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AN INVESTIGATION AND DESIGN OF AN INFRARED
RADIATION HEAT PROFILE CONTROLLER

by

Marco Leroy Adonis

Abstract

This research outlines the development and design of an infrared radiation heating
profile controller. The study inc.ludes both the theoretical aspects of the design process
as well as giving an overview of the practical facets involved. The controller was
subjected to comparative testing with a proportional control model, in order to observe

its performance and validate its effectiveness.

A need exists for these typés of controllers and proved to be the motivation to embark
on this investigation. Controllers of this nature that are commercially a;.failable either
facks the functionality of this unit or are too expensive to implement for research
purposes. This unit was designed with cost effectiveness in mind but still meet the
standards required of an industrial style controller. To thié end the construction was
completed using low cost and affordable electronic componenfs. Heating profiles are
necessary and useful tools for the proper processing of a host of materials. The
controller developed in this research is able to within a fair degree of accuracy track a
heating profite. The results confirm that this programmable control model to be a
benefit and a valuable tool in temperature regulation. This means that intensive studies
into the effects of infrared radiation on materials are now feasible. Research of this

nature could possibly expand the application of infrared as a heating mechanism.
Although tests were conducted on this controller, they are not meant to serve as an

exhaustive analysis. The conclusions of these examinations do reveal the benefit of such

a controtler. More rigorous investigation is suggested as a subject for further study.
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: W
heat flux /n 2
thermal conductivity P%mK)
temperature K

convective heat transfer coeffictent”

frequency Hz
speed of light, 2.998-10° m/s

wavelengﬁh m
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photon energy ]
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resistivity Q-cm
absorbtivity -

transmissivity -

reflectivity

spectral irradiation % 5 [m

total irradiation %2
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spectral emissive power J’V
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Stefan-Boltzman constant, 5.67-107

first Planck’s faw constant, 3.74-107*

second Plank’s law constant, 1.44-107
radiative heat flux W
area m?*

py(mzK )

P%msz)

mK
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J radiosity /nz 2
F view factor -
Gfs) feedforward path transfer function
H(s}  feedback path transfer function
cft) controlled output
r(t)  reference input
K,  proportional gain
: integral time
T, derivative time
u(t)  controller output
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Subscripts
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1. INTRODUCTION

Since the dawn of time, the transfer of heat from 2 warm to a cool place has formed an
integral part of our way of life. By harnessing the power of fire we could carve out a very
comfortable existence. The advent of the industrial revolution demanded controlled forms
of heat to increase production and improve prbduct quality. Infrared in the form of light
bulbs fitted with external reflectors has been used in the commercial sector since the late
1930’s. This technique proved very successful for curing synthetic enamels on car bodies.
During the Second World War infrared heating became more widely recognised as a
method to speed 'up metal finishing for military equipment. Although these applications
featured light bulbs with very low power densities compared to today’s standards, they
offered much faster drying and curing than the convection ovens of the time. Today

infrared is available in a variety of configurations and power densities.
1.1 Modes of heat transfer

Heat transfer occurs through three different methods: conduction, convection and
radiation. In the case of conduction in a solid, energy is transferred through the atomic
lattice by free electrons or by vibrational energ)—/ in the interatomic bonds. In gases and
liquids, energy transfer is by molecular interactions, when the more energetic molecules
collide with less energetic molecules. Similarly, convection involves the movement of
large numbers of molecules in the presence of a temperature gradient in a fluid motion.
Thermal radiation is energy emitted by matter that is at a temperature above absolute zero.
The heat transfer is through electromagnetic waves (or photons). Unlike the energy
transfer in conduction and convection that require the presence of a material medium,
radiation does not. In addition, radiation transfer occurs most efficiently in a vacuum.
Thermal radiation includes infrared (IR) radiation, visible light and a portion of the
ultraviolet (UV) radiation. The region of thermal radiation of interest to this research is
the infrared (IR) radiation spectrum, which extends from 076pm to 100pm. Conduction
and convection are effective over short distances, whereas radiation can be effective over
long distances. For example, the transfer of heat from the surface of the sun to the earth

through the vacuum of space occurs exclusively by radiation.



Concems in industry revolve around questions of efficiency, as this has a direct bearing
on financial decisions and planning. This also directly affects the financial viability of
implementing changes to existing systems. Industrial processes incorporating heating and
energy exchange traditionally rely on convection and conduction methods. When IR is
compared to these traditional methods however, particularly for applications involving
surface heating, certain applications using IR are far more efféctive and efficient and the
quality of the finished product is much improved (Howard, 1996). There is no significant
heating of the surrounding ai-r as is the case in convection heating and the heating process
is not completely dependent on the thermal conductivity of the material being heated, as is
the case in conduction heating. Consequently the IR heating process is of a higher

efficiency because the energy losses are minimum.

Although much information exists on the applications of IR not much technical
information is available on the effects of [R on various materials. Information on the
spectral and average absorptivities of materials is still limited and methods for predicting
the performance of IR emitters for heating, curing and drying is needed. Not much is
known of IR radiati—dn, in terms of its effects on materials. This could explain why many
industries suited to IR are not employing it to good effect. Nevertheless, in recent. years

the benefits of IR have gained wide acceptance and implementation.

Furthermore, the mathematical equations that describe these three mechanisms of heat

transfer are given. Fourier’s law, equation (1.1) describes conduction as the following:

aT
=—k — 1.1
g, < 3 (1.1}

Newton’s law of cooling, equation (1.2) describes convective heat transfer as the

. following:

q=h(1,-T.) (12)

[R®]



The constants & and A above depend in some degree on temperature, but not heavily.
However, radiation heat transfer rates are generally proportional to differences in .

temperature to the fourth power as expressed in equation (1.3):
ge(r-7.") (1.3)

As the temperature of a body increases, infrared (IR) radiation becomes the dominant
form of heat transfer. At h'igh temperatures, a body appears to glow and becomes red hot,
as some of the radiation emitted is the wavelengths of visible red light. The body appears
yellow to white as the temperature is increased even further. Today commermally

available infrared heaters are finding success in many industrial processes.
1.2 Purpose of this research

In addition to the applications of IR technology, other important issues are presented in
sections 1.3 and 1.4. In many industrial processes what is currently lacking is an effective
and robust controi of the infrared heating process. This research has successfully
developed a controller to achieve this. A programmable controller based on a closed loop
control structure has been developed. Using the controller, the necessary referenced
‘heating profile for various materials used in IR applications could be followed. A
- referenced heating (temperature) profile is a range of temperatures with a definite period
that are necessary for the proper processing of a material. By automating the following of

these profiles, industrial processes are more effective and efficient.

The programmable controller developed fills 2 gap in the market. The i.R controllers
commercially available are generally of two types. The first is a dedicated system suited
only to a specific application, an example of this is the Infradry Reflow System.
manufactured by Heraeus (Heraeus, 1992). This unit used exclusively for reflow
soldering. Another type of controller on the market is a solid-state power controller, this
type of unit controls the power input to IR heaters but is not programmable. The heating

control is achieved through manual means or by a thermostat and an example is the

a2



-ControllR model 930/935 manufactured by Research Inc. (ControllR-930/935-D-01-B).
Solid-state power control units manufactured by Gefran are useful for various industrial
-applications (Gefran, 1999). With the above issues tn imind, this research has developed a
programmable controlier that completely automates the IR heating process. It is predicted
that this controller will be better than some of the other controllers currently available
today. Many of these controllers are based on the principle of an open loop control
structure, which is not very effective and useful in industry as the output temperature of
the material is not known or controlled. Only the output temperature of the IR emitter is

monitored in some way.

In essence the completion of this research is a universal adaptable device. Meaning that
the unit is able to function and can be used in many different industrial situations. It is this
capability to be adaptable and robust that makes this unit stand apart from others on the
market. The controller developed in this research uses low cost digital components and
power electronics techniques to improve the usefulness of an industrial IR emitter in
infrared heating profile applications. The ability to control the input power to the IR
emitter is through the mechanism of the pulse-width modulation (PWM) technique. This
technique varies the output temperature of an infrared emitter connected to the power

controller.
1.3 Typical applications of infrared heating

What makes IR technology attractive to industry is that is clean, fast, has a high power
output yield and probably most important is the efficiency that this kind of heating
imparts on the many industrial applications where it is employed (Lavitt. 1996), (Van

"Denend, 1998), (Anon, 1997).

A distinction is made between electric IR emitters and gas-fired types, however the"
former is the type to be used in this research. The industries currently exploifing the
benefits of IR technology are mainly found in those processes involving surface heating
and drying. Furthermore, they fall into three categories namely; process heating, curing

and drying (Howard, 1996). Heating applications include printed circuit infrared



soldering (Dow, 1984), thermoforming of plastics (Knights, 1997a), (Knights, 1997b),
{(Myers, 1984), the heat-treating of metals, (Cox& McGee, 1989), (Foster, 1996). Curing
applications include the curing of adhesives and sealants (Anon, 1996a), baking powder
coatings (Anon, 1993) and curing resin composites (Howard, 1996). Drying applications
are found in the textile industry (Broadbent, 1998),(Dhib,1999), the drying and setting of
fabric dyes(Van Denend, 1998), drying colour film laminates(Anon,1996b) and the drying
of water-based coatings(Anon,1994). A specific application suited only to the use of IR is
that of vacuum and thin-film conditions. It is here that the advantage of IR is
unquéstionab[e and beyond any doubt, because IR means that there is no contact between

the heat source and materia!,. which suits vacuum room conditions (Heraeus, 1992).
1.3.1 Drying applications

A closer look at the reason why applications employing drying are so prevalent in IR

systems is presented here. The applications employed in water-based and moisture rich
products and materials that require drying are readily solved with the use of IR
technology. Water has a particularly broad absorption spectrum in the medium to long-
wave range. In figure 1.1 various materials are shdyvri with their characteristic absorption
spectra (IR2000, 1998). The generally good absorption ranges in the medium and long-
wave ranges can clearly be seen. In comparison aluminium is an excellent reflector

material.
1.4 Concerns addressed by infrared technology

The research undertaken combines the power of infrared heat with a programmable
controller, which is able to vary the output power of an infrared emitter, connected to it.
It is this ability to control the output characteristics of an infrared (IR) radiator, which
makes this project particularly suited to meet the needs of various industrial processes.
These output characteristics are the emitter temperature and the infrared wavelength. The
use of temperﬁture profiles, which can be duplicated by this controller offer real benefits
for industry and consequently have definite application to many industrial processes

(Bianc,1999). These temperature profiles are wseful in  the industrial
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Figure 1.1 Absorption spectra of different materials

processing of various materials. The problems that this research and indeed IR in general
aims to address and solve are presented below. These are compared to those problems
which are associated with the traditional methods namely conduction and convection. The

benefits of IR technology has been widely published and researched and consequently has

found many industrial applications.

That IR radiation can offer real solutions to many industries is undisputed and

acknowledged by a variety of industries gaining benefit from this technology (Knights,
1997a), (Van Denend, 1998). Increased competitiveness in the market place is pers.uading
companies to explore many new and experimental methods in order to produce better

products. Combinations of market forces are also pushing many companies suitable for IR

to explore this possibility.



1.4.1 Material damage

The temperaturé profiles to be duplicated by this research project will be those that
through prototype testing have proved to be optimum and are useful for industrial
applications. In practical systems there exist generally four broad zones of heating profiles

that are applied to such systems with good effect, for the purposes of control, namely:

* Preheating or pre-drying zone;
¢ Stabilization zone;
s Actlvation zone, and

» Cooling zone.

These profile phases if set-up properly can enhance the desired response from a material.
An example is in the reflow soldering process, where these profiles together with hot air
reduce the effects of delamination of the circuit boards. (Schumacher, 1996). A practical
example of reflow soldering is shown in figure 1.2 below (Altera, 1999). In the pre-heat

stage, the solder paste dries while its more volatile ingredients evaporate.

During the flux activation stage, the solder on ali areas of the board is roughly at the same
temp'eratufe. The flux cleans all the bonding surfaces and is a prerequisite for soldering.
During the reflow stage the solder melts and flows onto the bonding surfaces. The cool
down phase allows the soider to harden and form joints. Decrease in product rejects

because of proper setting of the temperature profiles is another problem overcome.
1.4.2 Cost effectiveness

The IR products currently on the market solve the problems associated with efficiency
and cost effectiveness of industrial processes. The cost effectiveness of an IR system
implies that the resulting savings can be utilised in other areas in order to streamline a
company’s throughput . The concem.s surrounding the financial viability of implementing

an IR system are offset by the advantages derived from such a process.
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Figure 1.2 Temperature profile for reflow soldering

1.4.3 Quality products

Consumers are continually demanding better and improved results from their processes
and in many instances IR solves their problems. Industries in metal coating, wood, paper,
glass, plastic and textiles require more lustrous, longer lasting and wear-resistant finishes.
Since IR heats the material directly, there is no need to blow hot air through the oven to

achieve heat transfer. Translating into a superior surface finish and fewer rejects due to

surface blemishes from entering dust (Howard, 1996).




1.4.4 Increased productivity

The speed of an IR system, which is related to the properties of infrared radiation, is a
contributing factor to increased productivity. Also associated with the improved quality of
the finished product, is the resultant increase in productivity. The process and the system
do not experience many stoppages or down time as result of resetting the machines.

These factors also contribute to the cost effectiveness of an IR system.
1.4.5 Environmental impact

In addition to this the environmental impact of an IR system is minimal and less intrusive
if compared to the traditional methods used in the past (Broadbent, 1998). This factor in
many instances compels companies to find altemative and more effective processes for
their systems, also because government regulations force them to. Surely any product that
does not negatively impact on the environment is in a favourable position to gain wider

acceptance into the future.
1.4.6 Energy efficiency

Most of the energy in systems that are properly designed is transferred by radiation to the
material. It therefore acts directly on the material resulting in a faster process and
lowering energy costs. There is no significant heating of the surrounding air as is the case
in convection heating and the heating process is not completely dependent on the thermal
conductivity of the material being heated, as is the case in conduction heating.
Consequently the IR heating process is of a higher efficiency because the energy losses
are minimum. Processing time can be reduced by as much as 50% to 85 % when

compared to convection ovens (Howard, 1996).
1.4.7 Time and space savings

Faster heating means shorter ovens. IR equipment therefore occupies less floor space than

convection ovens. They can also be added to existing convection ovens and production



line with little difficulty. IR ovens are easily adjusted and reconfigured as the product

requirements change (Howard, 1996).
1.4.8 On-going research

Research in infrared is by no means only limited to the above, but has expanded to
include such diverse topics as the investigations in IR radiation effects on the functional
cha;acterisﬁcs of wheat flour (Botero, 1997). Studies were conducted on IR heating and
welding of thermoplastics and composites (Chen, 1995) and the possible inclusion of an

IR emitter in microwave ovens (Anon, 1998).
1.5 Aim and outline of dissertation

The aim of this dissertation is to present the developmental stages undertaken in the

design of an infrared radiation heating profile controtler.

Several chapters ‘that provide a background ‘of information and put the work in
perspective will introduce the dissertation. Chapter 2 offers an overview and brief theory
of infrared radiation, presenting some of the scientific laws and definitions that govern

this phenomenon. Chapter 3 covers the relevant theoretical aspects in the development of
the infrared controlier outlining the mathematical model. Chapter 4 provides the practical
aspects in the development of the infrared controller, highlighting the various power
control methods tried and tested. Chapter 5 summarises some of the results obtained
through experiments conducted on the controller. Finally, chapter 6 presents a number of

conclusions and suggesticns for future work.



2. BRIEF THEORY OF INFRARED RADIATION

The many types of electromagnetic radiation are produced through diverse methods.
Gamma rays are produced by nuclear reactions, the bombardment of metals with high-
energy electrons results in X-rays, microwaves are produced by special types of electron
tubes for example klystrons and magnetrons and radio waves by the agitation of certain
types crystals or through the flow of alternating current in electric conductors. Of
interest in heat transfer is thermal radiation, which is emitted as a result of the
vibrational and rotational motions of molecules, atoms and electrons of a substance.

Temperature is 2 measure of the strength of these events at the microscopic level.
2.1 The nature of thermal radiation

Radio waves, ultraviolet, visible light and thermal radiation are some examples of
electromagnetic radiation. Electromagnetic radiation (EM) can be viewed as being
composed of waves or massless energy particles (photons). It is accepted that neither
approach adequately describes all radiation phenomena and the literature widely speaks

of the wave-particle nature of EM radiation.

The method of emission relates to the energy released resulting from the oscillations
and translations of the numerous electrons that constitute matter. The internal energy as
a measure of its temperature sustains these oscillations within matter. All forms of
matter emit radiation. In the case of gases as well as some semitransparent solids for
exampie salt crystals and glass at high temperatures, the typé of emission is known as a
volumetric phenomena. However for opaque solids such as metals, rocks and wood as
well as liquids, the radiation emitted by interior regions are strongly absorbed by
adjoining molecules. In this case the type of emission is known as a surface phenomena.
Only molecules within Ipm of the surface emit any significant amounts of radiation.
Additicnally, applying thin layers of radiation sensitive coatings to them can alter their

surface characteristics (Cengel, 1997).
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All EM waves propagate at the speed of light, ¢, and the waves or photons can be
described by the following quantities: frequency, v, and wavelength, 1, by the

equation {2.1),

Associated with every wave or photon is a particular amount of energy, e, derived from

guantum mechanics to be:
e=hy ' _ (2.2)

Typically wavelengths between 0.lpm and 100um are the most relevant for heat

transfer since they correspond to the internal energy levels we call heat. This part of the

hY I
’

’

K Infrared
Microwave 2
Thermal

radiation

10° 1o 10 107 107 ! 10 100 108 1o?

wavelength, um

Figure 2.1 Electromagnetic wave spectrum



EM spectrum is often referred to as thermal radiation since these wavelengths have a
heating effect when absorbed. A significant amount of this energy lies in the infrared
region, between 0.76pm and 100um. The infrared region is still further subdivided into
three ranges: the short-wave or near infrared range, 0.76um to 2 um; the medium

infrared range, 2um to 4 pm and the long-wave or far infrared range, 4pm to 100um.
2.2 Basic laws and definitions

When the surface of a body is irradiated by electromagnetic radiation, the waves may be
reflected, absorbed or transmitted. A characteristic of an opaque surface is that the
radiation impinging on it is reflected and absorbed but none is transmitted. However, a
transparent surface prevents any radiation from being absorbed, whereas a semi-
transparent surface only partially absorbs and partially transmits radiation. The type of
material and its thickness determines whether a surface is termed opaque, transparent or

semitransparent.

An idealized body termed a blackbody serves as a standard against which radiative
properties of real surfaces are compared. The characteristic properties of a blackbody

are that:

» No surface can emit more energy at any specified temperature and wavelength.

e [t absorbs all incident radiation on its surface, regardless of wavelength and
direction, i.e. it is a perfect absorber.

* [s a diffuse emitter. The radiation emitted although being characterized by

wavelength and temperature, is independent of direction, 1.e. is a perfect emitter.

The energy emitted from a real surface to that of a blackbody is known as the

emissivity, £, which is defined by relation (2.3) as,

energy emitted from a real surface

£ = (23)

energy emitted from a blackbody at same temperature



The emissivity of a surface val;ies between zero and one, 0 <g<1, with £=1 fora
blackbody. For a real surface the emissivity is not a constant, rather it varies with
temperature, wavelength énd the direction of the emitted radiation. Subscripts 4, ¢ and
n may be assigned to differentiate monochromatic, directional, and surface-ﬁormal

values, respectively, from the total hemispherical value.

With respect to emissivity some generalizations are possible. Metals generally Have low
emissivities, as low as 0.02 for polished surfaces, whereas nonmetals such as ceramics
and organic materials have higher ones. Generally, the emissivity of metals increases
‘with temperature. Additionally oxidation causes a considerable increase in the
emissivity of metals. The data presented in the literature should be interpreted with
caution, since emissivity is strongly affected by surface conditions such as oxidation,
roughness, the type of finish and cleanliness (Cengel, 1997). Specifically, polished

metals have low emissivities in infrared. For A>8um, &, can be approximated by

0.00365 % where p is the resistivity in ohm-cm and A in gm. At shorter

wavelengths the emissivity increases and for many metals has values of 0.4 to 0.8 in the
visible range of the spectrum. The emissivity is approximately proporticnal to the
square root of the absolute temperature (5'1 <. pand pacT ) in the far infrared range

and temperature insensitive in the near infrared range (Hottel and Sarofim, 1996).

For refractory materials, grain size and concentration of trace impurities are important.
Most refractory materials have emissivities between 0.8 and 1.0 at wavelengths between
2 and 4 gm (medium infrared range). Small concentrations of FeQ and Cr,O, or other
coloured oxides can cause a marked increase in emissivity of materials that are normally

white. The emissivity increases as grain-size increases in the range of | to

200 zm (Hottel and Sarofim, 1996).

In general, when a surface is irradiated as shown in figure 2.2, three fundamental
properties can be defined: the reflectivity, r; the absorptivity, «; and the

transmissivity, 7. These radiative properties are defined by the relations in (2.4) below
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e refected part of irradiation
total irradiation

o= absorbed part of irradiation

— (2.4)
total irradiation

1o transmitted part of irradiation

total irradiation

Therefore it follows that for a semitransparent surface that the following relation should
hold true: |

r+a+r=1 _ ' (2.5)

If the surface is opaque, then there is no transmission and equation {2.6) reduces to the

following:

r+a=1 (2.6)
Spectral irradiation, G,, is defined as the rate at which radiation of wavelength A is

incident on a surface per unit area of the surface and per unit wavelength interval dA

about 1.

G, (11): f;r flx,: (A’g,Qﬁ_)cos fsin & do do (2.7

Irradiation
Reflected radiation

Absorbed radiation

Transmitted radiation

Figure 2.2 Absorption, reflection and transmission by a finite medium



Where the spectral intensity, 1, | (1.6 .4 ), is defined as the rate at which radiant

energy of wavelength A4 is incident from the (8,¢) direction, per unit area of the
intercepting surface normal to this direction, per unit solid angle about this direction,
and per unit wavelength interval di about 4.

The total irradiation, G, represents the rate at which radiation is incident per unit arca

from all directions and at all wavelengths.
G = [G,(2)dA | (2.8)
a 7 .

Further expanding the relations of (2.4) in terms of irradiation G, the total hemispherical

absorptivity , & ,is defined as:

& O<ac<l (2.9a)

The total hemispherical reflectivity, r, is defined as the following,

Sw 1
r=—L 0<r<
G’ {2.9b)
The total hemispherical transmissivity, T, is defined as the following,
r=% 0crer | 2
=2 0srs (2.9¢)

Planck first determined the spectral emission of a blackbody {Incropera, F and DeWitt,
P, 1996). The Planck distribution, equation (2.10), describes the spectral emissive power

of'a blackbody as follows:

C,
A lexp(C,/AT)—1]

E,I,b(’LT) = 2.1
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The graphical representation of this distribution is given in figure 2.3 and some

important deductions can be made from this figure:

* The emitted radiation varies continuously with wavelength. At any specified
temperature, there is an increase in wavelength, reaching a peak and then decreases
with increasing wavelength.

- e At any wavelength, the amount of emitted radiation increases with increasing
emperature.

e The temperature determines the spectral region in which radiation is concentrated.
Notihg that as the temperature increases more radiation appears at shorter
wavelengths.

* A significant fraction.of solar radiation, which is considered a blackbody at 5800 K,
is in the visible region of the spectrum. However surfaces at < 800 K emit almost

entirely in the infrared region.

From figure 2.3 it is evident that the blackbody spectral distribution has a maximum and
in addition that the corresponding wavelength 4,,. depends solely on temperature.

Differentiating equation (2.10) with respect to 4 and setting the result equal to zero.

Wien’s displacement law is obtained, equation (2.11).
Ay T =2897.8um- K (2.11)

Since the sun emits as a blackbody at approximately 5800 K, from equation (2.11).

A

wae = 0.3um. Another example is a tungsten filament lamp operating at 2900 K

(A, = 1um), which emits white light, but most of the emission is in the IR region.

Making this type of lamp not a very efficient light source.
The Stefan-Boltzmann law, equation (2.12), enables the calculation of the amount of

radiation emitted in all directions (diffuse) and over all wavelengths, from knowledge of

the temperature of a blackbody. The total blackbody emissive power, E,, is given by
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Figure 2.3 Speciral blackbody emissive power, Eﬂ,
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E, =oT* : . 2.12)

A corresponding form of equation (2.12) that relates to real surfaces is given below.

Equation (2.13) gives E(T), the total emissive power of a real surface as:
E(T) = e(T)oT* | | (2.13)

The radiation emitted by a unit area of a real surface at temperature T is obtained by the
product of the radiation emitted by a blackbody at temperature T and the emissivity of
a real surface. It follows from equation (2.13) that the total hemispherical emissivity,

&(T), can be defined as follows:

ET)

D=rm

(2.14)

This represents the average over all possible directions and wavelengths.

When two bodies are at thermal equilibrium, i.e. T, =T, , under steady-state conditions,
the net rate of energy exchange between the bodies must be zero. Applying an energy
balance to one of these surfaces it follows that the total hemispherical emissivity equals

the total hemispherical absorptivity.
E=qa (2.15)

Equation (2.15) is known as Kirchoff's law, the restriction being that it is applicable to
blackbody conditions only. However real surfaces are bétter approximated by gray
surfaces. The emissivity of a gray surface is independent of wavelength. Accepting the
fact that under certain conditions the spectral, directional emissivity and absorptivity are

€qual, equation 2.16 is obtained.
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E0=%p ' ' - (2.16)
For this equation to hold true, either one of the following conditions is to be satisfied:

e The irradiation is diffuse, i.e. if the spectral intensity is independent of direction.
e The surface is diffuse, i.e. if the emissivity and absorptivity are independent of

direction.

In addition to these conditions being satisfied, for «a, =¢,, cither of the following

conditions 1s satisfied:

= The irradiation corresponds to emission from a blackbody at the surface

temperature, T, such that G,(4) = E,,(4,T) and G = E,(T).

e The surface is gray, i.e. «; and ¢, is independent of 4.

To assume gray surface behaviour, &, and &, need only be independent of A over the

spectral regions of the irradiation and the surface. As an example consider figure 2.4,
the emissivity function can be approximated reasonably well by a step function of the

form,

g =constant,..0< A < 4
£, =1¢&, =constant,... 4, <A< 4,
g, =constant,...4, <A <w

The significance of gray surface approximation lies in the fact that a gray surface should
emit as much radiation as the real surface it represents at a similar temperature.

Consequently the areas under the mission curves of the real and gray surfaces ought to

be equal.‘This means that g(T)aT" = _[ £, (T)E,, AT)A. This integration is simplified by
0
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Figure 2.4 Approximating a real surface emissivity variation with wavelength
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separating the spectrum into a number of wavelength bands and assuming the emissivity
remains continuous over each band. The average emissivity can be determined from the

definition of blackbody radiation.
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2.3 Geometric considerations

In many industrial applications the exchange of radiation heat transfer between different
solid surfaces is unaffected by the medium separating them. This is a common
occurrence since air and most gases are termed as nonparticipating media. Since such
media neither emits, absorbs nor scatters, it does not affect ihe transfer of radiation

between surfaces. Radiative heat transfer between two or more surfaces depends to



some degree on their orientation relative to each other, size, separation distance and

temperature,

Calculations in radiative heat transfer are simplified by only considering the geometric
features of the surfaces involved. Thus neglecting the effects of surface temperature and
surface properties. Performing a radiation analysis on surfaces based on the effects of
orientation alone is termed as the view factor. View factors considered here are based on
the assumption that the surfaces are diffuse emitters and diffuse reflectors, hence diffuse
view factors. Specular view factors are not considered in this study. Performing a
radiation analysis for one surface requires that all surfaces that can exchange radiative

energy with one another be considered simultaneously.

Consider the two surfaces in figure 2.5. The view factor, F,, is defined as the fraction
of the radiation leaving surface / that is intercepted by surface j directly. Mathematically
the view factor is described by the double integral of equation (2.18).

1
el

cosé, cosé,
[F==—dadd, (2.18)
R’ _ C

a""‘,

The values for the view factor are a numerical constant between zero and one. Some

special conditions are be presented here (Cengel, 1997):

» The view factor from a surface to itself will be zero for a plane or convex

surface, i.e. F,

i

=0. However for concave surfaces, F, =0.

» If surface j completely surrounds surface i, so that all the radiation leaving

surface i is intercepted by surface j, then £, =1.

»  When two surfaces do not have a direct view of each other, such that radiation

feaving surface / is unable to strike surface j, F,=0.



Figure 2.5 Radiative exchange between two elemental surfaces.

2.3.1 View factor algebra

When studying the view factors for various surfaces and orientations, it useful to
consider these as relating to an enclosure. The analysis however would require the
evaluation of N for an enclosure consisting of N surfaces, which is neither practical
nor necessary. This approach however is computationally intensive, but by utalising

some fundamental relations for view factors, simple geometries are solved for.

2.3.1.1 The reciprocity rule

AF =AF ' (2.19)

LT r) i

3]
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This enables the determination of the counterpart of a view factor by knowing the view

factor itself and the areas of the two surfaces.

2.3.1.2 The summation rule

N
J=

S F, , | (2.20)

[

In an enclosure the conservation of energy principle stipulates that the entire radiation
leaving any surface irwithin, be intercepted by the surfaces of the enclosure. The
definition given in equation (2.20) is expressed as the sum of the view factors from
surface i of an enclosure to all surfaces of the enclosure, including itself, must equal

unity.

2.3.1.3 The superposition rule

If a view factor to be determined for a certain geometry is not available in the standard
tables and charts, the superposition principle is useful. The view factors of known
geometries are added or subtracted so as to closely approximate the required geometry.
Consider the geometry of figure 2.8, the rule can be expressed as follows: the view
Jactor from surface i to a surface j equals the sum of the view factors from surface i lo

parts of surface j. -
A mathematical relationship is given in equation (2.21).

Eowm=F;+F; (2.21)

i

This rule is however not reversible such that the view factor from a surface j to a surface

i is not equal to the sum of the view factors from surface j to parts of surface /.



Figure 2.6 The view factor from a surface to a compaosite surface

2.3.1.4 The symmetry rule

Further simplification in the determination of a view factor is possible if the geometry
involved possesses a degree of symmetry. Expressed as follows: two or more surfaces
that possess symmetry about a third surface will have identical view factors from that

surface. If surfaces j and k are symmetric about surface i the following holds true:

Fy=F, . ' (2.

- ij

[38]
13
(3]
Al

This relation is also true for the rule of reciprocity.

View factors for many conventional geometries are analysed and evaluated in several
publications. These derivations include results for two and three-dimensional

geometries.

P
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2.4 Radiation heat transfer between black surfaces

Radiation may leave a surface due to both emission and reflection. The investigation of
radiation exchange between surfaces, in general, is complicated because of reflection: a
radiation beam leaving a surface may be reflected many times, with partial absorption
occurring at each surface, before it is finally absorbed. The ahaiysis is greatly simplified
if the surfaces involved can be approximated as blackbodies, because of the absence of

reflection.

The net rate of radiation heat transfer between two black surfaces of arbitrary shape and

maintained at uniform temperatures 7, and 7, is given by the relation (2.23).

= 4, F,—AE,F, (2.23)

B i

Applying the reciprocity rule to (2.21) it yields,

[T

4, =AF,o(r*-1") | (2.24)

The net radiation heat transfer can also be defined as, g, =g, —¢,, if ¢, is negative

then the net radiation heat transfer is to the surface, i.e. surface i gains energy instead of
losing. For an enclosure consisting of N black surfaces maintained at specified
temperatures, the net radiation heat transfer from any surface 7 to each of the surfaces in

the enclosure can be expressed as,

ziqu ZAJF;O'( - 14) (2.25)

1=l j=i
2.5 Radiation heat transfer between diffuse, gray surfaces in an enclosure.

Radiation exchange formulae are available for blackbodies, because these results can

differ considerably from the practical realisation; i_ts usefulness is generally limited to

26



analytical analysis. A blackbody is an idealisation that can be closely approximated by
some surfaces, but is néver accurately achieved. Calculations involving real non-
blackbody surfaces do present increased mathematical complications; therefore these
calculations invariably assume certain conditions. The calculations involved in
anélyzing radiation exchange can be simplified by making certain assumptions. These

conditions inciude:

* The surfaces of the enclosure are isothermal, which is indicated by a uniform
radiosity and irradiation.
» Surface behaviour is opaque, diffuse and gray.

* The medium within the enclosure is nonparticipating.

The aim of many calculations is to determine the net radiative heat flux ¢,, knowing the
temperature 7, associated with each surface of an enclosure. The radiosity J is defined
as the total diffuse energy leaving a surface through emission and reflection. Where the
radiosity of a blackbody is given by: J = E, =oT". Such that its radiosity equals its

emissive power since it does not reflect any radiation.

For a surface / that is opaque, diffuse and gray (& =a; and «, +r, =1), the radiosity is

¢Xpressed as:

J, =(radiation emitted by surface i ) + (radiation reflected by surface /)
=&k, +1G,

=cE, +(1-£)G, | | (2.26)
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2.5.1 Net radiation heat transfer at a surface

The effect of radiative interactions at a surface determine whether a surface losses
energy or whether it gains energy. A surface loses energy by emitting radiation and
gains energy by absorbing radiation emitted by other surfaces. Depending on which

quantity is greater a surface will experience an overall gain or loss of energy.

The net rate at which radiation heat transfers from a surface 7 of surface area 4 given

as g,, 1s expressed as:

g, = (radiation leaving entire surface /) — (radiation incident on entire surface /)

= A;’ ('}. _Gi)

__‘ (Ehi —Ji)

=iy (2.27)
R

Depending on thé relative magnitudes of the radiosity (J, ) and the emissive power of a
blackbody at the temperature of the surface ( £,,), the direction of the net rate of heat
transfer is determined. If E,, > J,, the direction is from the surface and if £, <./ , the
direction is to the sufface. If ¢, is negative, it indicates that the heat transfer is to the

surface,
2.5.2 Net radiation heat transfer between surfaces

The net rate of radiation heat transfer from surface i to the sum of the surfaces involved

in the radiative exchange can be expressed as the following:

radiation leaving entire radiation leaving entire
q,= surface! that - surface j that
strikes surface f strikes surface/



I

AJF,—AJF,

FV A

Il

ZNZA:F,;(J: -J,) | (2.28)

i=l
2.6 Methods of solving radiation problems

When an analysis of the radiation of an enclosure is performed, either the. surface
temperature, T, or the net rate of heat transfer, g,, must be known for each surface.

This is necessary to obtain a unique solution for the unknown surface temperatures and

heat transfer rates.

The conservation of energy principle requires that in an N-surface enclosure, the net
heat transfer from surface 7 be equal to the sum of the net heat transfers from surface i to
each of the N surfaces of the enclosure. The relation that describes this principle is given

in equation (2.29).

v J-J, |
AW Z.:(/;F ,]) (2.29)
i= i= i _

This relation is especially useful when the net radiation heat transfer rate, ¢, is known.

However this may not always be the case. Typically the situation exists that the surface

temperature, 7,(hence E,;)} is known and equation (2.30) proves more useful. This

equation is a combination of equations (2.27) and (2.29), which is given as,

The equations (2.29) and (2.30) give rise to N linear algebraic equations when

determining the N unknown radiosities for an N-surface enclosure. After determining

the radiosities J, 1+ yern ]y the unknown surface temperatures and heat transfer rates are



derived from equations (2.29) and (2.30) respectively.

The matrix method is a direct ineans of solving radiation heat transfer problems. These
problems typically involve the use matrices especially when many surfaces are engaged.
The use of iteration or matrix inversion to solve a problem involving any & number of

surfaces may be obtained by rearranging equation (2.29) or (2.30) to get the following

system of N equations:

where:

[4]=

_ 7
[+t ad +tand, =C
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g et ayd et ayy Sy =G
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a,.a,, | [ J, ]
ety v1=|
ety ..
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[J1=[4]"[C]
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where: [A]_i = bn--*bﬁ"'bm;r
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An alternative method called the network method is based on the electrical network
analogy (Ohm’s law). Oppenheim first suggested this method in the 1950°s and because
of its simplicity and emphasis on the physics of the problem found widespread
acceptance. This method involves representing a surface resistance related to each

surface of an enclosure and joining this with space resistances.

From equation 2,27, the surface resistance to radiation is obtained as follows,

l—¢,
R = : 2.31
: (E,A,.] (2.31)
Equation 2.21 then becomes,
(E,, —J)
o 2.32
q, ® (2.52)

i

Applying Ohm’s law to equation {2.32), the electrical analogy relates the quantity
(E,,—J,) to a potential difference and the net rate of heat transfer corresponds to

current as illustrated in fig 2.7 below.

The surface resistance to radiation for a blackbody is zero, since £, =1 and E,, =/, .
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Surface ¢

Figure 2.7 Electrical analogy of surface resistance to radiation

A real surface can be modelled as being adiabatic, if one of its sides is well insulated
and the effect of convection on the other side is negligible and steady-state conditions
are achieved, the net rate of heat transfer though the surface is zero. This means that the
surface looses as much energy as it gains. Such a surface is known as-a reradiating

surface and from equation (2.32) setting ¢, =0 yields the following:

J =E, =oT* (2.33)

4

The temperature of a reradiating surface is independent of its emissivity. The surface
resistance of a reradiating surface is neglected because there is no net heat transfer
across it. (Similar to the electrical analogy if there is no current through a resistor it can

be neglected.)

The space resistance is obtatned from equation (2.28) and expressed as,

R, =(4F, | (2.34)

if Ty

Equation 2.28 then becomes,

(W8]
I~



¥ AT A '
4y =2~ (2.35)

Repeating the Ohm’s law aralogy in equation (2.28), (J,. -J ,.) relates to a potential
difference and the net rate of heat transfer between two surfaces correlates to current as

shown in figure 2.8.

When applying the network method it is generally limited to simple enclosures i.e.

enclosures consisting of three or four surfaces, due to the increased complexity of the

network.

Surface j

Surface i

Figure 2.8 Electrical analogy of space resistance to radiation



2.7 Radiation heat transfer in two-surface enclosures

The simplest example of an enclosure is one consisting of two opaque surfaces at
individual t.emperaturesT, and 7,, that exchange radiation only with each other as
illustrated in fig 2.9. The net rate of radiation heat transfer from surface 1, g,, should
equal the net rate of radiation heat transfer o surface 2, —g,, and fﬁrthermore the sum
of these quantities should equal the rate at which radiation heat is transferred between |

and 2, expressed as, g, =—¢, =q,, -

l—¢g I 1-¢g

) Ag

Figure 2.9 Schematic of a two-surface enclosure and the radiation network

associated with it.



The network representation of this enclosure consists of two surface resistances and one
space resistance, as shown in fig. 2.9. When determining the electrical current through a
serigs of resistances in an electrical network, the potential difference across the total
resistance is divided by the sum of these resistances. The net rate of radiation heat

transfer is obtained in a similar manner, and may be expressed as

J(Tnd _Tzd)

- I-g [ l-¢&
_ + +—21
g4 AR, &4,

]

di2

This significant result may be used for any two diffuse, gray, opaque surfaces that form

an enclosure. The geometry of the enclosure determines the view factor F,,. Table 2.1

below summarises some special cases where F, =1.

2.8 Radiation heat transfer in three-surface enclosures

For an enclosure constituting three opaque, diffuse, gray surfaces, as depicted in fig.
2.10, with the surfaces having respective emissivities, surface areas and uniform
temperatures, the network of this geometry is evaluated by representing surface
resistances for each of the surfaces and joining these with space resistances, as
illustrated in fig. 2.11. If the surface temperatures are known, the end-point potentials

E,, E,, and E,, are then simply derived. The radiosities J,, J, and J; are solved

from the condition that the algebraic sum of the currents (net radiation heat transfer) at
each node must equal zero. The set of equations obtained from this requirement that

need to be solved for are given beiow.

Ey=d  S=d LT

0
R R, Ry
Jn“J1+Ehz_J1 ; J; = J, =0 (2.37
R, R, Ry
J'{—JT; J,‘—-j~ E;"‘]j
I3y =0
Ry Ry Ry

s
wh



Table 2.1 Specizl Diffuse, Gray, Two-Surface Enclosures

Large (infinite) Parallel Planes : '
- 4=4,=4 and F,=1

4,.1,, €, .
_ e

q,= (2.37a)
l.;.i_l
4,75, 85 g &
Long (infinite) Concentric Cylinders
5]

ﬁ:i and £, =1

4, n )

4'\ Al -1

d 5 =——~_—'( =) (2.37b)
L1 1
g & \n

2

Concentric Spheres

i . s .
AT =T
g G = Z l( — ), (2.37c}
1 1-¢g " )
g & \h

Small Convex Object in a Large Cavity

AI!TIrEI

g, =odg (T <T)  (2.37d)

4,1, &
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OAN

g, 45,1,

3r4730

Figure 2.10 Sehematic of a three-surface enclosure and the radiation network associated

with it.

After finding the radiosities J,, J, and J;, using equation (2.33) the net rate of

radiation heat transfer at each surface is determined. Further simplification of the set of
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equalities in equation 2.37 is possible if one or more surfaces exhibit blackbody

behaviour such that J, = E,, =07, or if one surface is reradiating then g, =0.

2.9 Radiation shields

Sometimes it may be necessary to reduce the net radiation heat transfer bétween two
surfaces using a radiation shield that is constructed of material with a low emissivity
(high reflectivity). This material inserted between the two surfaces diminishes the rate
of radiation heat transfer by introducing additional resistances in the path of radiation

heat flow. A shield with a low emissivity represents a high resistance.

Equation (2.37a) represents the radiation heat transfer (with no shield) between two

large parallel plates with emissivities £, and &, sustained at uniform temperatures 7,
and 7,. If a radiation shield were inserted between these two plates as depicted in fig.

2.11, the resultant net rate of radiation heat transfer is given by equation 2.38.

The emissivity associated with one side of the shield (&;,) may differ from that
associated with the opposite side (&;,) and consequently the radiosities will differ.
Applying the network method to this geometry and recognizing that F; = F,, =1, also

that A, = A, = 4, = 4 for parallel plates an expression for the net rate of radiation heat

transfer is simplified as shown below.
Ao(T; ~T3)

e P
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The equilibrium temperature of the shield, 75, is determined from the fact that at steady-

state conditions g, 59:3 =g,, and expressing equation (2.37a) for ¢, or gq,,. For a
configuration consisting of N radiation shields the net rate of radiation heat transfer is

expressed as:
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Figuf-e 2.11 The radiation network associated with a radiation shield

placed between two parallel plates.
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For the special case when the emissivities of all the surfaces are equal, equation 2.39

becomes,

I
T3 w shiclds — (ﬁj(q 12.n0 shields) (2.40)



2.10 Participating Media

The means developed thus far for predicting radiation exchange between surfaces has
inherent restrictions. We ﬁave considered isothermal, opaque, gray surfaces that emit
and reflect diffusely and additionally also characterized by uniform surface radiosity
and irradiation. For enclosures, the medium separating them was considered
nonparticipating or transparent, which means it neither absorbs nor scatters the surface
radiation and emits no radiation of its own, it does not participate in the heat transfer

process.

The equations based on the preceding assumptions in most instances provide highly
accurate results for radiation heat transfer in an enclosure. This is the case when the
space separating the radiating surfaces is occupied by vacuum or by a gas with
monatomic or symmetrical diatomic molecules (nonpolar). The gases that satisfy this
criteria include the following; the main components of air (N,, 0,), H,, Ne, Ar and
Xe. There are times however when the preceding assumptions are inappropriate because
the separating medium scatters or absorbs radiation passing through it and emits
radiation of its own. Examples of these types of media are strongly polar gases such as

CO,, H,O(vapour), NH;, SO,, hydrocarbons and alcchols.
yor T 2

Gasecus radiation as opposed to radiation from a solid or liquid is not a surface
phenomenon but characterized by a volumetric absorption, transmission and emission of
radiation. Gaseous radiation is concentrated in specific wavelength intervals or bands.
Radiation with a wavelength outside these bands will pass unattenuated through the

medium and with respect only to this radiation the medium is nonparticipating.

Spectral radiation absorption in a gas {or in a semitransparent liquid or solid) is a

function of the thickness L of the medium and the absorption coefficient x,, which has
units ‘m™'. If a monochromatic beam of intensity /,, is incident on the medium, the

intensity is reduced due to absorption. Beer's law, equation 2.41, is a useful tool in

40



approximate radiation analysis and may be used to infer the overall spectral absorptivity

of the medium.
L, =1 et - : (2.41)

The transmissivity of the medium is defined as,

AL _ gl (2.42)

and the absorptivity of the medium is given as, |
a;=1-r,=1-¢™" (2.43)

In addition if the temperature of the gas T, is uniform and does not differ noticeably
from the temperafure T, of the surface that produced the beam of intensity /, ,, we may

assume Kirchoff's law as valid such that,

g =a, =l-e™" | (2.44)
2.10.1 Gaseous Emission and Absorption

A method to determine the radiant heat flux from a gas to an adjoining surface was

developed by Hottef (1934). This is a simplified procedure that involves determining

radiation emission from a hemispherical gas mass of temperature 7, to a small area
A_, which is located at the center of the hemisphere’s base. The radiation heat rate that

is emitted by the gas and arrives at A, 1s,

Qyory = £,4,0T, (2.45)
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The gas emissivity ée is obtained by correlating data in terms the temperature 7, the
total pressure p of the gas, the partial pressure p, of the radiating species and the radius

L of the hemisphere. This result is sufficient when the gas mixture consists of one
radiating gas for instance water vapour or carbon dioxide and other nonradiating
species.. However when two radiating gases appear together in a mixture with other

nonradiating gases, the total gas emissivity may be expressed as,

£, =6, +6 —Ac | ' - - (2.46)

The correction factor Ag given in available literature for different values of the gas
temperature, accounts for the reduction in emission associated with the mutual
absorption of radiation between the two gases. If the surface surrounding the gas is

black, it will naturally absorb all the radiation that is emitted by the gas. The net rate at

X

which radiation is exchanged between the surface at 7, and the gas at 7, is given as,

- 40,1 -a,T) (2.47)

qg—).i

The total gas absorptivity when both water vapour and carbon dioxide are present may

be expressed as, @, =@, +a, —da, where A =Ag.

In order to calculate the required gas absorptivity a, of either water vapour or carbon

dioxide the following expressions are given by Hottel (1954).

T 0.45 )
Water: a, = C’w(}‘iJ x E,,(T,,p.,ﬂ ——’—} (2.48)

T 063 T
Carbon Dioxide: Q.= C‘_(iJ xsc(?_’,. WPl = ] (2.49)



3. CONTROLLER DESIGN

3.1 Mathematical modeling and experiments

The aspects of modeling in an IR system usually concern either the IR tamp or the
industrial application. Infrared dryers are an integral part of many commercial
enterprises and infrared drying an essential process for many businesses in
manufaéturing. Studies of infrared drying kinetics and drying phenomena are {imited,
but there are several publications concerning heat and energy transfer in infrared dryers

and some are presented below.
3.1.1 Overview of infrared drying studies

The studies available are limited to applications involving paint, foodstuffs and
continuous sheets of paper and textiles. An experimental study performed by Parouffe er
al (1992) on the combined effect of infrared and convective drying of glass beads
investigated the drying characteristics and the influence of thermal radiation on
convective heat and mass transfer. Drying experiments performed by Navarri er af
(1992) on a wet sand layer subjected to intensive infrared radiation were analysed and a
simple model was developed, able to predict drying rates and surface temperatures. A
further model resulted from experiments by Navarri and Andrieu (1993), delivered a
model that is able to predict drying rates and te.mperature profiles down to zero moisture
content. Studies on infrared drying characteristics of wet porous materials in
comparison with convective drying results conducted by Hashimoto and Kameoka

(1998) used three kinds of membrane filters with differing mean pore diameters.

A method for the calculation of the drying time and surface temperature of water based
paints during beth convective and infrared drying was presented by Silventoinen and
Palosaari (1982). The model integrated mass and energy balances with an experimental
characteristic-drying curve. Résler et af (1995) performed drying experiments with
water-based paints and organic coatings using infrared heaters with various emission

spectra. In the experimental work of Blanc es al (1997a) they presented some models



reiating convective and infrared drying of reactive automotive paints. These paints are
sensitive to the vaporization process and are coupled with a polymerization reaction in
the paint film. Experimental and modeled drying curves were presented and tech-niques
for monitoring the reaction and drying kinetics were discussed. Methods for studying
the reaction kinetics during the infrared curing of epoxy-based automotive paints were
developed by Blanc er al {1997b) along with related changes in structure and in

rheological behaviour.

An investigation by Le Person et al (1998) on the drying of a thin multicomponent film
produced for pharmaceutical purposes. Measurements of the internal concentration
gradients and the results were combined with drying rate data in order to obtain a better
understanding of the drying process and of the multicomponent transport phenomena
involved. With this information they were able to explain and prevent the occurrences

of mechanisms detrimental to product quality.

An analysis of an application of infrared drying in food manufacturing by Sandu (1986)
discussed Iransp&)rt phenomena and process applications. Yamasaki e af (1992)
investigated the infrared drying of food through the use of gelatinous materials as model
substances. Numerous factors that influenced drying rate and shrinkage as well as the
radiative properties of the product and heater were examined experimentally and were
compared to with a simple drying model. A set of heat and mass transfer equations were
proposed by Fasina et al/ (1998) to simulate the infrared drying of agricuitural crops. A
comparison was made with the model and experimental data on the surface temperature
and average moisture content of barley kernels found on a vibrating conveyor exposed
to infrared radiation. More drying experiments performed by Afzal and Abe (1999) used
an infrared heater to investigate the drying characteristics of potato slices. They

investigated the effects of several parameters on drying rate and product temperature

history.

An investigation by Broadbent et al (1994) on the many parameters that influence
drying rates when a number of different textile fabrics were pre-dried in a pilot scale

infrared dryer. In another study Dhib et al (1994) proposed a transient model, a set of
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partial differential equations, for the infrared drying of continuous thin sheets and
calibrated the model-by using data from a large number e:{periments'— on an infrared
textile dryer. Experiments on varying conditions were investigated and the model
predictions were found to be in good agreement with the experimental data. In another
paper by Dhib et al (1998) these equations were analysed for controflability and
observability af'teribeing reduced to a model adaptable to direct control. The aim of the
model reduction contributed to the design of 2 model based controller for an infrared

dryer.

Modeling experiments by Heikkild (1993) on the drying of coated sheets of paper by
infrared dryers proposed separate balance equations for the base sheet and the coating
layer. The radiation energy was assumed to be evenly absorbed throughout the thickness
of the sheet and was treated as a source term in the energy equations. Drying
simulations by several techniques based on the mode! were used in a pilot machine and

model predictions compared well with experimental results.

In reference to infrared drying in general considering the limited literature available this
is an area in which there is a need of considerable research efforts. This is especially

important in view of the many industrial applications possible with infrared radiation.
3.1.2 Mathematical models of electric IR heaters

Numerous models of gas-fired IR heaters have been presented in a number of studies in
available literature. The models available range in complexity from very simple
radiation exchange models to advanced models dealing with combustion and transport

phenomena in porous media.

With respect to electric IR heaters, very few modeis are available. Some work regarding
radiation exchange modeling in electric heaters has been conducted in studies
concerning infrared paper drying (Lampinen er al., 1991;0jala ez al., 1995). The type of
IR heater modeled in this case is of the glass enclosed metal filament type. The models

they developed include non-gray radiation heat transfer between the filament, the



reflector, the protective glass, the paper sheet and the back reflector. The radiative
properties of some of the components were measured using an integrating sphere in the
range 0.4 - 20um. A related model was later developed by Pettersson (1998), which also
incorporated the lamp glas's in order to validate the spectral distribution of an electric [R

heater, similar to that of figure 2.3.

An assumption made was that the temperatures of the various components were known
and was used as input data for the model. A further assumption was that all the
electricity supplied was converted to radiation at the. filament (Pettersson, 1999).
Because these models assume the temperature of the heater components to be known,
they consequently do not characterise heater models completely. In their opinion Ojala
and Lampinen caution that their results can only be regarded as quantitative, because the
temperatures involved in their assumptions represent a wide margin of ambiguity. In
addition Pettersson (1999) further elaborates that since the approach in the models
developed utilised assumed temperatures, these results could possibly lead to

impractical consequences with regard to the energy balances considered.
3.2 Overview of process control aspects

3.2.1 Mathematical description of a2 control system

A block diagram of a general control system in the Laplace domain is shown in figure
3.1 below. The feedforward transmission path transfer function is given by G(s); f(s)
represents the feedback path transfer function. Typically the feedback element contains
the sénsor or transducer that measures a physical quantity, such as temperature and
converts this measurement into a voltage. H(s) therefore represents the gain of the
sensor. The basic idea in many control systems is to make the controlled output, ¢{f),
follow the reference input, r(¢}, as closely as possible. Therefore the desired transfer

function is:
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If r(f) varies with time, then the problem is commonly referred to as a tracking
problem. However if the input remains constant, it is known as a regulator problem. If
the output, Cfs), {s not measured, H{s) = 0 and the system is open loop. Disturbances in
the feedforward transmission path usually compound the problem of making 0
follow r(¢). Neglecting any disturbances, figure 3.1 tllustrates the closed loop feedback
system since the controlled variable is measured and used to control the sysiem.

An expression for the error for the system is given by E(y) = R(s) — H(s)C(s). However

Crs) = G(s)E(s). Solving these two equations the closed loop transfer function is:

_C» . G
T R(s) 1+G(s)H(s)

T(s)

With the addition of a controller to the forward transmission path of the control system,
as shown in figure 3.2 the error in the system is diminished. A controller compares the
actual value of the plant output, c(?}, with the reference input, »(t), which is the desired
value, then determines the deviation or error and produces a contro! signal that wiil

reduces the error to zero or a small value.
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Figore 3.2 General feedback control system with compensation

The transfer function of the control system as depicted in figure 3.2 with unity feedback,
Hs) =1, is expressed as:

_C(s) _ G.(9)G,(9)
RS 1+G.(5)G,(8)

T(s)

The input to controller is the error signal, £¢s), and the output of the controller, U5}, is
the input to the plant under control, G,{s). Again the purpose of the controller is to

ensure the output follows the input so that the condition in equation 3.1 is satisfied.
3.2.2 PID control of the plant

In practical temperature control applications, the problem or difficulty is the incidence
of thermal time lag, which leads to conditions such as overshoot and temperature
cycling. These effects are of acute importance when the product being processed or
heated is temperature sensitive and in danger of being damaged in this way. While lag is

usually unavoidable in a practical process, there are ways of limiting it.
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For accurate control of the load temperature an effective controller is required. A closed
loop proportional integrated controller (PID) satisfies this need by providing a stable
regulated temperature control. It is well known that temperature loop dynamics can be
slow because of process heat transfer lags, which is the case in medium and long wave
infrared heaters. Short wave infrared heaters, quartz glass enclosed tungsten filament
type, usually reach final temﬁerature, typically between 2000°C and 2500°C, within a
few seconds. Medium and long wave heaters, ceramic encased electric heating coil type,
have heating constants in the order of minutes. Their maximum temperatures typically
range from 600°C for long wave and 900°C for medium wave heaters. The slower.
heating constants for medium and long wave heaters imply the presence of significant
dead time. Coupled with the fact that temperature systems are not normally noisy, PID

control is usually preferred.

For optimal performance the type of heater chosen for a system should be one that has

a low thermal mass (fast reaction time) or the temperature sensor employed should have
a fast reaction time. Optical sensors when compared to other forms of sensing, such as
thermocouples, provide the quickest temperature measurements and are consequently
the type used in this paper. The PID controller required in order to satisfy the above
criteria should be capable of reducing the heater power well ahead of the temperature
reaching set point. This means that the power has to be minimised in proportion to the
distance from the set point. This way the controller is capable of preventing temperature
ovérshoot and cycling. This action describes it as a proportional controller (P). The

relationship between the output of the controller and the actuating error signal is,
u(t)=kK Pe(r) : (3.9

Ifthe gain K, is high, the slightest error signal e(t), results in a dramatic change in the

output u(f). With an increase in gain the rise time is reduced allowing the output to
rapidly follow the input. When the proportional band, the range of error possible, is
wide the output can be diminished sooner avoiding overshoot, but a temperature offset
“is usually the result. To maintain the temperature about the set point as accurately as

possible, very often a manual reset of the control parameters is needed.
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To automaticaily and continuously adjust the temperature by adjusting the power input,
an integral action is needed. The controller needs to make the power increase in
proportional to the deviation from the set point, so that the steady-state error is reduced
to zero. The steady-state error is that deviation between system output and input after
- transient effects have died away. This is type of control is expressed as integral control

and defined as,

u(t) =K, }'e(r)d(:) : ' (3.5)

With the addmon of this integral action the effect is a proportional + integral controller

(PD), defined as,

u(t)=er(r)+—I§T‘°’- e(t)d(t) (3.6)

i 9

The output, u(f), is controlled by adjusting the proportional gain, K , and the integral

time, 7.

With the addition of derivative control, the controller anticipates changes in temperature
and modifies the input power proportional to the rate of change of temperature. The
purpose of this type of action is to minimise and damp unwanted changes and speeds
recovery from temperature disturbances, which is effective during transient periods. The
ensuing controller known as proportional + integral + derivative (PID) control combines
the advantages of the three individual control actions and is defined as,

K, de(t) \
u) = Ke(:)+~fje(r)d(r)vKT 70 : (3.7)

When a comparison of three types of controllers to a step function is made, the curves
obtained in figure 3.3 results. A step function represents a radical change in system

input, and the system response is a good indication of the controller’s performance
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Figure 3.3 Step response of a closed loop feedback system shown for {(a) P controller,

(b} PI controller and {c) FID controller

when subjected to a disturbance. The PID controiler clearly provides the most stable

output ensuring that the steady-state error, e, , is diminished to zero.

If 2 mathematical model of the plant is not known, then it is possible to apply diverse
design techniques for determining parameters of the controller that will satisfy the
transient and steady-state specifications of the closed-loop system. The simplest
approach in the design of PID controllers is an experimental one.

The process of selecting the controller parameters in order to obtain the required

performance conditions is known as controller tuning. Ziegler-Nichols proposed rules

for determining values of the proportional gain K ,, integral time T and derivative time
T,, based on the transient response characteristics of a given plant (Leigh, [988). The

transfer function G, (s) of the PID controller is given as:

. 1 |
G.(s) =KP(I+E+TJS} (3.8)
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3.3 Centroller Design
3.3.1 Identification of the infrared oven (heater)

In order to obtain a mathematical description of the IR heater, a transfer function, the
method outlined below was completed. This method is the Ziegler-Nichols design
appréach. Known as the process reaction method, it requires the open-loop step
response of the process to be recorded and is a practical means of acquiring the transfer
function .of the IR heater. There are two methods for Ziegler-Nichols tuning, both aimed
at obtaining 25% maximum overshoot in step response. The process reaction method
was chosen because the curve resulting from a unit-step input resembled an S-shaped
curve as depicted in figure 3.4. The type of IR heater used was a medium wave infrared
ceramic type. The S-shaped curve is characterised by two constants, delay time [ and
time constant T . By drawing a tangent line at the inflexion point of the S-shaped curve
and determining the intersections of the tangent line with the time axis and the line

¢(t) = K, the values for the delay time and time constant are determined. The transfer

eft) 4

P L . T

Figure 3.4 S-shaped open loop step response curve
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function G,{5)=C(s)/U(s), equation 3.9, is approximated by a first-order system with

a transport lag.

C(s) Ke™

G (s)=
() Uis) Ts+1

(3.9)

Table 3.1 indicates the suggested values for the controller parameters as described by

Ziegler-Nichols process reaction method.

Table 3.1 Ziegler-Nichols tuning rules based on step reSponsé of plant

PID- 1.2(T L) 21

Type of i

Controller Re ’ e

P (T L) Y 0

PI 0'9(TL) (%3) 0
0.5L

3.3.2 Experimental Results for step respense of the plant

The open loop step response of the IR heater under test resulted in the curves shown in

the figures 3.5 to 3.8 below.

The curve in figure 3.8 was chosen as a reasonable compromise for the step response of

the plant under test. Using the Ziegler-Nichols process reaction method as described in

figure 3.4, the plant (infrared heater) was found to have an approximate transfer

function as expressed by equation 3.10.

B 3.96¢"
1405 +1

G, (s}

h
(PR

(3.10)
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In order to verify the validity of equation 3.10, a simulation of the step response using
MATLAB software was performed. The simulation resuited in the curve in figure 3.9.

The trajectory in figure 3.9 is fairly accurate, but a slight adjustment of the gain, K,

from 3.96 to 4.2 provides a better step response for the plant. The curve for the new step

response is given in figure 3.10.
3.3.3 Design of a continuous controller followed by discretisation

Using the Ziegler-Nichols rules as described in table 3.1 above, the coefficients of a
three-term PID continuous controller calculated resulted in the following values for,
K, T, and T, inequation 3.11. From the general form for a PID controller in equation

3.8, the expression for the continuous PID controller is given.

Gc(s)=6.06(1+—£—+3.53J (3.11)
i4s

In order to implement the controller on a digital platform, as illustrated by figure 3.11,
discretisation of the continuous expression is needed. There are various ways to do this,

but two methods dominate.

e(t) k) u(k) u(t) y(®)

r(t . 3 :
© Sampler Digital E

, Ui computer f DAC | Plant
v {ADC) 1

R

Sensor

Figure 3.9 Digitally controlled plant
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Figure 3,10 Step response of plant with Kp = 3.96
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Figure 3.11 Step response of plant with Kp =42
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The first method is known as the position implementation since it controls the output of
the controller, is given in equation 3.12. Using this method the actuator value, u,, is
derived for directly.

KT KT
U, =u, + K (e)+ TP (e)+ ;.,d (e, —e.y) (3.12)

i

Position implementation although simple to implement suffers from some drawbacks.
When the controller is switched on for the first time, the values of u,_ | and e, are not
‘known. The chance that by simply implementing equation 3.12 and obtaining a proper
controller output is very remote. As a result the control action of the position

implementation suffers from a ‘bump’.

In addition another problem with equation 3.12 known as intégral windup occurs when
the actuator encounters a constraint, which then produces a persistent offset between the
plant output and the set point. This then results in the integral term increasing without

bound over time.

Reconfiguring equation 3.12 the problems highlighted are overcome. Equation 3.13,
known .as the velocity implementation, computes the increment or change of the

actuation rather than the actuation itself.

KT KT .
u—u =K, (e, —e )+ ; (e, )+ ;d (e, —2e,,+e,,) (3.13}

1)

The equation 3.13 produces a ‘bumpless’ transfer when it computes the increment of the

output of the controller. Using equation 3.11 and table 3.1 the coefficients K, 7,, T,

A o
are solved for. The sampling period, T, is set initially to 1 second. The resultant

expression for the controller based on these values is given in equation 3.14.

u, =u,_, +27.7(e,) - 48.5(e, . )+ 21.2(e; ) (3.14)



Equation 3.14 is a discrete form of a linear difference equation that is sampled at a
particular period and provides discrete values for actuator output. In order to directly
implement equation 3.14 on a microcontroller, a preliminary understanding of this
. . difference equation is warranted. This expression incorporates values for previous error
calculations as well as a previous value for the actuator output. These values need to be

stored in on-board memory and be available when the final output is evaluated.

The chosen method for the programming of the algorithm was the high level language,
C, because of its powerful ability to compute mathematical intensive calculations and
operations involving floating point operations are straightforward. These features are

notably absent in the use of an assembly language.

Achieving a ‘bumpless’ transfer requires that when evaluating equation 3.14, two
sampling intervals are passed before entering the control loop. This allows the values
for the previous errors, e,_, and e,_, as well as the previous actuator output, u,_,, to be
computed. A simplified flowchart depicting the algorithm for the velocity

implementation of the PID controller is presented in figure 3.12.
The algorithm functions as follows:

o After variables and functions to be used are initialised, the program waits for the
user to enter a value for the set point temperature, via an interrupt service routine
(ISR).

e When this is done the program within two sampling periods, measures the heater

temperature via the ADC and calculates the two previous error values, e, and

e as well as the previous actuator output, z, ;.

=217 7

e The program then enters the main PID loop and calculates the value of the
actuator deviation.

e [f the actuator deviation is a positive value (> 0), an appropriate the pulse-width

modulation of the firing pulse is determined dependent on the actuator deviation.
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» If the actuator deviation is negative or equal to zero (<= 0), no firing pulse is
initiated.
» The program waits for the sampling period to complete before taking another

measurement of the heater temperature and repeats the loop.

A complete listing of the C code for the PID controller designed is provided in the

appendix. An excerpt of the source code given below shows how the value for e, _, is

evaluated.

y_out = ADC(); ' /*sample output*/
error 0=r_in- y_out;. /*compute error®/
error 2 =error_0; /*set error equal to second

previous error*/
The following excerpt shows how e,_, is computed.
y_out = ADC(); /*sample output*/
error 0 =r_in - y_out; /*compute error*/

error_1 =error_0;  /* set error equal to first

previous error*/

The value for #,_, on start-up is derived using the source code described below.

u_old_! =28*error_0;
u_old_2 =49*error_l;

u_old =u_old_I +u_old_2; /*compute previous actuator

output®/
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After the initialisation routine has completed the program proceeds to the main control
loop. With every sampling interval the PID model in equation 3.14 is evaluated and an
increment of the actuator output computed. An excerpt of the source code used to
achieve this is given below.
while(IRI}{

y_out= ADC(); /*sample output*/

error_0=(r_in - y_out); /*compute error*/

ul = 28*error_0;

u? = 49%error_1;

u3 =21 *error_2;

u=ul+u2+u3+uold, /*compute actuation®/

/* The computation of the incremental actuator output */

u_deita = (u - u_old);

The impiementation of the PID controller designed for this paper is based on the
Ziegler-Nichols method and represents a significant simplification when compared to
some of the other methods available. Especially considering that the system derived for

the plant was a first order model plus lag. Other tuning methods available are:

e The trial and error method, whereby the tuning parameters are tweaked and
continually adjusted. This method is usually reserved for experienced control

engineers.



o Graphical design methods, which include the root-locus, Nyquisf and Bode

plots. These methods are usually reserved for higher order systems.

The Ziegler-Nichols tuning method was selected because it is the oldest and most
established method available. It is also much more simpler to implement than the other
methods listed above. Many modifications of the controller developed are possible and
probably warranted in some instances. However, for the purposes required of this
- controller in this study, the design pro‘)ed adequate as the tests performed in chapter’
five verify. Chapter four presents an overview and the practical development of the IR

controller.
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4. PRACTICAL DEVELOPMENT OF THE IR CONTROLLER

The practical procedure for obtaining the mathematical model of the controller in
chapter 3 is explained_ in this section. The description that follows includes various

hardware and software aspects that constitute the practical set-up of the experiment.
4.1 Hardware set-up

Figure 4.1 shows the block diagram of the open loop response test. The hardware

component for the experiment consists of the microcontroller (80C515); a power

Micro-
Controller
(RBOC515)

v,

h 4

Electronic Infrared Temperature
Power F——»{ Heater » Sensor

Controller (ceramic) f {pyrometer)

Data
Acquisition }
(Dagpad) . |

Figure 4.1 Elements of the open-loop step reéponse test

controller, to medify the power input to the IR heater (oven) and a temperature sensor,

pyrometer, to measure the output temperatures of the IR heater. The data acquisition



| successfully accomplished through the use of the National Instruments DAQPad-1200

data acquisition hardware.
4.1.1. The Microcontroller

The 80C515 microcontroller is part of 8051 family and has the following features:

s s an 8-bit controller with 256_ bytes on-board RAM,
» Eight I/O ports, three 16-bit timer/counters,

e On-board analog-to-digital converter, and

e Instruction cycle time of 600ns.

The microcontroller is used to generate a pulse-width-modulated (PWM) waveform, ¥,

which is needed in order to drive the power controller, which in turn regulates the

output temperature of an infrared radiation heater.

The 80C515S is programmed in C and the details of the software program are given in |

figures 4.7 and 4.15.

4.1.2 The Power Controller

This unit comprises the power electronic components used to control the voltage input
for the infrared heater. The aim in using the power electronic components when

designing the power controller incorporated the following features:

s Low cost implementation
» Portable hardware platform

e Readily software programmable

e Provide reliable results with mintmum hardware complexity
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4.1.2.1 AC Power control aspects

AC power control has undergone somewhat of an evolution when considering the
various methods in which this was achieved. The control of voltage and current has
always presented the engineer with a challenge but few options. Control circuits today
employ the use of some solid-state devices and techniques. Prior to this the most

frequent method to control large amounts of voltage involved the use of one or more
transformers. The control of large currents meant the use of large variable resistors,
rheostats, placed in series with the load being controlled. These methods of contro!

proved expensive, demanded high maintenance and were inefficient.

Three types of power control methods have been investigated for this paper, with the
aim being to find the most appropriate type of control for the type of load required. The
power controller needs to be able to control and switch large loads, typical currents of
up to 10 amps and loads rated for 800 watts. The types of electronic devices used for

power control that were studied are as follows:

o The triac
e The insulated gate bipolar transistor (1GBT), and
e The solid-state switch (SSS)

4.1.2.2 The Triac

Today the popular method to control large amounts of voltages and currents is by means
of thyristors and has proved very successful. These types of solid-state power devices
developed by General Electric Research Laboratories have been around since 1957,
Initially the chosen technique of power control intended for work on this paper involved
the use of a triac. The triac and silicon controlled rectifier (SCR) have traditionally been
used for various types of control including general-purpose power supplies, AC and DC

variable-speed motor drives, stepper motor control, servo motor control and light
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dimming. These semiconductor devices offerradvantages that include high reliability,
extremely fast responsé, selectable control parameters and low maintgné_nce. The triac is
able to switch both the positive and negative half cycles of an ac input by simply
controlling a small amount of current on its gate terminal. One widely used method for
controlling the average power to a load is by phase angle control; with this technique
the output power is a function of the firing angle. A triac does not conduct until its gate
terminal is triggered by a de pulse or series of pulses. Once triggered into conduction it
continues passing current even if the trigger pulse is removed. However the current
ceases when the applied ac voltage goes through a zero crossing and requires another
trigger pulse before the SCR will conduct. Using this method the rms load current is

given by equation 4.1:

L, ®, ) (sin20, ‘

The load under control in this paper is resistive, which presents a simplification of control

when compared to an inductive load, where the voltage and current are out of phase. By
varying the firing angle of the SCR, the load power is varied accordingly. The firing angle
can be adjusted Ifrom near 0° to near 180°. Table 4.1 illustrates the approximate
relationship between the firing angle and the resultant power output. (With Vac =

220Vrms and R,,,,,= 300€2)

Table 4.1 Percentage power output vs. firing angle

Firing Angle % Power Output
0° 100%
66° 75%
90° 50%
114° 25%
180° 0%
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Figure 4.2 Small phase angle yields a high power gutput

The effect of phase angle delay on the load (assuming a resistive load) is illustrated by the
figures below. ‘The figures show the resultant power controller output voltage waveform
that is the input for the load. The line frequency is 50Hz and the trigger point or firing

angle is indicated in time (milliseconds).

Figure 4.2 indicates the position of the trigger point when high power is delivered to a
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Figure 4.3 Iltustration of a larger phase angle and the resultant low power output
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load. The trigger point is soon after the zero crossing or the phase angle is small which
consequently results in a high power output being delivered to the load. Figuré 4.3
illustrates that a larger phase angle or later trigger point yields a lower power outputtoa
load. However there are inherent problems associated with this method of control and
numerous ways have been developed to overcome them. One of the problems
encountered in triac control is the generation of electromagnetic interference (EMI) and
radio frequency interference (RFI) caused by rate of change of current (di/dr). This is
normally dealt with by ensuring proper filtering through the use of inductors or chokes,
which have the added disadvantage of being less energy efficient. Although alternative
control methods such as pfoportionai control or burst firing have been developed there
are still certain problems persisting. Some of these include the generation of line
transients, caused by ac line disturbances as well as false triac triggering caused by a
rapid and large rate of change of voltage (dv/dt). Figure 4.4 illustrates the generation of

high instantaneous peak currents at device switch on, which causes mains disturbances
and mains frequency noise.

These effects are limited to some degree by the introduction of snubber circuits and
many variations are possible for their design and application. The function of a snubber

circuit is to reduce the electrical stresses placed on a device during switching by a
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Figure 4.4 Generation of line disturbances with SCR control
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power clectronics converter to levels that are within the electrical ratings of the device.

It accomplishes this by:

. Limiting voltages applied td devices during turn-off transients.

» Limiting device currents during turn-on transients.

« Limiting rate of rise { di/dr ) of currents through devices at device turn-on.

» Limiting the rate of rise (dv/dt) of voltages across devices during device turn-
off or during reapplied forward blocking voltages (e.g. SCR’s during forward
blocking state).

= Shaping of the switching trajectory of the device as it turns on and off.

Depending on the circuit topology, there are generally three broad categories of snubber

circuits and these include:

¢ Unpolarised series R-C snubbers used to protect diodes and thyristors by
limiting the maximum voltage and dv/dt at reverse recovery.

e Polarized R-C snubbers, used to shape the turn-off portion of the switching
trajectory of controllable switches, to clamp voltages applied to the device to

safe levels, or limit dv/dt during device turn-off.

s Polarized L-R snubbers, used to shape the turn-on switching trajectory of

controllable switches and/or limit di/dt during device turn-on.

As the standards concerning power control for domestic and industrial use become more
stringent, triac control type methods stand poised to be subjected to ever more rigorous
inspection. The alternative is to develop new methods to overcome these problems or to
find an improved method to accomplish power control. New European standards on the
generation of mains disturbances will place triac and SCR controiled systems under
ihcreasing scrutiny as the amount of electrical disturbances permitted are reduced. The
standards on harmonics generated (CENELEC, IEC and VDE), which lead to effects
such as EMI and RFI, through the use of power switches, are becoming increasingly

restrictive. (Mohan et al, 1993).
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4.1.2.3 The Triac Power Controlier

Figure 4.5 shows the block diagram of the triac-type controlier developed for testing
during this research. The triac was chosen because of the ease with which voltage in the
load could be controlled in both halves of the ac line voltage.

A detailed circuit diagram of the triac power controller is presented in figure 4.8. The
circuit operates from a 220Vac line voltage. Through a step-down transformer (TX) the
resistors R9, R10 and R11 form a voltage divider, which provides the input to the zero-
crassing circuit. The zero-crossing detector incorporates a differential amplifier
(INA132P) and a voltage comparator (LM393). The function of the differential
amplifier is to isolate the zero-crossiﬁg signal from the zero volt or earth of the line
voltage. The square pulse that results is passed through a current buffer (74126), which

ensures that the signal strength is the required 5V. This zero crossing signal is interfaced

Keypad Micro- Opto-triac Power
E controller - Triac
(16key [ — »| (MOC3020) [ :
matrix) (80C535) i (BT137) |
AC mains
(240Vac) i
Zero- Infrared
Crossing Heater §
Detector [
' (800W)

Figure 4.5 Block diagram of power controiler using 2 triac



to a microcontroller external interrupt pin (/O Port P3.2). The operation of the triac

algorithm is presented in figure 4.7 below.

Another current buffer (74126} is used to restore the integrity of the firing pulse before
it passes to the opto-coupler (MOC3020). The internal structure is shov;m in figure 4.6,
with an input between pins I and 2, a light emitting diode (LED) that activates an opto-
triac between pins 6 and 4. The opto-triac is used to generate trigger puises needed for
the power triac (BT137).' The opto-coupler also serves to electrically isolate the low
powe.r electronic circuitry from the high voltage side. The MOC3020 is rated to isolate
péak voltages up to 7200V. The power triac (Q1) is rated to switch loads of up to 8A.

Datasheets of all electronic components used in this paper is listed in the appendix.

1= —— 6
—»

2 —— — 4

Figure 4.6 MOC3020 opto-coupler

A snubber circuit, represented by R8 (100€2) and CI (0.1uF), is used to protect the triac

during the switching of load voltages.

4.1.2.4 The software algorithm

The software program written in assembler of which a flowchart is illustrated in figure

4.7 and the program operation is as follows:

» A single key press on the keypad corresponds to a preset firing angle, between 1

and 9 ms.
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» Afterakey press the program waits for a zero-crossing signal to be detected, this
ensures the firing angle is referenced to zero, and also diminishes EMI and RFI
affects.

= The interrupt service routine is activated and vectors to the sofiware routine, that
in turn selects the firing angle that corresponds to the key press preset value.

= This pulse is .del'wered through an input/output (UO) port 4 of the .

microcontroller.

A 5-volt power supply is generated from the 240V line voltage through V1, a bridge
rectifier, a filter capacitor (C2) and a voltage regulator (LM7805). The 5-volts voltage

source is used by all the low voltage components including the microcontroller.

4.1.2.5 Evaluation of the triac power control circuit

When the triac power controller is used to drive light ioads i.e. less than 1A, it functions
remarkably well. An initial test of the circuit functionality had it operating as a light
dimmer, driving a 60W incandescent light bulb. The circuit performed well, such that
when then the firing angle was varied from a small angle to a larger angle, the light bulb
responded by glowing brightly initially to dimming to a dull glow. This load test proved

that the circuit elements functioned properly and that the circuit design worked.

After the initial testing the circuit was subjected to its rated load i.e. an infrared
radiation heater rated at 800W. The circuit failed to switch this rated load successfully.
The circuit element responsible for failure was the power triac. The power triac was
upgraded twice with respective higher current ratings of 15A and 20A, but still the

circuit failed. The reasons for the failure of the circuit was credited to:

e Although the current ratings of the triac far exceeded the load rating (nominal
current of 4A), this value represented an absolute maximum, which in reality
was far less. The inrush current on cold start the destroyed the triac. Inrush

currents of up to 100A are possible, which would render the triac powerless.
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» Subsequently it was realised that the triac is a low power-switching device, this |
made it unsuitable for the type of loads it needed to control.

» That even when switching the low power incandescent lamp, large voltage
spikes were present that degraded the quality of the line voltage by introducing

noise disturbances.

Due to these reasons a new method of power control was sought that could successfully
handle the rated loads. The effort spent on redesigning and refining the circuit would be
better spent on implementing a more rugged power control option. Although the triac is
still used in many applications and widely published in literature, for the purposes of
this investigation it proved not to meet expectations. (A listing of the software program

in C code used for the triac circuit is provided in Appendix 4).
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4.1.3 The Insulated Gate Bipolar Transistor Power Controller

The insulated gate bipolar transistor (IGBT) provides a fairly new means of power
control and has found a rﬁche in applications that fall in between that of a bipolar
transistor (BJT) and the power MOSFET. IGBT’s are poised to quickly becoming the
preferred means of power control in applications similar to that of the triac and SCR.
These applications include automotive, lighting, home appliances and power
management uses. The IGBT developed in the early 1980’s, combines the simplicity of
drive and the excellent fast switching capability of the MOSFET structure with the
arbility to handle high current values typical of a bipolar device. These devices can be
programmed to start on the zero crossing and switch off at some later stage, this
technique is known as reverse phase control. Whereas noisy circuits are the product of
triac control because of its turn on, switching off controls an IGBT. This eliminates
noise, in-rush current and EMI effects. With no instantaneous power change to contend

with the controller needs no choke.

The typical voltage output waveforms generated through the use of an IGBT are
presented in figure 4.9 An IGBT can be controlied so as to gradually switch the device

off, resulting in a smoothed load power waveform. This drastically reduces

IGBT Chopped waveform

=
4

~L

F

Figure 4.9 IGBT smoothed output voltage waveform

78



any harmonics produced and noise levels on the mains line are diminished or eliminated
ensuring quieter control. The harmonics produced by both the thyristors and IGBT type
con.trollers'are given below. Figure 4.10 shows the resultant harmonics produced by
triac control. Figure 4.11 clearly indicates the reductions of harmonics produced that are
evident with the use of IGBT’s. Figure 4.14 shows the circuit diagram of the power
controller incorporating an IGBT. This circuit was designed around the IRG4PH30KD

IGBT, which is rated at 20 amps maximum collector current. The design uses a three-

Figure 4.10 Typical harmonic spectrum for a triac controller

Figure 4.11 Typical harmonic spectrum for a reverse-phase [GBT controller

phase line voltage that is isolated from the rest of the circuit by means of an isolation
transformer as shown in figure 4.12. This ac voltage is rectified using stud rectifiers
(DN1) and filtered through a 2200uF capacitor (C6) as shown in figure 4.13. The circuit

is used as a light dimmer to gauge its performance and its ability to control the power of

a load.
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4.1.3.1 The circuit operation

Using the keypad attached to the 80C515 micro-controller, the user selects the required
power level of the load. The software algorithm then deciphers the key press and
detenﬁines the required pulse-width modulated waveform (PWM) to generate. The
program flowchart for the software algorithm is given in figure 4.15 below and its

operation is briefly described as follows:

e The user selects the required power output for the load

s The program determines the suitable PWM waveform based on the percentage
power output

¢ The point of the zero crossing of the line voltage is detected

¢ And the PWM waveform generated is sent from an I/O port to the circuit

hardware.

With reference to figure 4.14 the hardware consists of an IGBT opto-isolator, TLP 251
(U1) that isolates the 80C515 microcontroller from the high voltage circuit components.
Its isolation voltage is rated to 2500Vrms. The PWM enters at pin 2 of U1, which is the
anode of an integrated LED and leaves at pin 6. The PWM then enters pin 3 of the
IGBT driver, IR2106 (U2} and on exiting on pin 5 is magnified from a 5V peak PWM
waveform to the 13V PWM waveform required by the IGBT. The IGBT (Q1) acts as a

dc voltage switch that drives and controls the voltage across the load, LPI.

Short circuit protection is provided by R5 (0.1Q) this feature eliminates the need for a
fuse, which would otherwise be a heat source in the circuit. The dvf/di can be
drastically slowed down at IGBT turn-off by using a high value gate resistor, R3
(100k€2). The typical waveforms for an IGBT at turn-on and at turn-off are depicted in
figures 4.16 and 4.17. The 1GBT is protected from over-voltage by a transil diode, D3
rated to a voltage of 400V. A series zener diode, D4 (15V) is needed to prevent a dead
short circuit occurring across the IGBT in case of the faitlure of D4. The voltage

regulator, LM7815 (U3), provides the 15V supply that is needed by the IC’s U1 and U2.
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Figure 4.15 Simplified IGBT control software program
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Figure 4.16 Typical waveforms during [GBT turn-on

Anti parallel diodes, Dé and D7, offer further protection to the load and IGBT
respectively in the case of parasitic line inductances. The diodes D1, D2 and D3
eliminate any line disturbances from adversely affecting the circuit. The capacitors C 1-
5 act as line voltage filters, reducing the voltage disturbances caused by the switching of

load voltages that could cause erroneous operation of the circuit elements.
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Figure 4.17 Typical waveforms during IGBT turn-off
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4.1.3.2 Evaluation of the low cost IGBT power controller

-1n a low power load appllicat-ion, i.e. two incandescent light bulbs in series, the circuit
performs well. The power to the load is controlled successfully such that the dc voltage
in the loa& is decreaﬁed and increased, which is visibly noticed. However when the
controller is used to drive a heavier load, ¢.g. 800W it failed. Evaluation of the reasons

stem from a combination of the following reasons:

e That although the nominal current rating of the IGBT is well with acceptable
limits for the load under test, the surge current rating falls far below the inrush
current generated with the IR heater.

o The IGBT anti-parallel diode, D7, failed to protect the IGBT from line
inductances.

* More effective line voltage filtering to reduce or eliminate the generation of the

voltage spikes was needed.

Coupled with the reasons listed above, some additional information is warranted. That
the -IGBT is a new product on the market makes the unit prices fairly costly in
comparison to a triac. This makes the design p.hasa of a controller of this nature an
expensive undeftaking, due to component testing, failures and replacement. The IGBT
is 2 DC voltage switch that does not directly control an ac load it operates in the de side
of a rectifier. This circuit configuration also succumbs to failure due to the common

grounds of the ac and dc voltage sides.
Iﬁ the final evaluation of this IGBT controller it is deemed unsuitable for the type of

load under control and again a better method of power controf was sought. (A listing of

the software program in C code used for the IGBT circuit is provided in Appendix 5).
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4.1.4 Solid-state switch with PWM cycle control

The two methods of power control presented above proved in practise to fall short of
expectations envisaged for the type of load being controlled. Another method
considered involved the use of an opto-isolated solid-state switch (SSS). The SSS has
two integrated back-to-back SCR’s as its control elements. It operates as a zero-voltage
switch, which means it turns on and turns off at a zero crossing. The type of SSS used in

this paper shown in figure 4.18 is the 240D10 manufactured by Opto 22,

Figure 4.18 240D10 solid-state switch

Some the features of this SSS model include the following:

s 4000V optical isolation of input to output
» Nominal current rating of 10A

e Peak surge current rating of 110A

e Peak repetitive voltage maximum of 600V
s Zero voltage turn on

e Turn on time: Y% cycle maximum

o Turmn off time: % cycle maximum

e Integrated snubber circuit

86



A SSS is a popular alternative to its mechanical counterpart, the mechanical refay or
contactor. These components suffer from drawbacks that include more frequent
component replacement, poor control abi‘lity due to its slow cycle times, dirty contacts
degrade its perforrﬁance and the heater life may be shortened due to thermal shock
(Evalds, 2002). The electronic configuration of a SS8S as depicted in figure 4.19

comprises a LED on the input, which serves to electrically isolate the high voltage side

D = 7
[ 3 !

- Imput  + hput Load Laad

Figure 4.19Internal structure of a solid-state switch

from the low voltage microcontroller circuit. This feature of isolation is always of great
importance when high and low voltages are present in the same circuit, as the case in
voltage switching circuits. Over voltage protection of electronic components
necessitates isolation because a low voltage, typically 5V is usually used to drive much
higher voltages, such as 240Vrms. The two back-to-back SCR’s control both cycles of

the ac line voltage when triggered by a pulse-width modulated waveform.

The simplified block diagram of the SSS power controller is given in figure 4.20. The

operation of the circuit is straightforward and can be described as follows:

* Using the keypad an IR heater temperature is chosen.
» The micro controller software program determines the appropriate pulse width

of a PWM waveform.

»  The generated train of pulses is used to drive the input of the SSS.
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(B0C515) (240D10) Heater)

Figure 4.20 Solid-state power controlier configuration

= With reference to the line voltage zero crossing, the power delivered to the [R
heater is varied accordingly.
» The resultant temperature of the IR heater is measured with an infrared sensor

(IR thermometer), the operation of which is discussed in section 4.3.

Figure 4.21 depicts the zero voltage switching capability of the SSS. The SSS altways
switches in whole or half cycies of the line voltage, thereby avoiding the occurrence of
EMI and RFI generation. Table 4.2 presents a power control selection chart giving a

range of loads or heaters and their suitable control methods (Evalds, 2002).
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Figure 4.21 The zero voliage switching of the solid-state switch
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Table 4.2 Power control selection chart

Heater/load

Heater/load .
. Control type Typical applications
type characteristics
Counstant On/off, zero-
resistant Slow response voltage Large tank heating
elements switched

Medinm-wave
infrared

ceramic

Faster response

Zero-voltage

switched

Thermoforming,
textites, industrial
furnaces and fast water

. heat

Medium-wave

infrared quartz

Fastest precise:

response

Phase-angle

fired

Paper and pulp drying

Silicon-carbide

heaters

Load changes in

resistance with age

Phase-angle

fired

High temperature ovens

Short-wave
7 infrared

elements

High in-rush

currents

Phase-angle
fired with soft

start

High speed paper and
ink dryers

4.1.4.1 Evaluation of the SSS power controller

This configuration performed well and out of the three methods investigated for power

control, emerged as a clear favourite. This is due to many factors, some of which

include the following:

e The rugged design of the SSS unit lends itself to the control large loads and is

easily capable of handling the type of foad in question.

e The circuit configuration is simple and straightforward when compared te the

other methods studied.
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 In reference to table 4.2 (Evalds, 2002), zero-voitage switching is the preferred
method of control for the type of lead under study, namely a medium-wave

infrared ceramic heater.

* Additional factors that make this type of control the preferred method is the low cost of
the unit compared to the other components studied and also the almost non-exister¢
disturbances in the line voltages that dominated the other types of control studied.
Figure 4.22 provides a pictorial representation of how the solid-state switch controls the
amount of cycles of the ac mains voltage. Using a pulse-width modulated waveform
(PWM) the percentage power delivered to a load is varied. (The diagram serves only as
a guide and does not demonstrate actual measurements). (The software program in C
code for the SSS power control is incorporated into the software listings of Appendices

2 and 3)

40% power ta load ’ (-\J

0% poweric load

60% power to load '

aVAVAVAY

70% power to load

80% power 1o load

8% powerto loed

Figure 4.22 The cycle control method using the solid-state switch

50



4.2 Infrared Radiation Heater

Electric infrared radiation heaters are typically manufactured to pass electric current
through a heating element made of an alloy of nickel and chromium called nichrome.
The heating element is usually sheathed in either a quartz glass case or encased in a
ceramic material. The type of IR heater studied for this paper is the latter, the ceramic
encased type. It should be noted that many other types of heating elements are available

on the market, e.g. tungsten.

The type of IR heater used in an industrial installation is usually dependant on the
application involved. The four most common types of heaters and their suited

applications are summarised betow {Salamander, 1999):

e Quartz tubes are suited for instant on, instant off applications, where heat
sensitive materials are exposed for prolonged periods to a heat source.

+ Quartz lamps are also instant on and off type and have a high watt density, best
for high-speed processors. _

» Metal-sheath elements used for convection heating needs (e.g. ovens) and are
rugged, cost effective and efficient.

e Ceramic elements are characterised by their gentle heat and are suited for

applications needing an oven and where heating zones are required.

Infrared heaters are available in broadly three categories; long wave, medium wave and
short wave. The type of infrared heater used in this study was the super high
temperature ceramic radiator (SHTS) manufactured by Elstein and has a maximum

operating temperature of 900°C. In addition it has the following speéiﬁcations:

e Rated power 800W at 230V
s Radiation efficiency more than 75%
s Heat-up constant approximately 1.2 minutes {63% maximum value)

e Area power densities up to 80kW/m?
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4.3 Temperature Sensor

Temperature measurement is accomplished through various methods and fall into

mainly four types. These include the following:

¢ Thermocouples: these are the most widely used types of sensors in the industrial
manufacturing environments. They function by producing a voltage from the
temperature gradient that develops at the junction of two dissimilar metals.

» Resistance temperature detectors (RTD’s): operate on the principle that the
resistance to the flow of electricity changes with temperature. RTD’s are more
stable and accurate than thermocouples, but cannot be used to measure
extremely high temperatures.

« Thermistors: also change resistance with changing temperatures, but are more
sensitive than thermocouples or RTD’s. They are however highly non-linear and
limited to measuring temperatures of a few hundred degrees Celsius.

e Infrared (non-contact) devices are the preferred method of measurement when
the other types are not feasible. They are used in conditions when the above
contact type methods prove troublesome such as monitoring moving objects, in
environments with safety hazards present, where contamination of the target is

likely and when the distance to the target is considerably far.

Infrared sensors also called radiation detectors produce an output signal that correspond
to the amount of infrared radiation that strikes the detector. IR detectors are classified as
either thermal or photon-type detectors. Thermal infrared detectors convert incoming
radiation into heat thereby raising the temperature of the detector. This change in
temperature is then converted into an electrical signal and processed. Broadly defined

there are three types of thermal detectors that include:

e Bolometer, the resistance varies with received radiation.
e Pyroelectric, surface charge varies in response to received radiation.
e Thermopile, consists of multiple thermocouples in series whose voltage output

varies with received radiation



Photon-type detectors respond to photons being emitted by an object. The infrared
radiation causes changes in the electrical properties of the photon detector. These
changes can then be monitored as an output signal. There are two main types of photon

infrared detectors (Yoder, 2000):

s Photoconductive: exhibit increased conductivity with received radiation.

¢ DPhotovoltaic: convert recetved radiation into electrical current.

Infrared detectors are further subdivided into various products available for commercial,

industrial and processing use. The existing types fall into four categories:

« Infrared thermocouples: there ou{puts emulate a thermocouple output and used
in situations where temperatures swings are limited.

e Infrared thermometers: detect infrared energy emitted by objects above
absolute zero. A basic design uses a lens to focus infrared radiation onto an
infrared detector. Ambient temperature varjations need to be compensated for in
order to ensure accuracy of measurements.

e Infrared line scanners: produce a thermal map of the surface of a product
moving along a line, mainly used in steel rolling and glass fiber production.

o Infrared thermal imagers: produce a two-dimensional image of a complete

scene being heated and useful for detecting hot spots and triggering alarms.

The type of infrared sensor employed in this paper is a Thermalert Cl sensor available

from Raytek (Raytek C13B). Its specifications include:

e  OQOutput linear voltage: 10mV/°C

e Optical resolution of 4:1 at 90% energy
e Spectral response range from 7-18um

e Detecting element via thermopile

» Repeatability of 1% of reading

e Temperature resolution of < 0.5°C

» Emissivity fixed at 0.95
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+ Response time of 350 ms

« Temperature range: 0°C to 500°C
4.3.1 Installation considerations

When installing the infrared sensor in a particular application there are some important
aspects that need careful planning. The adherence to some simple practices will ensure

that the measurements obtained are accurate and reliable (Ackland, 1998).

First establish the target size i.e. the area to be measured, should fill the instruments
field of view. Suppliers usually recommend that the target size exceed the field of view
by 50%. Because infrared sensors detect radiation from all sources i.e. from energy
transmitted, reflected and emitted by and object. The sensor has to accurately isolate the
emitted radiation for this is the indication of its temperature. If the field of view is larger
than the target size, the background will affect the temperature reading, as shown in

figure 4.23 below.

Another consideration is the determination of the optical resolution and is defined by

Best Good Incorrect

Target greater Target equal Target smaller  Background
than spol size  to spotsize  than spotsize

Figure 4.23 Estimation of the proper target size to an application
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the D:S ratio. Comparing the distance of the object to the sensor (D) to the size or
diameter of the spot (S) being measured. Optical charts as the one shown in figure 4.24
help determine the target spot size on a fixed-focus instrument. Infrared sensors
available have D:S ratios that range from low resolution e.g. 2:1, to high resolution e.g.
300:1. The choice of D:S ratio depends on the size of the object to be measured and the

distance the sensor is from the target.

The emissivity of the target materiél determines the spectral response of the sensor
" needed. Somé materials are transparent at certain wavelengths and need to be measured
at wavelengths were it is opaque. In order to measure metals at high temperature a
suitable wavelength is 8-1pm. Plastic films such as polyethylene and polypropylene
respond favourably at a wavelength of 3.43 pm. In general, low temperature conditions
- have a spectral response that lies in the 8-l14pm-wavelength range. Typically fixed-

emissivity instruments are sufficient for low temperature applications.

Target spot size Diameter of target Oistance from
at focal point spot size SNSSF 1 olpect \
Distance: sensor to object {in! 5\
e 8 1% 24 gy
3
< Iy
= L025m @8 in: S 2.8
- S 2.
g O s
Rsensor & ' -

o 150 200 450 | GO TED
i ] i e

Spot diameter {mm)

Distance: sensor to object hmm}

DS = Distance to spot
Spot diameter

Figure 4.24 Determination of the D:S ratio for an infrared temperature sensor
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4.4 Data Acquisition

The data acquisition for temperature measurement instituted in this paper is
accomplished in two ways. In the first instance it is needed to complete the experiment
in which the transfer function of an IR heater is found. Because the software used to
complete the experiment was LabVIEW, a compatible hardware unit the DAQPad-1200
was chosen to facilitate the measurement proceduré. In the development rof' the
controller however the software used was the high level language, C, this precipitated
‘the use of the on-board analog-to-digital converter. Both these methods when

implemented proved very successful.
4.4.1 National Instruments DAQPad-1200

The temperature sensor is interfaced to the data acquisition hardware, the National
Instruments DAQPad-1200. This hardware is a low-cost high performance DAQ unit
that communicates with a computer through the parallet port on IBM PC/AT/XT and

compatibles. The features of this unit are the following:

» Eight analog input channels, configured as eight single ended or four differential
inputs,

» 12-bit successive-approximation ADC

s Two 12-bit DAC’s with voltage outputs

e 24 lines of TTL-compatible digital 'O

e Three 16-bit counter/timers for timing /O

» Conversion time (including acquisition time) of 8.5um

The DAQPéd-IZOO is also completely software configurable and self-calibrated. The
unit works with two different parallel port types, the Centronics port for printers and the

Enhanced Parallel Port (EPP).

The unit is programmed and operates with LabVIEW software and can briefly be

described as follows:

96



e The DAQPad-1200 on-board A/D samples the input sensor temperature. The
integrated conversion performed by the sensor, 10mV/°C, represents a
temperature as a voltage between 0V and 5V,

o These samples are time stamped and graphed and stored in a text file for

processing at a later stage.
The software program is configured as a data logger to facilitate the transportation of

information to a spreadsheet file. Then using the graphics tool in MsExcel the

information is plotted cn a graph, as shown in figures 3.5 to 3.8.

4.4.2 80C515 Analog-to-Digital converter

‘The on-board analog-to-digital converter (ADC) of the 80C515 has the following

features:

‘Eight multiplexed input channels

e Programmable internal reference voltages

e  8-bit resolution within reference voltage range

* 13 machine cycles conversion time (includes sampling time)
» Internal start-of-conversion trigger

» Interrupt request generation after each conversion

The 80C515 method of conversion is via successive approximation using a capacitor

array. The mode in which the ADC is used can be described as follows:

e Single conversion mode

e 2.5V internal reference voltage

The temperature sensor’s linear voltage output facilitates interfacing to the on-board

ADC of the microcontroller.
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5. ANALYSIS OF RESULTS

A PID based model has been designed, developed, tested and implemented. Closed loop
controllers such as the PID controller developed are useful in applications requiring an
embedded process. A microprocessor is well suited to successfully incorporate the
compﬁtations needed of a digital controller. The results discussed in this section pertain
only to the PID controller developed and does not deal with the experiment to derive the

transfer function of the IR heater, as outlined in section 3.3.1.
5.1 Control system and controller integration

The model of the PID controller instituted in this instance does not incorporate any
automatic tuning regimen. An auto-tuning functionality would be able to recalculate the
parameters for the process gain, K, the integral time, 7, and the derivative time, T, as

the system dynamics change. This dictates a much more vigorous and computationally

intensive algorithm to implement.

The approach taken in this paper is to design and implement a model of a PID controller

successfully such that the controller adequately and reliably tracks a temperature profile.

A
T
(*C}
Time(s) Ge E Go —
* . PID Heating
LR e o
. C = —_—
Reference -
H i
Sensor «+

Figure 5.1 The Control System for the IR controller
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Temperature profiles are necessary for the proper processing of many different types of
materials and an example of this is given in figure 1.2. Subjecting the controller to the
control system as illustrated in figure 5.1 and observing how closely the output (C)
follows the input (R) was used as the measure of the success of the controller

“implemented.

The mathematical description of the PID controlier as given in equation 3.11, needs to
adequately achieve synergy with the mathematical model of the complete control

system as stated in equation 5.1.

C(s) _  Ge(s)Gp(s)
R(s) 1+ Ge(s)Gp(s)H(s)

(5.1)

As a result the PID controller developed needs to effectively meet the transient and
steady state conditions of the closed loop system. If significant deviations from the set
point occur it could possibly be cause for concern if the product being processed is
temperature sensitive, meaning it has a temperature profile that allows for very little
deviation or offset. This study does not compare the heating proftles for any particular
material against the response of the controller developed. However another approach

was taken, which satisfactorily addresses this issue.
5.2 Comparative testing of the PID controller

In order to gauge the effectiveness of the PID controller developed, a simpler
proportional type of controller was designed to serve as a basis for comparison. The
on/off regulator does not require the same intense computations as that of the PID
instituted. The on/off algorithm as illustrated in figure 5.2 simply ensures that the set
point temperature 1s maintained within reasonable limits. The algorithm does not adjust

the pulse-width of the firing pulse when increasing the temperature, as in the case of the

PID algorithm.

A brief explanation of the on/off algerithm is as follows:
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While loop
not
terminated

‘ Get set potnt from user < ISR

Sample heater temperature

l

Compute error

No pulse

Sampling
delay

Figure 5.2 Flowchart of the proportional algerithm
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e After the initialisation of the variables and functions used, the program executes
with the set point as zero, until the user enters a temperature set point above
zero.

= The heater temperature is sampled and an error is generated.

» If the error is positive (> 0), a firing pulse is initiated, however if the error is
fess than or equal zero (<= 0}, no firing puise is initiated.

» The prégram waits for the sampling period to complete before taking another

measurement of the heater temperature and repeats the loop.

Laboratory tests have been perfbrmed using both the PID and on/off controllers. Each
controller was set to follow a predetermined temperature profile and the results plotted
on MsExcel charts. Figure 5.3 illustrates the laboratory set up for the IR heater and the
Raytek temperature sensor and how they were arranged in order to complete the tests

outlined below. The infrared heater was aligned and fixed to an aluminium

Figure 5.3 Laboratory arrangement showing the IR heater and temperature sensor
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plate. The reason for the aluminium used, was that it possesses a low emissivity and a
high degree of reflectivity. Since the temperature sensor is a function of the emissivity,

only the emissivity from the IR heater then has a bearing on the temperature reading.
5.2.1 Comparative tests at a sampling period of 1 second

Figures 5.4 to 5.6 show the temperature profiles plotted by the two controllers. Table
5.1 indicates an arbitrary desired profile (profile 1) programmed into the

microcontroller, the response curves for the on/off and PID models are shown in figure

5.4.

Table 5.1 Temperature set points for profile 1

Temperature set
point (°C)
40
80
150
200
150

Phase

] | W M e

Table 5.2 indicates the desired profile (profile 2) for the on/off and PID models and

their response curves are illustrated in figure 5.5.

Table 5.2 Temperature set points for profile 2

Temperature set
point (°C)
80
100
220
160

Phase

ol G ] e
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Figure 5.5 On/Off and PID contreller comparison for profile 2
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Table 5.3 Comparison of PID and on/off controllers at a sampling period of 1 sec

PID ON/Off
Controller Controiler
% Overshoot
8% 3%
(1060°C)
Temperature offset
8°C 4°C
(220°C)
Rise time (sec)
38 sec 57 sec
{160°C to 220°C)

Inspection of the curves in figures 5.4 and 5.5 achieved with a sampling interval of |
second, reveal how the two types of controllers compare. A more concise comparison is
done in table 5.3 with the values obtained through a study of figure 5.5. The factors

considered in this evaluation of the curves are; percentage overshoot, temperature offset

and rise time.

The deduction that is evident from the two controllers with a sampling period of ]
second is that uniess rise times are critical and a certain temperature offset is acceptable,
the PID controller is adequate. Otherwise it is a more viable option to use the on/off
controller. Because of the heating dynamics of this type of infrared heater, the warm-up

curve is strongly aftected by the long heating time constant.
5.2.2 Comparative tests at a sampling period of 100ms

The PID model produces a significantly better response when the sampling interval is
increased to 100 milliseconds. Figures 5.6 (profile 3) and 5.7 (profile 4) trace the curves
for the PID and on/off models for the new sampling period. Only a restricted portion is
shown here because the buffer used to store the list of températures, saturates after 512
samples are received. Nevertheless the portion clearly demonstrates the improved
performance of the PID controller over its on/off counterpart. The curve of figure 3.6

traces a set point from 100°C to 160°C. The assessment of figure 5.6 as revealed in
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Figure 5.7 On/Off and PID controller comparison for profile 4
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Table 5.4 Comparison of PID and on/off controllers at a sampling period of 100ms for figure 5.6

P1D On/Off
Interval
Coatroller Controler
100°C 1% 0%
% Overshoot
160°C 0% 0%
100°C 2°C 3*C
Temperature
Offset 160°C 0°C 2°C
Rise time {sec) 100°C to 1606°C 284 sec 312 sec

table 5.4, leads to the conclusion that with an increased sampling period the PID

controlier implemented for this paper exhibits an improved performance when

compared to a simple on/off controller.

For the measurements taken in the tests performed, two components in the feedback

loop dictate the accuracy of the readings. These components are the infrared

temperature sensor and the analog-to-digital converter (ADC). A review of some of the

important specifications for the sensor were covered in chapter four, section 4.3. In

sections 3.3 and 5.4 some of the finer details of the temperature measurements are

considered.

5.3 Infrared temperature sensor

The manufacturer, Raytek, provided the parameters of the sensor that are quoted below,

which describe their Thermalert CI series of sensors (C13B).

s Accuracy: (a) 100°C to 500°C £ 3°C, (b) 30°C to 99°C +6°C

+ The temperature resolution better than 0.5°C.
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« The sensor was placed ata distance of 100mm from the IR heater, which forms a
spot size (diameter) of 15mm at the focal pbint, as indicated by the optical chart
in figure 4.23. This spot diameter proved adequate since the IR heater
dimensions are 41 x 41 mm.

e The sensing head was designed to operate in ambient temperatures from 0°C to
70°C. Because the air temperatures at the time of the measurements were in the
region of 25°C to 35°C, the manufacturer’s [imits were never exceeded.

e The instrument conforms to the following standards of conformity for the
European community:

o EN50081-1: 1992, Electromagnetic emissions

o ENS50082-1: 1992, Electromagnetic susceptibility
5.4 Analog-to-digital converter (ADC)

The Siemens 80C515 microcontroller on-board ADC was briefly discussed in chapter
four, section 4.4.2. Some of the more pertinent factors influencing the accuracy of the

ADC measurement are as follows:

e With a 10-bit resolution the ADC can distinguish an incoming voltage into 1024
different levels (2'°).

e Since the range of the input signal extends from 0V to 5V, the least significant
bit (LSB} corresponds to 5.0mV. With a linear output voltage of 10mV/°C from
the sensor, a 0.5°C resolution of the input signal is possible.

e The sensor is interfaced to the ADC through a single-ended input configuration.
Although this method is simple to implement, it suffers from a high sensitivity
to noise.

» The 80C515 possesses an internal calibration mechanism and executes two
basic functions, an offset and a linearity calibration. A calibration feature is
useful since the ADC design parameters are adjusted for if a ﬁoteworthy drift
occurs. After each reset operation a calibration procedure is automatically

initiated.
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5.5 Overview of Analysis

Some of the more important factors that could influence the temperature readings were
presented. The measurements should therefore be accepted strictly as a trend when
interpreting them. The conclusions however that emerge from the comparative testing of
the two models are clear. The PID controller shows an improved performance at higher
temperatures. The PID model achieves a better rise time, a critical parameter for many
" industrial processes, than the on/off regulator. The temperature offset is also greatly
diminished as well as the percentage overshoot, which are all important parameters to

consider when implementing any controller.
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6. CONCLUSION AND RECOMMENDATIONS

»

This dissertation is based on theoretical and practical work regarding the design of an
infrared radiation heating profile controller. Both modeling and experimental
techniques have been employed. The focus has been on developing a programmable

and cost-effective controller. This study considered only electric infrared heaters.

A model for a temperature profile controller for an infrared radiation heater has been
'prOposed. The model is based on a proportional-integral-derivative (PID) control
structure. The PID control design is the oldest and most widely used form of control
in industry. Temperature control is particularly suited to this type of design. Ziegler-
‘Nichols methods have been employed because of their simplicity and effectiveness.
The Ziegler-Nichols method is another tried and trusted technique used for many
years by control engineers. The controller developed though only a simplified first

order model with lag, proved very effective for the purposes of temperature profiling.

The results obtained from comparative tests performed revealed the high efficiency of
the PID model relative to an on/off controller. The tests using a sampling period of
100ms, although they only covered a restricted temperature range, exposed the
improved performance of the PID design over its on/off counterpart. Although
extensive tests have not been conducted on the controller for the purposes of this
study, the PID model showed promising results. Elaborate testing and verification of

the results are left as a suggestion for any further work and study.

6.1 Problems solved in the dissertation

The problem that this dissertation was required solve was the theoretical design and
hardware implementation of an infrared radiation heating profile controller. This

problem was further divided into many sub-problems, which include the following:

» Conduct an experiment to determine the mathematical model (transfer

function) of an infrared radiation heater.
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* Design and implement the hardware set-up for the experiment described
above.

» Develop the software program that would allow the accurate display of the
heating and cooling curves of the IR heater under test.

o Investigate the various types of control models available (P, PI and PID) that
would be suitable for type of temperature control required for this study.

e Investigate a hardware platform that proves suitable for the power control
requirements of an IR heater.

e Develop a simpler type of control model, a proportional controller against
which the developed PID control algorithm could be subjected to comparative

testing.
6.1.1 Experimentally determine the mathematical model of an IR heater.

In order to obtain an accurate mathematical expression of the IR heater used in this
research, a step response test of the IR heater was completed. This method of testing
was done in accordance with the Ziegler-Nichols method, a popular and simple way
of achieving the required results. These results were plotted in a graphical format and
the curves were analysed. Simulation of the obtained transfer function, using Matlab
software, showed good agreement with the practical results. Although the transfer
function represented a first-order model with transport lag, the simulated results

reflected an acceptable accuracy.
6.1.2 Investigate 2 hardware platform for the power control of an IR heater.

Various methods of power control of the IR heater were investigated and tested. Some

of these methods included:

e Phase angle control using a triac
s Fast switching with an IGBT
e Cycle control with a solid-state switch
The method that proved most successful was the cycle control with a solid-state

switch. The hardware model incorporated this power control design in the final



controller circuit. The other types of power control proved problematic for a host of

reasons and some of these include:

They introduced power line disturbances into the controller circuitry.

o Electromagnetic interference (EMI} as well as radio frequency interference
(RFI) was introduced. |

o The type of control method selected proved unsuitable for the type of load
being controlled.

. The powér control components (triac and IGBT) failed or were damaged when

used to control the rated load.

The problems listed above all contribute to making the load and the control circuit

unstable and therefore are unsuitable as a method of control.
6.1.3 Investigate the various types of temperature control models available.

The type Vof temperature control algorithm implemented for this research was the PID
type control. This type of control method is common for the purposes required in the
temperature confrol problem of this study. In order to gauge accurately the
effectiveness of the controller developed, a simpler type of controller, a proportional
controller, was developed. The PID controller was subjected to comparative testing,
The results confirm the superiority of the PID control model as opposed to the P type

control structure.
6.2 Applications of the results
The results obtained in this research provide the following applications:

« A method of temperature control of an IR heater;

e And serves as a basis for more intensive IR study.

6.3 Recommendations for further study



The recommendations on the conclusion of this study acknowledges that IR processing,

whether it be heating or drying, is still a modest researched area. Much work remains to

be done conceming the investigation of the effects of infrared radiation on various

materials. With the use of the controller developed in this paper the study of IR and its

effects on many materials are now possible. A summary of the potential applications

and improvements of the 'controller are presented below:

A further comparative study using an auto-tuning PID controller, that
automatically recalculates the parameters of the process as the load demand
changes, is a consideration.

The enlargement of the buffer used to store the list of temperatures for plotting
needs to be increased so as to provide a clearer picture of the complete
temperature profile.

Subject the controller to tests on some industrial processes such as the reflow
soldering technique as described in section 1.4.1 and observe the response. A
measure of results is a good indicator of the efficiency of the controller.
Increase the heating capacity of the infrared heaters i.e. increase the power
densities of the heaters, by mounting an arrangement of heaters on a pané[.
This is a more useful and practical way to study the effect on industrial
processes.

Also conduct experiments to determine the spectral radiation densities of

different heaters and various heater arrangements.

The research conducted for this dissertation serves as a basis for more intensive study

of the many aspects of infrared processing. With an amplified heating capacity that an

arrangement of many infrared heaters offers, a more worthwhile exploratibn of IR

heating is possible. A modification of the power electronics components in this study

would make this controller a more functionally competent unit for industrial purposes.

6.4 Publications in connection with dissertation
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EMITTANCE YVALUES OF PARTICULAR MATERIALS
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Temperature (Celcius)

Surface Emittance
Metals
Aluminium, polished 170 (.039
Gold, polished 130 0.018
Iron, pure polished 93 0.06
Iron, hot rolled 20 0.77
Lead, pure polished 37.8 0.05
Nickel, bright 100 0.041
~ Platinum, polished 93 0.05
Platinum, black 93 0.93
Paints
Varnish, dark glossy 37.8 0.89
Enamel 20 0.85-0.95
Red lead paint 100 0.93
Miscellaneous
Brick 20 0.93
Ice, smooth 0 0.966
Ice, rough crystals 0 0.985
Water 37.8 0.96




~APPENDIX 2

C CODE LISTING OF THE PID CONTROLLER



/*******************************##***********************************/

/*  THIS PROGRAM READS THE TEMPERATURE ON AN INTERFACED
/*  ADC AND SENDS AN ACTUATING SIGNAL WHICH IS DEPENDANT
/*  ON THE SIZE OF THE ERROR BETWEEN THE

/*  REFERENCE AND MEASURED OUTPUT

/* .
/*  THIS IS AN IMPLEMENTATION OF A PID LOOP FOR TEMPERATURE
/* CONTROL

* -

/* o By: Marco Adonis

/*

*/

*/
*/
*/

*/
*/
*/
*[
*ll

*/

/*#**#***************************************************************/

/* Header files */

#include <stdio.h> /* standard I/O .h-file*/

#include <stdlib.h> /* standard library .h-file*/

#include <reg515.h>  /*special function register for 80C515%/

#include <math.h> : '
#define y 50000 /* freq = 10Hz (T = 100ms)*/

/* Function Prototypes */

void serial init(void);  /* [nitiafize the serial port */

int ADC (void); /* Analogue to digital routine */

void delay(void); /* Delay function */

void display(void); /* Monitor current temperature */

void pulse(void); /* PWM waveform generator */

void PWM_control(void);
void keypad(void);

/* Variable declaration */
long u_delta=0;

. longr_in=0;

unsigned intx = 0;

/*****#*#**********#************#*********###*#*****#************#*/

/* MAIN FUNCTION */

/**********#****#**********************************#***************/

void main{void){

long error 0=20;
fong error_1 = 0;
fong error 2=10;
long y ocut=20;
long u=0;

longu eold=0;



long ul =0;
longu2 =0;
longu3 =0;
longu_old 1=0;
longu old 2=0;

EXI=1: | /*interrupt for keypﬁd*/
ITlI=1; ,
EAL=1;

serial_init(); /*initialise serial port*/
e L Y]

/* PID loop initialsation */
B e I L L L I I T I TSI TIIIIITTY
/ /

y_out= ADC(); /* sample output*/
y_out = (y_out); '
error_0=r_in-y_out; /*compute error*/

error_2 = error_0;

y_out = ADC();
y_out ={y_out);
error_0=r in-y_out;

error_1 =error_0;

/* To compute the previous actuator output
u_old = (28*error_0) - (49*error_1)*/

u_old_1 = (28*error_0);
u_old_2 = (49*error_1);
uold=u_old 1 +u_old 2;

/*#***********#************t**************************/

/* MAIN PID CONTROL loop */

I*#*********#************f**************#*************l

/*The PID loop computes the actuator output after each sampling interval
u = (u_old + (28*error_0) - (49*error_1) + (21 *error_2))*/

while(!RI){
y_out=ADC();
y_out = (y_out);
error_( = (r_in - y_out);
ul ={(28*error_0);

u2 = (49*error_1);
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u3 = (21 *error_2);
=ul4+u2+ul3+ u_old;

/* The computation of the incremental actuator output */
u_delta= (u -u_old);

PWM control(); - /*determine pulse-width*/

S u old=uy;
error_2 =error_l;
error_1 = error_0;

pulse(); f*call fire pulse*/.
delay(); /*sampling delay*/
display();

error_0 = 0;
u_delta=0;
x=0;
}

}

/* Function Declarations */

/****#********************#*****************#***#**/

/* SERIAL PORT INITIALISATION */

/*******#************#*****************************/

void serial_init(void){

SCON = 0x5A: /* Initialise UART to mode 1 */
BD=1; - /* Generate baudrate internally */
PCON |= 0x80; /* Set to 9600 baud @12MHz */
}

JEEREE AR AR R R FRRRRRE R ER LR R R R R AR Rk R R a Rk ki kR

r* ANALOG TO DIGITAL CONVERTER */
/*******g**********************#********#**********#**/
int ADC (void){

unsigned short value =0;  /* Temperature value returned */

ADCON=0xF2;  f* Select channel 2 single conversion mode */

DAPR = 0x80; /* Direct conversion, 2.5V int ref Voltage */
while (BSY); /* Wait while converting */
{s}

value = ADDAT,; /¥ Store value */
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return (value); /* Return terhperature measurement */

}

/******************************************************/

/* IMPLEMENTING INTERVAL DELAY */

/********************#**********#**********************/

void delay(void){
unsigned short i; /* Set up loop counters */

i=0;
while(i<10000) /* Middle loop */
{
I+
}
}

JEEEEERRER R AR R FER R R RF R RRFER AR R BRI AR R R AT TRk

* MONITOR THE CURRENT TEMPERATURE */

/**************#******************************#******##**/

void display(void){

unsigned short q,value = 0; /* Declare variables */
printf("n");
value = ADC(); /* Get temperature from ADC */
printf("%3d",value); /* Print values */
for(q=0;9<=26,q++){
printf("\b"); }
}

/**#****************##*******t#***********************/

/* Pulse-width modulated waveform determination */
i e i i TPy

void PWM_control(void){

if (u_delta <= 0)

{

T210 =0, /*stop PWM pulses*/
ET2=0;

TF2=1;

} .

else if (u_delta >0 && u_delta <= 5000)

x = 10000; *pwm = 10ms*/
}

else if (u_delta >3000 && u_delta <= 15000){
x = 20000, /*pwm = 20ms*/
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}

}

else if (u_delta >15000)

x = 30000;
}

Fpwm = 30ms*/

/* temperature profile presets*/

void keypad(void){

P35 && 0x0f;
if (P5==1)
{
r_in = 80;
}
else if (PS5 == 2){
r in=170;

}
else if (P5 == 3}{
r_in=160;
}
else if (P5 ==4){
r_in=200;
! _
else if (P5 == 5){
r_in=220;
}

}

else if (P35 == 6){
r in=0;

}

/*temperaﬁ:re 80°C*/

/*temperature 170°C*/
/*temperature 160°C*/
/*temperature 200°C*/
/*temperature 220°C *[

/*temperature 0°C*/

void Externall (void) interrupt 2 using 0

{

keypad();

}

void pulse(void)

{

CCL3 = (65536UL - x);
CCH3 = (63536UL - x) >> 8;/* Compare value (duty cycle) */
CRCL =({65536UL -y}

CRCH = (63336UL - y)>> §; /* Reload value (50ms period) */
T2CON = 0x91; /* Select reload mode Q and ... ¥/
/* Bit to start/stop timer */
CCEN = 0x80; /* Enable compare */
TF2=0; /* Clear interrupt request flag */
ET2=1; /* Enable timer 2 overflow interrupt */
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}

void Timer?2 (void) interrupt 5 using 0

{ ,
TF2 =9, /* Clear overflow flag */

}

/******************************** END ********************#***/



APPENDIX 3

C CODE LISTING FOR ON/OFF CONTROLLER



/**********************#******************************************/

#THIS PROGRAM READS THE TEMPERATURE ON AN INTERFACED
/* ADC AND SENDS AN ACTUATING SIGNAL WHICH IS DEPENDANT
/* ON THE SIZE OF THE ERROR BETWEEN THE REFERENCE AND

*/
*f
*/

*/
*/
*/

*/
*/
*f
*/
*/

/* MEASURED OUTPUT

/*

/* THIS IS AN IMPLEMENTATION OF A PROPORTIONAL
/* CONTROL LOOP FOR TEMPERATURE CONTROL

/*

* By: Marco Adonis

/*

/* .~ HARDWARE Version
/*****#****$***************************#*************************#/
/* Header files */

#include <stdio.h> /* standard /O .h-file*/

#include <stdlib.h> /* standard library .h-file*/

#include <reg515.h> /* special function register for 80C315%/
#define y 50000 /*freq = 10Hz (T = 100Ms)*/

/* Function Prototypes */

void serial_init(void); /* Initialize the serial port */

int ADC (void); /* Analogue to digital routing */

void delay(void); /* Delay function */

void display(void); /¥ Monitor current temperature */

void pulse(void); /* PWM waveform generator */

void PWM_control(void);
void keypad(void);

/* Variable declaration */

long error = Q;

long r_in=0;

unsigned int x = 0;

i e R R e R R Rty

/* MAIN FUNCTION *f

/***********************#************#*********************/
void main(void){

long y_out=0;

EX1=1; {finterrupt for zero crossing
ITI=1;
EAL=1;

serial_init();
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"~ ON/OFF CONTROL LOOP */

e e L Y e Ty

while(IRI){
y_out=ADC(); /*sample output*/
y_out={(y_out);
error = (r_in - y. out); /*compute error*/-

PWM_control();

pulse();
delay();

display(};

}

/* Function Declarations */

JEEFEEEER R R E R RR IR ROR R R KRR AR R AR R Rk R ]

* SERIAL PORT INITIALISATION */

JERERERER R FEEAFEREARARREEEEFEREERFF R F TR AR R R RN AR TR AR A

void serial_init(void){

SCON = 0x5A; /* Initialise UART to mode | */
BD=1; /* Generate baudrate internally */
PCON |= 0x80; /* Set to 9600 baud @12MHz */
}
Fa e e L LRy
/* ANALOG TO DIGITAL CONVERTER */

/*************#**,****************###*#************#**********/
int ADC (void){
unsigned short value =0;  /* Temperature value returned */

ADCON =0xF2; /* Select channel 2,single conversion mode */

DAPR = 0x30; /* Direct conversion, 2.5V int ref Voltage */
while (BSY); /* Wait while converting */

i}

value = ADDAT; /* Store value */

return (value); /* Return temperature measurement */

131



g e e e T L)

A IMPLEMENTING INTERVAL DELAY */

/f*****************#*********#*******?*#**********#*********/

void delay(void){
| unsigned short i; /* Set up loop counters */
i=0;

‘while(i<10000) /* Middle loop */

{

i+

}
}
!*******#**************#**********#******************#*#******/
/* MONITOR THE CURRENT TEMPERATURE */

[REFERRR R AR AR AR R R R Rk KRR R R R Rk KRR AR R Rk

void display({void){
unsigned short g,value =0; /* Declare variables */

printf("n");
value = ADC(}); /* Get temperature from ADC */
printf("%3d",value); /* Print values */
for(q=0;q<=26;q+){
printf{"\b"});
}
}

/******************#*********#*********t*#*******************/

/* Pulse-width modulated waveform determination %/
/***#************#***#********#******#******#****#**********/

void PWM_control(void){

if (error <= 0){

T210 = 05 /*put heater 'off'*/
ET2=0;

TF2=1;

}

else if (error > 0){
x = 10000; /* put heater ‘on*/

}
}

void pulse(void)



CCL3 = (65536UL - x);
CCH3 = (65336UL -x) >> 8§; /* Compare value (duty cycle) */
CRCL = (65536UL - y); .
CRCH = (65536UL - y) >> 8; /* Reload value (50ms period) */
T2CON = 0x91; /* Select reload mode 0 and ...*/

/* Bit to start/stop timer */

CCEN = 0x80; /* Enable compare */
TF2 =0; /* Clear interrupt request flag */
ET2 = 1; /* Enable timer 2 overflow interrupt */
}
/* temperature profile presets*/
void keypad(void){
PS5 && 0x0f;
if(Ps==1)
{
r_in=120; /*temperature 120°C*/

i
else if (P35 == 2){

r_in=170; /*temperature 170°C*/
}
else if (P5 ==3){
r_in=160; . *temperature 160°C*/
}
else if (P53 == 4){
r_in=200; [*temperature 200°C*/
}
else if (P5 == 3)}{
r in=220; /*temperature 220°C*/
}
else if (P53 = 6){
r in=0; /*temperature 0°C*/
1
}
void Externall (void) interrupt 2 using 0
{ .
keypad();
1
void Timer2 (void) interrupt 3 using 0
{
TF2=0; /* Clear overflow flag */
}

JEFEFREERRAREFEFSFRRAEETFRRRRH AR PN *FFR A SRR RS RS Rw iRk AR AR



‘APPENDIX 4

C CODE LISTING OF TRIAC POWER CONTROL PROGRAM



Je S e R ey ST

/* Program to fire a pulse on zero-crossing of AC line voltage to vary the */
/*  load power of an IR emitter & thru ADC read the load temp & store results  */
/* in 2 log file */
* POWER CONTROL USING A TRIAC */

e T e e b b I

#include <stdio.h>
#include <stdlib.h>
#include <regS15.h>
#include <math.h>

/* Message Statements */

code char menu(] =

“‘\n********** MENU EXEEEEE L L T L 2L

“inPress ‘f" to select firing angle”

“\nPress ‘s’ to start the program”;

code char txt1[] = “\nSelect the firing angle between 0 and 10 milliseconds >> *;
code char txt2[] = “\nMeasurements in progress(Hit Q to exit)in «;

/* Function prototypes ¥/

void serial_init(void); /* interrupt serial port */
void set_firing_angle(void);

void check_angle(void);

void pulse_delay(void);

void fire_delay(void);

void delay(void);

void program_start{void);

void program_loop(void);

/* Variables declaration */

unsigned short set_fire = 0;
/funsigned short interval = 0;

/* MAIN FUNCTION ¥/

void main(void){

charc;

EX0=1;

ITo=1;

EAL =0; : // clear all interrupts

serial_init();

while(1){
printf{menu);
¢ = getchar();
switch(c)



{

case ‘f’:

set_firing angle();
_ brealg

case ‘s’:
program_start();//program_loop();
break;

default: _ .
printf(menuy);
break:

11
/* serial port initialisation */

void serial_init(void){

SCON = 0X3A;
BD=1;

PCON |= 0X80;
}

/* setting firing angle */
void set_firing_angle(void){

printf(txtl);

scanf(™ %d”, &set_fire);

printf(*/n Firing angle delay set to %2d ms”, set_fire);
Hinterval = 9 —set_fire;

}

void program_start(void){ 7

P4=1; // pulse in positive half
pulse_delay();

P4=0;

}

void pulse_delay(void){

CRCL = 0x18; /f 1ms pulse delay
CRCH = 0Xft;

T2CON =0x11;

TF2 = 0;/71;

ET2=1;

}



if(set_fire = 0){
fire_delay(};
P4=1;

pulse delay();
P4 =0;

delay();

fire delay();

P4 =1;
pulse_delay();
P4 =0;

ki

else{

Pd=1;

pulse delay(); -
P4 =0;

delay(};

P4 =1;
pulse_delay();
P4=0;

1

void pulse_delay(void){

CRCL =0x18;
CRCH = 0Xfe;
T2CON =0x11;
TF2=1;
ET2=1;

}

void fire_delay(void){

CRCL = (65536UL — (set_fire*1000));
CRCH = (65536UL — (set_fire*1000)) >> 8;
T2CON =0x11;

TF2 =1;

ET2=1;

}

void delay{void){

CRCL = (9000 — (set_fire*1000});
CRCH = (9000 — (set_fire*1000)) >> 8§
TF2=1;

ET2=1;

}

// pulse in positive half

// pulse in negative half

// pulse in positive half

// pulse in negative half

/1 1ms pulse delay

/1 variable firing pulse delay

// variable interval delay
T2CON =0x11;

7
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r* Function Definitions for Interrupt Service Routines follow */

void External0 (void) interrupt 0 using 0

{

program_start();
} 3

void Timer2 (void) interrupt 5 using 0

{
TF2 =0;
y
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APPENDIX S

C CODE LISTING OF IGBT POWER CONTROL PROGRAM



/******************************#***********#***********************‘{

{* THIS PROGRAM QUTPUTS A CONTINUQUS STRING OF PULSES AT A */

/*FREQUENCY of 100Hz */
/* (ie. 10ms Period) +/
/% INTO STARTS THE PULSE PROGRAM */
*/ A TEST PROGRAM FOR IGBT POWER CONTROL */

JEE T L L ST T L LY

#include <stdio.h>
#include <stdlib.h>
#include <reg515.h>
/f#define x 7497
#define y 8330

void pulse(void);
void keypad(void);
intx=0;

void main(void)

I{EXO =1 /finterrupt for zero crossing
ITo=1;

EX1=1; /interrupt for keypad
IT1=1;

EAL=1;

while{1){};
}

void keypad(void)
{

P5 && 0x0f;
if (P5==13)
£
T210=0;
ET2=0;
TF2=1;

/ keypad press decoding

else if (P5 = 3){
x=833;
¥
else if (PS5 = 1){
x= 1666;

}

else if (P53 == 2){
x=2499;

}

e[se if (PS5 = 4){

=3332;
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}
else if (P5 =35)}{
x=4163;

}

else if (P53 = 6){
x = 499§;

}

“else if (P5 = 8){

x = 5831,

}

else if (PS5 = 9){

x = 6664; '
}

else if (P5 == 10){
x =7497;

}

pulse();

3
void pulse(void)
¢ .
CCL3 =(63536UL —x);
CCH3 = (65536UL — x) >> 8,//0XFF;/* Compare value (50% duty cycle) */
CRCL = (65536UL - y);
CRCH = (65536UL - y) >> 8;//0Xfe; /* Reload value (500Us period)
*/
T2CON = 0x91;//11;//19;/* Select reload mode 0 *//* Bit to start/stop timer */
CCEN = 0x80;//A8; /* Enable compare */
TF2 =0; /* Clear interrupt request tlag */
ET2=1; /* Enable timer 2 overflow interrupt */
}
void externalO{void) interrupt 0 using 0
{
pulse();
b
void Externall (void) interrupt 2 using 0
¢
keypad();
}
void Timer2 (void) interrupt 5 using 0
{
TF2=0; /* Clear overflow flag */
T210=10; :
pulse();
}
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