response
for small signals can be studied using standard servomechanism theory.
This can be used to establish the tracking characteristics of the PLL

systen,

The dideal frequency-voltoge charactoristic of the TIL is shown in

fig. 4.2 to 1llustrate ite behaviour with varyineg input sipnal.

The difference frequency (q)i - L‘)o) is filtered with the sun
frequency ((u‘ i +u}0) when it is greater than the upper band edge of the

LPF. However, ns () approaches () , the difference () - (d,) falls



into the passband of the IPF and produces an error veliage which shifts
the V.C.0. oand hence reducca the value of (wi - Ll-lg) mntil lock is
rttained. When the input frequency Wy, is increased frou sgero the
operating frequency remaing the same until (4} i reached when the loop
'eaptures' the input signal and lock ia established, The operating
frequency then follows the input sigmal froqueney until the upper end of

the lock range is reached at sz where lock is lost and V.C.0. returns

to ‘J.)o'

On the other hand when the frequency is decrcasing towards mo, the
l00p 'captures! the input sigmal at Q}S and V,0,0, tracks the input signal
until the lower end of the lock range is reached where loclk again is lost

i s ¥ 1 ~
nnd V.C,0. returns to h}o'

The capture range which is the range of inmut freguencies over which
the loop can aneguire lock is given by {“’3 - U)1) is determined by the

low pass Tilter.

The low pesg filter L.P.P. pleys an important rele in the operation
of the P,L.L. and its choice depends on particvlar applicntion., Whercas
a large tine constant provides an increased nenory effect for the loop,
The tracking rate ioc lowercd, A large time constrnt, however provides
increaged immunity to nolsc nnd eut-of-band signals, Under this condition,
the copture range is reduced and the capture tramnsient, the settling time,

becomes longer,
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A single-pele RC filter ic the sinplest filter Tor a oecond order

1C‘ffp, fif';o 4 -30

When used with a PILL, for example, Signetic PLL UB 565, the resistor

R i intermal and the capncitor ip comnceted betveen pin7 and ground, fig 4.4,

If transient hes died down, the gyster may be considercd linear and the

open loop transfer function of the PLL is

Kv F(s)
where
Kv = ."}OLZI.! A
K = V.C.0. Conversion gain rad/sc-c./v‘olt.
K, - Conversion gain of phasc detoctor
A = Amplifier gain

F(s)

Tranafer function of the filter.

0

The cloged loop tronsfer function io

H(s) = -1--:%.?%)— B T S

for the single pole RC~filter of fig. (4.3a).

. (.
F‘(S) = 1 +-CS L R I I B A R A O A A R

whero T = RC

Then the e¢lesed loop response is
Kv

+ T8

Hs) =

Gscracsnssnpastiaes

a
Lo ]

4.5

had

446
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which gives the root locus snd freoquency responsce shown in fig, 4.3

(b and ¢) respectively.

The PLL system ic stable but may becore unstable cue to & parasitic
tine constant or inappropriate increase in K'.r' In this casc, the root
locus bends towards the inaginary axis (sec dotted lincs of fig. 4.3 {(b)).
This tendeney towards instability ie usually elininsted by the use of g

ag-lead filter of the type shown in fig. 4.3 (e -~ g) with tho assccisted

ro0t locus aad frequency responsa.

Here
F(ﬁ) = 1 +L_§, s Fes s rassnrn 4.7
1+ (T,+ 1;2)5
where 1'_‘:1 = R1 c
T, = RO

The eghoice of 1',2 enheneecas atability and the frequeney resyonse now dependg
on the damping which can be contrclled by "C,1 and T ,. These results

are used latter with thc asipnetic NB 565 PlLL.

The leck range which ig the range of input frequencics over which
the loop will remain in lock (onee lock pas been acquired), on the other
hand is not a function of the low pass filter, Thin is o d.c. peramecter
which is n function of the range of error vclta;.ge that can be generated

to preduce a corresponding V.C.0. frequency deviation,
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The V.C.0. has a maxinun swing beyond whieh locok will be lost.
The voltage developed at the output of *the phase defecier is a function
of the product of the phose and the amplitude of +ha in-dand component
to which the loop is locked, Therefore, a decreasc in cignal snplitude
must be aceonmpanied by an inereage in phase difference between V.C.0. and
input signal if the cutpat voltage {and consequently frecucncy deviation)
1. W Lo comatont. Gomerally, a streng inpat signal  will allow the

maxirum use of the V.C.0. swing capablitye

The specd of response ig a function of the low pass filter., The low
pase Tilter limits the naxirun rate at which tracking can occur because
the LPF capacitor voltage cannot change spontancously. Yor fapt operation
snall time constmnt with high frequency cut-off is uced but the sun
frequencies will be pregented at the output., The trade off scleeted will

depend on particular applications.

The center frequency, 1 which is the frec rumning frequency cof the
VCO when not in lock is given by expressions characteristic of each V.C.0.

For gignetic MB 565 FLL, the center frequency is given approximately by( 35)

) S Y- )
fo_ 4? fj HZ LR R A A B I 4.8

1o
This center frequency can be tuncd by the sclectiorn of capacitor 01, £ig bels
The phase detector is a rmltiplier which gencrates r voltage proportional

te the differcnce in phage of tho two input signnls. This may be
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(34) (35)
ainusoidal or squars signal phase detector omploying diodes, transistors
(11,35,36)
and integratod circuit gatos. The principle is similar and it is

uswally required that the phase difference/output voltage be linear.

4.3 The Simetic NE 565 PLL

This is a single chip PLL whose pin configuraticn and schematic

diagrms arc shown in fig. L.4.

The Phase Detector

This is & double-balanced mixer-type,fig, 45 where the dlfforential
amplificr input astage has a differential gain of

A = RG

d 0,015 1,

The input is multiplied by a unity squarc wave

_‘_?z?g-m gin ((Pn + 1)ujot)

'l'ihere n - 0’ 1, 2, 3, L)
The effect of this multiplier action can be scen by considoring input signal

Vi + Wy =V, osin (o4 8,) + Vy sin (wWiF+8,), cerene 4,9

The phase detcoter output is
v,
i -
- Y #). gin (W k
mﬂn ((2n+‘l)(,|_)0 Y, sin ( i+9‘|)

b,vk

'ﬁm sin ((2n + 1) -\‘jot)-- sin ({.-L)kh Gl{) serre He10

v

a

+
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which can be reduced to the following form by applying trigonometrical

relations, —
w
24 L v, , b) t
v, = 3 > i cos {(2n + 1)&_)01: - 3V - Qi)
a ”w :f(') \—(Zn + 1)
vi cos ((2n + 1)4_;)0-%:-!- h)it + Qi)

i2n+1i

v cos {{2n + 1)()0* - u)kt

+ k
-C’2n+15

I
&

- kK cos ({(2n+ 1)) ¢+ (_.Jkt+9)
) I“'11

Ir Vk = 0 and Vi is close to o)o, the first term (n = 0) has a low
frequency component which feeds round the loop 10 bring about lock, At
lock U)o = ("JL and the first term becomes
24, V
vd = —,"'""d'—"—i—COS g- vtV sentvan 4.12
™ i

With Vk =0, n =0, the second term shows that the sum frequency is
alweys present at the phase detection output, I Vi # 0, the third term
indicates that the loop cen be driven out of lock by another frequancy

differencc particularly when at its extremc ends, The forth term has

1it¥le effect,
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The Voltage Controlled Ogeillntor !V,G,O.!

This consists of a precise curront source and o non-saturating

Schmitt trigger, simplifiecd diagramatically in fig. 4.6, The operation
nay be understood as follows, If ihitially transistor Q. is OFF, the

charging current I, duc to the control voltaszc Vc charges the capacitor C

1 1

until the threshold level of the Schmitt tripgger is reached when it

changes state and tronsistor Q3 is now turned CN,

In this state, transistor Q1 and Q2 are turned CN ond the current I1

flows through diodesn D1 and D2. The portion Tlowing through D2 discharges

capacitor 0, until the Schnitt trigger changes statc and the ecyecle repeats

1
itself,

The V.C.0. cutpt is a function of the control voliage and has an
integrating property which gives the closed loop transfer function a Pole

always at the origin.

In the operation:as a PLL, the V.C.C. outmut, pin 4, must be connected

oxternally to the phase detector input, pin 5,

444 The Degign Consideratiomsof the PLL Frecueney Discriminator

The analysis of the previous section provides the explanation of the
potential effectiveness of the PLL as a frequency discrininator for the
Loop Netector, It is possible to track the slow changes (drifte) in the
Detector Osecillator frequency by selecting the lecck range. The vehicle-

initiated changes which are nuch faster can be tracked by catablishing
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the capture ronge. These can be tranalated into the following criteria.

Lock Ranep Criteriopn

o4 .
The theoretical developn(c?rf’g indicates that the lock range is rolated

to the contre frequency and the supply voltage by the cxpression

2r 2 0% L 411
vi.':t',‘
vherc Vcc = total supply voltage
fo = cuwtre frequency

For a supply voltage of + 5 volias which is compactible with supply to

other TTL IC chips, the loclk range is, for f0 = 80 EHz,

26 KHZ‘_Z fL >14«4 I:IIZ LI N B R 4‘.12

This covers, theorctiecally the band allocated to netal detectors including
the forbidden band 90 - 110 KHz. The lock range nust be reduced and the
powor supply valuce ghould remain the game, A mothod for reducing the

lock range is given lator in the chapter.

Capture Rangre Critorion:

The performance tests en the Detoctor Oscillator in chapter three
indicates that the frequency drifts could be as high as B kilohertz for
a dry day and about twice this value when it reined for a worse case
selection of induectance %o capascitance ratio, This implics that the

Capturc range 216 kilohertsz.
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The mazximunm speed expected Along the route may be taken as 100 km/hr
This speed can only be attoined st off-pesk pericds in urban centres.
At this speed, the time taken to cover an overage car length of 5 meters

iz 180 ng,
This implies that the
Capture time £ 180 o3

This pull-in time depends on the initial frequeney and phase difference
between the two signals, the loop gain ns well ns the low pass filter

bandwidth., A wider handwidth ipplies a bigger capture time.

Por a saccond order loop with a transfer function of

2
Ms) = Ly . 4.1%
sz+2£ S+O)2 [N N AR ) .
AT n
where wn = naturgl frequency
S = dgnping factor

the systom oscillatory tendency when the damping factor E) iz snall,

When 5?2_1

there is no over-s!(zoo;: and the loop captures instantaneously. The time
22
for maximin cutput is

t = 7 4.14
m - LI BN B BN NN A A ) -
wn V1 '52

It & =1, for critical demping
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then

= _J'L_ N R 4-15
max wn

i Wil Beacad Gedes Looar T

wr - Y
e Trax = \/__E: 4.16

From where it can be scon that the capture time inereases with the IPP

time constant.

Ideally

tmxg 1&) w. LR R L B I A ] 4.17

(35)

The capture range for this second order locop is given by

2(2mt) 2¢) 2,/ WL radiens ceees 4418
c C _‘tl

whore 2“)L = lock ronge.

But the lock range is also given by

2fL ‘ﬁ" 16f0 Hz' LR I 4. 19
1.]'CC

where fo is the center frooucncy

and vcc is the totnl powver supply

1 ]l 2-n-f° EE R '1.2()

n T"vcc

Hence
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which is truc for
f, e 1/3 -

Fig. 4.7 shous the capture range ag a funetion of !{_ for tho same filter,

The centre frequency design cquation forNE 565 is given by the

rnanufacturcr as

[ Y _
fc = 4& c LRI I O I A R 4'21
¥ 1
where R, = 3,6 kiloohn nd is internal

1

end €, dis selected to give the required centre frequeney.,

1
The theoretieal lock range and enpture range expressions arc given
rospeetively in equations 4411 and 4.20. The lock ronge and capture range
are shown in fig.4.8a as traced by the X - Y plottor. The photegraphs of
its oscilloscope display is in Plate né. 2.

The capture range and the lock range shown in fig, 4.8aare cbtained
by the apparatu.EcBE)ss:t ur of fig. 4.8 b, A woltagc controlled gencrator
is swopt linearly through the frequency range of 10 <o 200 KHz., The cutput
of the generator feeds the input of the PLL. The output of the PLL is
connected to the Y-axic while the swWweep voltage is comected to the X-axis

of an oscilloscope., The gweep frequency must not be too large, typicelly

it should be between 1/100,000 to 1/1000 of the contre froguency,

A hard copy of this ncasurement is cbtainecd by using the X = Y plotter,
The frequency is hand awept using the offset control of the aweep generator.

The reciprocal of the slope of line AB gives the V.C,C,. coversion gain,
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However, sincc the expected change in the Detcetor Oscillater frequency
when th¢ vehicle crosses is in the neighbourhood of 2%, a narrow band
d;aign is more acceptable, This is justified further by the oxpeeted value
of the

drift & 16 KHz
and the need to aveid the 90 to 110 KHz band,

The narrow band bohavicur ean be achicved by modifying the feedback

(35,37)
path of the ME 569,

(35)
The total leop gain is given by
K‘V = KO k-'fl A

which can be changed by nodifying the effective value of Ko' the V.C.0.

conversion gain,

Mcdification of K involves injecting a censtant current into pin 8,

fig. 4.4 over and above that supply by R This nethod is shown in fig. 449

1
where a constant current is injeected into pin 8.

Transistor Q2 is uscd as a diode for temperature stability. The loop
circuitry establishes a control woltage L /2 which nakes the loop centre
frequency to be independent of the supply voltage, This is quite an
advantage in situations wherc the detector is supplied from a dattery,

For a charging current of 1,0 nA

?R is approxinately 20C nV
A

R, 20 mL .

— A 2 A

100 chms
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(37)
The contre frequency design equation is
2+ 10 M
fﬂ N RB_' .IIIlC'l.. 4-22
4
+ Ry G

and the lock renge is reduced by the factor

63 fo

T

50 (1.2 + 1055

B

The new ;capture range ond lock range for thic narrow band operation
arc shown in {ig. 4.10 for aifferent valucs of LEF time constant.

K, has changed from 85.6 Kiz/V to 6.44 KHz/V - table 4.

It can be scen ponerally that the IPT deternines te a great

extend the capture renge both for nornal nnd narrow band cperations.

4-5 Output C rcuitﬂ.’

The cutput circuitry ccnsists of an armlificr which increascs the
signal anplitude of the FLL diseriminator cutput. This ocutput can
be econverted into a clean pulse by =2 Sehritt trigeer nonostable

integrated TTL circuit type 74121,
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Fremucney (wz) PLL Qutmt Veltagc
L}'F] i = Bibi, B, ;
1'1( de - A
f v v v o) =/
nF f1 fj f2 4 1 2 3 V4 K}LJ/

Jormal|42.0 { 65.11 182,52 | 196.0 | 4.45¢} 4.28| 2,85] 2,65 85.6

N.B.0.]19%5.09 95.72 105.2 | 105.5 | 4.45} 4.3 1 2.75f 2.8 6.3

Nornal{42.53] 104.7 149.48 | 196.0 | 7.5 3483 | 3.3 | 2465 85.3

H-?‘-Oc ('IJ-'. 96 1{&:‘#‘56 105.5 -:1'115 ": 035 2.6 2-75 6.4‘1‘

Normal |13.871119.79 | 113.27 1 195.65) 1451 3.65 |3.5 | 2465 Bdels

N.Bi0,}95.49] 98.34 | 102.25 [ 105.5 | 4.3} 3.94 |3.25] 2.8 6.0

Table . :'1 Conparing Ncrnal and Nsirow Bond Mode




Many displays could bc used. The output coulld érive a counter
with Light Emitting Diode (IED) display or a meehonical counter (after

a proper intcrfacing).

The output also could be interfaced with a chart rocorder or a X- Y
recorder (sec lattor) for graphical display of Vehicle density., It is
also possible to interface the ocutput with a telex which will give n hard

copy of the traffic gituation on paper.

The 741 operational amplifier is used to amplify the signal level.,
The configuration chosen is the capaciter coupled inverting type shown
in fig. 4.11. This anplifier is an a.c. coupled veriety aimed at
c¢lininating the offact d.c. voltage which appears at the output of the PLL
due to the drift in Detector Oscillator frequemcy. This capneitor together
with the input inpedance of the 741 stage will act as »n external filter

which will renove the sun of fregquoncy if prescnt.

The gain of the enmplifier can be sclected according to the threshold
defined for the detector, Variocus thresholds can b defined for the
bicycle, the notor cycle, moter ‘car and multi-nxile vebielc, In this
thesis, the bieyele arc not designed for, Henee, 2 gain is sclected
which will raisc the output of the PLL to the wvoliage which can drive

other TTL gates when ever s Whicle crosses,
The V,C.0. convergion gnin Kb is given for NE 565 by

¥ - 20y
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where 2&1[ = lock range
K, .. 1-3(51* volts/radians
¥ 8 1ol
84 " T2
2yJ
KO = . 1 L] lP
2T

For a nornal operation, the lock range is about 118 KHz of an operating

frecuency of 80 KEz,

This inplics that

4
K, & 1.3 x 10" mefv

for a frcquency chanpe of 600 Hz wlich is ~brout 1) .{ £, vhen the vchislo

lo’

~oacg, error voltage applied to the V,C0,.0. ig about 36 mV,

A gain of about 35 has to be provided by the oporational amplifier

to raise this output tc about 1.60 which drive cthe~ TTL gates.

The value of 211 was seleeted such that the amplifier input inpedance

does not load the PLL stazc.

The input registence is approzimataly cqual to R1, provided of coursc
that

R2.T?7’ R,
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Assuming 2 value of 68 k for R1 in order to pormit a big choice of
Rf and consequently the ﬂ - woltage transfer ratio will be small

and the gystem's stability will be enhanced,

Note that
ﬁ = zin a P e PN 4024
Zi_ﬂ. t Zf
o B, = 68 z 35 kiloohn 2,2 Mcgn ohms,

The feedback reaistor nf mrovides the d.c¢. bisgsing to the non-inverting

input. R2 iz nade about 10 R, so that it will have little effeect on the

1
input impedance,

The longest transit tine occcurs when the car is roving at about
5 Kn/hr and it is aprroxinately 3.6 scconds. But the loop would have

teapturcd! the Detector Oseillator frequency befere 1680 nS.(milliseconds).

l.l ¢ =x Zin é 180 S

80
or C_":'*-}S-e—pli‘

& 2.6 pF

C 1is geolected to be 1,0 u I' gince the eapturc tinc is puch smaller than
180 mS.

In order to ninimise ocutput offset voltagc the resistor Rp was

introducced such that



-

The operational amplifier output in general ig distorted and can
contain evidenes of undanped behaviour, Thig sipmal iz thus shapened
oy o Schnitt trigger nonostable circuit giving a clcan pulse for external

(38,39
use, The type used is the TTL T74121.

The quarsistable tine is deternined by

R end cht

cxt
and setisfics the expreszsion

T = 0 TR £.25

th Cext Svewwsad

For two vehicles travelling at 100 Kn/hr, the distence between them should

be ideally about 1310 meters.
Let the distance be 50 neters

The distance is tinme thercfere is

t = -——5&—-—- gecs.
' 10°/3600
= 1.0 seconds,

The quarsistable tine can then be selected according to this in opuality
t £ 1.8 sceonds

Let t = 58

- = 0.?R0ﬁ00ﬂ= SIﬂ.

(23)
If R, ¢ = 24 ¥loohn (which 46 less than 40 kiloohm maxinum specified)
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Thic is commected in the level sensitive mode with sncp aclion and
hystercsis by grounding inpats A1 and Ay = Tige 4.12. The output of
the operational amplificr is connected to input B, pin 5. The dircet and

indirecet osutputs arc at pin 6 and 1 respectively,

The block diagran of the Vehicle Detector uzing LOD rcadout is shown
in fig. 4.13, The cutput of the 74121 is comnected to a B.C.D. Ccunter
which . counts the nunbar of wehicles that eross  the Deteetor Loop.
A IED display is obtaired by using a BCD decoder Griver o drive the way

to achieve thie ueing TTL T44€ and LBD type IHevlett Packard 5082 - T740,

Sunoary

An introduction hag been given into the PLL as a building block in
this Vechiclc Detoecior design. The various components of the PLL has been
discribed with their role in the overall perfornance of the PIL stage.
The warious design criterin hes been presented also with an output
circuitry for comnection to cxternal load, A specific display,L.5.D.
display is included as an cxample of various ways in which the output can

be displayed,

In thc next chapter, applications of the Vchicle Detector designed
arc discussed with respect to traffic survey and automatic traffic control

at intcrsections,
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CHAPTER _FIVE

APPLICATIONS OF THE VEHICLE DETECTCR

3.0 Symopsig

The applicction of the vchicle detcctor to traffic survey and control
is the subjecet of this chapter. It contains scctions on Digital to Analog
converter usuable with the X~ Y reeorder {or the traffic data plottor; The
concept of state machine is lattor vmloyed to design a model semi-vehicle-
actuated controller.

51 Introduction

The verantility and the usefulncss of the vehicle deteotor desipned in the
previous chapters will be demonstrated in this chapter by discussing two of its

potential appliccotions,

5.2 Application to Automatic Traffic Survey

In the last decade therv has beon a considerable increase in tho volume of
traffic on the national roands and the number of vchicles using the existing netword
is increasing more and more, This is undoubtedly related to the socio-occonomic
activities of the socicty and as such effort must be made to see that maximum
benefit iz derived from automobile mobility, The authorities concerned need to
¥now of the utility of existing networks and plan for future improvements, Tht -
involves colloction of traffic data, This collection may be performed mechanic.-
ally or manually for directional or non-directional, classified or unclassified
cases,

A mechenical survey though may not be able to produce a readily classified
data, it is undoubtedly prefered if' long time and simulatanecus monitoring of

many locations arc needed, The mechanical survey method involves the use of
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vehicle detcctors as given in chaptir ono., The number of vehicles' that
has crossed the Detector is stored in differont woys visz:
(1) in mechanical counters, (2) in elcctronic counters end

(3) in graphical forn,

The graphical presentation of traffic deta has the advantage of

showing the veriational display of traffic per unit time.

Such a hard copy, graphical data could be obtained using a chart
recorder together with a properly interfaced Vchicle Detector,

In this chapter, a hard copy of traffic data is made available with
the Vehicle Detector already designed using a X-Y plotters The schematic

diagran of the Traffic Date Plotter (T.D.P.) is shovn in fig. 5.1(a).

The number of Vehiecles is counted by counter A and presents the value
in digital form to the clocked parallcl=in-perallel-out (PIP0) register.
The time interval generator generates pulses ot regular preset intervalse.
At the end of the interval the content of' the counter is entered into PIPO

register whose outputs are used for digital to analog conversion,

The X=Y plotter therefore experiences & Ye-axis movement, The same
pulse is delayed and used to resot the counter to zero.

Counter B records the number of time intervals. The output of
Counter B is converted to analog signal so that the X-axis is marked in
even spaccs of time, Fig, 5.1(b) shows the timing diagram of the
Traffic Data Plotter, and the flow chart is shown in fig, 5.1(c). Various

components of' the plotter are discussed in thce following sections.
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(b) Dirital to Analos Convertion
(40}

Dirital procesaing of infcernation has many adventnges that efforta
arc on the incrense to dizitize most procecssen. The displaey of control
and continuous systens with digital signals offer rcouires the generation
of compactible analog signals, This procedurc ic what isg Jmown as

Mgital to Analos Coaversion,

The DiFital to [nalog Converter, DAC accepis dijital coded information
and delivers a current or volinge proporticnal to the applied input., It
posscoges the ability to store information in digit:1 form henee inereasing
immunity to dpift and noisc. 4 DAC can e desipmed using any of thesc

(41)

nethodsa:

(1) the weighted resistor method
(2) the R = 2R ladder method
and the rodification of the above which gives
(3) conpronised woighted Resistor-Ladder mothod

(4) Invertcd laddor method.

The general schenatic diagran of a DAC is showm in fig. 5.2 The
digital data is used to cperate switches which connoets s reference
voltage VR to the resistor nctworks. The contribution of each branch
is then sumed and -nplified by the sunning anplificr, e digital data

is always stored ir delay rogisters. This gives = stable analog sigmal
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and protcets the infornation from nois¢ and cnvironnental cffects.

The switches sre double-pole fype although diode and transistors
(20)
types have been used, the selcetion being dependent on its nerite over
othors in particular applic-tions.

{41,42)
(c) The Weighted-Repistor DAC

The Weighted Resistor Digital to fnalog Convorter is shown dingrantiecally
in fig. 5.3-

Generally n n - dizit binary nunber

N:n £ '+£" -22n.-‘2+ sase O 214—“0 20 reavsre 5‘1

n-1 n

1

is used to operatc the switches

Sl’l-'l' Sn"'a' Be e et serdsnn ST’ SO

and hunce the refercnce voltege V“) or V(O) is connected correspondingly

to wecighted resistors

Iii = 2 R
for i = 0 to(n - 1)
wherec R is arbitrary and
R = R

O

for nost significant bit, n s b,

The current flowing in the sunning elenent is

-~ r -
n-{ R + %n-2 . R _1__::11_ b Pa Vs
2

R 2R 2n—- R 2n-tR




o Y e

n=1
v
= R a 2i R R A ] 5!2
o= 1R EH 4
i=0

The naximum currcnt flows in the output when all switches arc at '1!

(41)
that is all ay are '1' therceforce

T = V3 2

-t Lin]
nax R ZTil —_1) Seeseannnoverse ey

L9,
.
R

This allows & discrininative selection of R to previde o certain

naxioun currcnt. For a load of RL, the now cuvrrent ig given by

L = r+RII L CRC R O B I B 5.‘;

where r is the output inpedance of the unloaded network which is the

parzllel conbination of all the weighted resistors

C RO I R A R ] 5'5

1.0, r = n

The use of operational anplifier for surming is discusscd later in the

chaptcr.

(41,42)
(d) The R-2R Ladder Converter,

One disadvantage of the weighted resistor DLC diccusscd in the
last section is the wide ronge of resistor valucs to be used which is
"1 R for n-digit converter, In addition, the resistors must satisfy
stringent tolerance linit if the systen is to function accuratcly. A

mcthod which reduces these complieations is the R= 2R ladder network.
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It employs only two valucs of resistors R and 2 i, howev.r, it requires

twice the number of resistors used in the weishted-resistor DAC,

R = 2R ladder network is shown

A

in fig. 5i4 for a 4-bit converter. It is

a linear network where gsuperposition theory is applieable for analysis.

The contribution of ench gource to the output is indepindent of others

and gll contributions are lincarly sumned up,

represented by

%

for a 4-digit nunber

If

5, = 1
while

Byl o= Bg =
the voltage at the 1sb node is

a factor of 2 at every

The switches have been

where §  is for lcast significnt bit (1sb).

0

83

VR

and this voltage is attemuated by

successive node,

Congequently, the output voltage is
5 S S S
vV, = Vo -% + -% + -%' . 'ﬁ% )
2 2 2 2
- w 2 -3 =4
= V(8527 48,2745 27 45 27)

5.6



-/ TE u

or generally for n-digit number

=1
n=1 ne?

- - - LA
v = V. (s V.5 224-....+s12(n 1)4-302

LR N ) 517

5'8

If the network is loaded by R., the relative contribution of each bit

is not affected like in the weighted resistor network but the output

is attenuated in n sinilar nmanner so that

n-1 -
il -n . i -
i=2

o im W 5.9

There is usually an inclusion of 2 Rresistor which nakos inpedsnce of

each input 3R, the pane value of resistor is uscd as the feedhauk

registor of the operational snplifier which is normaily used to anplify

the output of the ladder netowark,
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e. Thc Design Considerntion for n Welghtcd-Resistor DAC

Despite the problens of the welghted resistor D/, it was selected

since a maximun of 4 hits is expeeted in which caose the resistor range is

8 R.

The choice will also help in deciding a2 judicious value of R to

provide n prenmeditated neximum output current, The output is nnplified by

an operationnl anplifier whose idenl ropresentation is shown in fig. 5.5.

The input impedance, ZB is assuned ide~ly to be infinite md the input

bins currents

g 1

and the output impedance

Z
o

]
o

The point § is called the sunming peint, This is bee~use for an amplifier

with an infinite open loop gnin A

v = 0
3

and point € is a virtual ground

1 vin/n1

1

L

ond I = I

f 1

Fer several currents nt point S

*

il

Sum of (11)

and output voltage is -
% L 2 3
I{: — Rf I‘ t -.lcal-ocsa- 5|TO

For this deesign the following specifications nrc relevont,

(1) Op anp supply veltage = + 5 volts for unifornity with other

T™L ecircuits,
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(2) Resclution = 5,26 for a 4 bit word

(3) Mexifum outpub at binary nunber 111 ndnimun = 4.0 volts

The minimun current 2t 0001 is given by (scction b)

v

Ipin-‘:-' '__R LR N 5’11’

P=1p

for n=bit word,

Now for n = 4 and Vﬁ = 5,0V and Inin of 50 nicro anps,

R = 12,5 kiloohus,
and
Inax fron equatior 5.3 is
; . .15x5
nax OR

750 miero arps

]

The feedback resistor is

v

= [#]
By = 3
wnx

V('OOCH) = Rf x Inin = 0,27 volis

The resistance valucs arc from meb te  1isd

12,5, 25, 50, 100 in kiloohns.
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The resistance R}, fron the non~inverting input to the ground is such

that the output error due to input bias current is =zcro,

Henece RP - R1//1‘tf

f. Tostins of the DAC

The weighted resistor D.C designed in the last section is fested
with the apparatus sot u» of fig. 5.6, & pulse generrtor drives a
4 16 4-bit countcer type TTL 7493, The ocutputs ore ztered in clocked
parallel-in-parallel-out (PiPC) register asserbled with D flip-flop type
TTL 7474, The reference voltage was ocbtained from tic outmut of ™IL 7407
buffer/driver with cren ecolleetor for uniforn V,. The 7407 pate also
serve as switches, The output of the anplifier wos neasured as the count
is advanced fron 0000 to 1114, The resulis arc plotied in the linearity
curve of fig, 5.7. A displey of the DAC voltaze/bit transfor characteristic
was also obtained on thoe scope by driving the countor at about | kile Hg,

plate No, 3

If the linearity of thc converter is &

then

lej ¢ 340
wherc N = 1sb,
Fron the graph 4-\ - 0,18
and A = 04

It can be seen that since
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the DAC is scceptable mnd nonotonie, The accurncy is defined ags the
difference between the actual analog voltage output wmd t'e idesl cnse

is equal to

ga.fi or 0.75 € of full seale,

g« The Time—interval Genersior

The tine interval senerator ie sn astable nultivibrator (AMV) 58}

39

followed by a fregueney divider. The AMV is built around the 555 tiner,
fig. 5.8, The capacitor C charges through R1 anf 1{2 in serics when power is

switched en with a tine congtant of
C (R1 + Rz)

Until 2/3 of the supply voltage is reached when the *hroshold comparator
fleps the inturnal circuitry sc that € now disch-rges through R2 with o
tine constant € R,. The output remains low as C discharges to 1/3 of
supply voltage whoen the circuit flips back to original state. The cycld
then repeats itself, The froqueney cf operation is deterninced by 111 , It

2
~nd C,

The design equatiom fer the periods are ;

—

Ccharee = 07 (B, # R} C

and

—Ldischurgo = 0.7 1712 ¢
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when C is charging the output is positive and azrounded vhion C is

discharging,
For a tine of 60 seconds

(R1 -l-RE]C = 60

Ilet C = 47 ndcrofarad

R2 is selected to be snall so that the discharge time iz snall and the

negative edge pulse is sharp.
Discharge tine is taken as 400 nS,

.o R2

and R1

12 k

]

1.82 nega ohns

]

R1 was conatructed using n fixed 1,0 negachr register together with

correct trimmer,

The output of the tiner ean be divided to give 2, B or 1 ninutes

by musing the counter TTL 74953,

5.3 A Seni-Vehicle Actusted Traffic Controller

The need for efficient control of Urban traffic has been stressed in
chapter onc where rcference was made to the use of avtomatic traffic
controllers as being econcnic and versatile, Mention was made also of

the advantages of a Vehicle~jActuated Contreller over fixed tine ones.



e

In this section, a Semi~-Vchicle-Actuated Traffic Contreller is designed
with the Vehicle Detector already mades A full fledge Vehicle-Actuated

(44
Controller is in the pipe line,

A Control orit

The seni-Vehicle—Actunted Traffic (SVAT) Coniroller is designed for
a T=junction. It is ained at giving an inproved perfornunce over o fixed

tine controller,

The Vehicle Detecctor is to be installed on the side road alone. The
split ratio of the right of wny between the nain road snd the side road
is 3¢ 1. This is desipgned to reduce the accident rate associated with
SVAT scignallised junciione due to spontanecus interruption of the nain
road, In addition, when the detector circuit is faulty, the system will
operate gs a fixed tinme one. If there is a Vehicle on the side road
after the Main road has taken a presét minimun green period, the right
of way is transfercd to the gide road. The right of way is to be
extendable for a nmaximun time if more vehicles arrive from the side road,
A turn left provision is tc be ineluded to cater for traffic coming into

the side read from the nain road,

be Inplementation

The SVAT signals arc inplemented as shown liagramatically in fig, %.9.
This consists of a Vehicle Detcctor which is installed on the side road at

a distance fronm the stop linc related to the tyre of junetion. The
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recormended distance iz shown below. For normal jumction, the distance
is about 40 meber and for junctions with narrow or winding apjroaches
where spced is less than 50 Kn/hr, the distance should be botween 31 and

3T meters.

The Vehicle Detector feeds s decision e¢ircuit wiich soets the counter
state according to relative traffic density on the zide and nain roads,
The conbinational cireuit decodes $he counter outjut for thoe display.

The specification con be roiprescnted by the tine disgrsn of fig, 5.10 for

(5, 43)
a8 T-Jjunetion - fig. 5.11 using an eight-state nachine,

(43)
The algorithnic operational flow chart of the eight~state machine

ig shown in fig. 5.12 and the Truth Table of operation is shown in
fig, 5.13. An eight~state machine can be realised by using three fiip-flops

in series which generatez the outjuts shown in the Truth Table,

Since only three boolean funciions are involved, the truth table
(41, 42,43)
can be ninimiged by using Karnmought mnp nethod, The rcsults are shown

belov,
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0 O Q o 1 0 0 0 0 1
i 0 0 1 1 0 o} o i 0
2 0 { ) 1 0 o 1 0 0 1
3 0 1 1 1 1 o] 1 C 0
4 1 c 0 0 0 1 1 0 0
5 1 0 1 0 0 14 1 ( 0
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Plge 5.13
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the Machine
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The conbinatichal functiona anre lealised with geies ez shovn in fig. 5.14

Ce Counter State Settcr

The circuit so far designed will produce a fixed tipe signal for

the contrel of a T=junction with a ‘left-turn’

signal inecluded. To achieve
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the flexibility already defined in scction (a) a anchine (counter) state

gettor ia designed which works in conjuction with the Vehigle Detector,

The schenatic. diagran of the controller 1o ghown in fig, 5.15, A
study of this diagram with iz, $.12 will provide n» quick understanding

of its operation, | . - .

With no demand signal from the side road, thc nachine comtrols the
traffic with a split ratio of 3: 1, the actual tine allocatiorn being
dependent on the clock frequeney. A denand from the side road when the
machine is in stnte 5 to & transfors the right of way to the side road,
This right of way is extendable for o predetermined period provided the

nhunber is greater than that specified for normal operation,

¢. Assenbly

A prototype digplay circuit is assembled using LED for this display.
In a1l about 12 chips of integrated circuits consisting of 23 gates,
6 flip~-flops and 3 ronostable multivibrators have been used. This number

of simple chips will frcilitate fault finding ond naintenance,

Suroary:
This chapter has considered the application of the Traffic Detector

designed to two traffic problonse treffic data collection and traffic control

at intersections. It has demonsirated the versatility of the



Loop Detector which cen be employed all the yoar rownd for monitoring
ond control of traffic beth in urban centres and at any other loentions
of interest. In the nuzt chapter, the linitations of, and suggestion

for inprovencent on this projcet are given in addition to the coneclusions.



CEAPTER SIX
CONCT,USIONS

(a) Linitations of the Projcct

The design of the Traffic Detector using a phaze lock loop as
tresented in this thesis hes proved to be a useful instrument in sclving
one of the socio=cecononic problems associated with autonobile movenent.
'"he concaept with its potontial for responding to vorying cnvironmental
conditions is a very inportsmt step towards adaptive traffic control in
Nigeria. HNeverthelessg, there are some linitations. The coil is buried
and as such not easily mobile, If the Detector is nceded for gsanple data
from location to lce-tion cost and tine of inastsllation em be a limitation
The buried Detector coil nowever cannot be readily attacked by rodent and
children although it nay be dug up and destroyed by unsuspecting road
naintenance workers, If the integrated circuit Detecctor Oscillator is
uged, tenperature of operation is a linitation, The tenperaturc should
be less than '?'000 for commercial integrated circuits. The Detcctor
circuit has no means of detecting a stationary vehicle mresence on the
Detector Coil, The traffic data collection using the method descoribed
in the thesis - is undoubtedly sinple but like autonatic devices of the
type, it cannot clagsify readily the types of vchicles using the

routc,
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(v) Poerforpance  Inprovenent znd Sugzestions for furihor Studies

The varions linitatiors of the Vehiele Detcctor bhave been listed
in the last section, Thc possible means of inproving the performance

of the Detector are discussed herc.

The varistions of the Deteetor Oseillsator Iripuency with tenperature
have been shown to be strongly dependent on the coil preparation, The
insulation of the coil fron noisture appeared o be very eritical,
therefore the coil could be first covered with polythenc, before
other procedurcs deseribed earlier., Wax could be substituted for
polythene, it could also bo covered with asphalt, In addition, the
slot housing the coil could be cemented., These additional preparation
will tend to inercase the cost of ingtnllation but will provide a nore

gstable oscillator,

The complete analysis of the Oseillator using the nonlinear elenent
is en arca wheore furthor inveatigation could be cnrried out by using the
conputer. The relationship betwecn the influcence of wvarious conponents

or the oscillator perfornance could then be evaluated more accurately.

Various thresholds could be defined for the output of the Detector
in such a way that a classification could be nadz in torms of bicycles,
two.axled and rulti-axled wvchicles., A deoecision circuit can also dbe
included which will indicate the contimuous prescnece of a vehiele on

the coil as in casés of break downs, and parkings, The Detcetor
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can also be adapted for other traffic measurenents such as speed,)
with two detectors the speed of a vechicle could be determined,

I
(¢) Conclugions
. In this thesls the degign of a Traffic Detector using the phase lock
loop technique was presented, The reascns for the sgelection of the
concept have been outlined and supperted by practicsl resultss The

|
results of the project have demonstrated that the Detector is gquite
gultable for solving the defined problem, The two application arcas

discusged furthor illustrate the versatility of the Detcctor,
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Plate No.1(b): Oscillator Using TTL 741L
Bottom: Output of Filter

Top : Squared by another gate
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