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SUMMARY,

This thesls is concerned with the solution of the sctuation
2nd identification problem in & partiéular model adaptive control
gystem avd with the structure of a suliable decision computer for the
generation of & sub optimal bang bang switching fanctlon, The
eonbrel strategy is‘ane of feed foxward prediction where emphasis iam
placed on minimlging the time required for the processes of ldentification
and astuation. The behaviounr of a proposed new type of fast actuating
op adaptive mechanism based on photo electric principles is investigated
Tor adjusting the parameters of the plant model which is formulated in \
eleatronic analogue terms. By the use of a senlconductor crystal lamp
and photo dlode detector the performance of the adaptive element 1n
subsequently improved to produce a linear adapiive mechanism which has

2 settlivg time of approximately 160 micro seconds,

A plant parameter identification system based on iteratlve
comaputation techniques has also been devised, for the particular model
gtructure chosen, which minimizes estimation time and whose output ip

sompatdble with the adaptive mechanianm,

The fuel supply pressure loop of a pulverised coal flred power
station boller model was taken ap an exanple of the possible application
of th%smodel adaptive and identification achemes, It is shouwn that

though boller dynamics are governsd by complex thermodynamic and




hydrodynamnic phennﬁen& the overall plant characterdetics, while being time
varying, are relatively sinple in form and can be closely representaed by
the type of generallzed model chosen for the control scheme., A
digeuseion of the physical bebhaviour of the boller plant isolates the

time varying paraneters.

An accurate sub optimal control function is subsequently
genarated Lfor the derived boller model by a yelatively simple ilteratlive
¢guiewm enb
procedure, Blectronic analogue NI ;- usod throughout and

emphasia is placed on aschieving a reduction in computation complexity

where possible,
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GHAPTER 1

INTRODUCTION

1.1 Adaptive Control.

A conventional automatic control s&stem can be described as
completely strﬁctured in the sense that system and controller parameters
are so chosen to achieve a desired optimum performance for a given class
of input signal, Large changes in either system parameters, external .
environmental conditions or class of input signal could rapidly degrade
the system performance despite the normalizing influence of negative
feed back especially if thétforward loop gain of the process 1s low.

The term adaptive control is normally applied to the system which has the

facility of adjusting or adapting its control parameters automatically to

maintain system performance at some desired optimum level,

The concepts of optimality and adaptivity are interlinked and
indeed the first adaptive control system was referred to as an optimal
control system by Draper and Li in 1951 (1)(2). These authors were
concerned with achieving the optimum static operating point for an
“aero engine to obtain maximum efficiency in the presence of varying
environmental and engine parameters. The correct operating point was
achieved by peak holding techniques where an input perturbation signal was
superimposed on the control signal, Subsequent examples of adaptive

control systems were closely related to the aero space field in which



2,
the benefits of adaptation were immediately obvious., Aerodynamic
parameters undergo wide variations with vehicle altitude and velocity
and some form of automatic control compensation is essential, An early
example of automatic compensation has been given by Gregory (3) where the
parameters of an automatic flight control system are continually adjusted
to maintain correct damping over the complete flight trajectory. A more
recent example is the glide path control of & V.T.0.L. aircraft (4) in
vhich an adaptive loop automatically compensates for changing aircraft
parameters to provide correct pilot "feel" at all stages in the final
approach,

No general theory of adaptive control has yet emerged and
adaptive systems still tend to be classified by their mode of operation
(5)s One class of adaptive system continually monitors its own performance
either by a train of input pulses or by cross correlation techniques and
adjusts the parameters of the controller for optimum response, Due ‘o
the time lag éssociated with the identification process it is assumed
that parameter rate of change is small in comparison with the dominant
time constant of the gystem., Another approach, which is sometimes referred
t0 as non linear adaptive control, is to cause the system to undergo a
radical change in its operation as a function of the input signal. An
example of this form of system is the dual mode servo which acts as a
bang-bang servo for large signals but for small signals is switched to

linear operation (6)., Taylor and Flugge-Lotz(7) have developed this




34

principle and produced a control system which switches between one
of elght compensating networks depending upon the character of the
input,

The term computer controlled adaptation is generally
attributed to those systems which incorporate an electronic computer
for the purposes of process identification and optimization, One of the
earliest works on computer optimization was published by Kirchmayer (8)
and was related to the problem of optimum energy distribution in
interconnected power system generators, TRecently Kalman (9) has
demonstrated that for a linear complex system with a quadratic performance
index an optimal control law can be determined analytically in terms of
linear recurrence functions using Bellman§ (10) concept of dynamic
progranming. If the optimal forcing function is derived .on the basis of
updated system information the control law is adaptive and a powerful
technique thus exists of applying the principle of adaptbation to extremely
conplex systems, Examples of the application of this technique have been
limited to date but at least two have been published by Kalman (11) and
Nicholson (12), Kalmans method has several severe limitations in that
the system must be linear and, for mathematical tractability, the
performance index must be quadratic, This latter constraint could well
result in a totally unrealistic performance index in a practical

application (13).
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Though the advance in computer technology and mathematical
techniques has rendered the attainment of multidimensional adaptation
possible several formidable computation problems still exist (14). The
presence of local maxima or minima and discontinuities in the performance
index contours can lead to erroneous results unless extensive
preprogramming is undertaken. Likewise if the performance index contours
are open ended no meaningful results will be odbtained unless strict
bounds are set to thesearch region in the N space.

Direct optimization is thus exploratory or heuristic in nature;
the resulfs of each parameter adjustment being assessed and used as a
basis for further control manipulation, Though simple in concept, if
the performance index is directly measurable, direct optimization has
gseveral limitations in application including those due © noise, irregular
performance index contours and the complexities associated with multiple
inputs,

Model Adaptation (15)(16) provides an alternative approach to
optimizing control where the model may be a physical analogue of the
system or a mathematical abstraction such as a set of equations describing
the system behaviour. Using the system model as a bagis for deriving
optimal control equations has several advantages.

(1) The model can be scaled to run much faster than the system
so that the time required for complete exploration of the system

performance comntours is negligible relative to the dominant time constant
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of the system, A complete fast time exploration of the performance
comntours eliminatesproblems due to local maxima or minima or other
irregularities in the contour shape and the noise free model output can
be used as an accurate prediction signal for further control strategy,

k2) éystem perturbation signals are not required and thus
losses dvue to system transients and hunting are removed,

The system model can be used in twvo ways, TFirstly if the ideal
plant characteristics are known then the plant performance can be compared
directly with an ideal model reference system,any difference signal being
used as & basis for adapting the plant control parameters. This so called
model reference adaptive control technique has found particular application
in the aero space field (17),(18) where vehicle control characteristicsmust
be held within rigid limits over a wide range of aserodynamic conditions,
Secondly and more commonly the model may be used as a ﬁasis for generating
predictively the correct system forcing functions when the plant is subject
to a series of arbitrary inputs,

The correct generation of the optimal forcing function depends
directly on the validity of the plant model chosen, In practical
application to a complex plant the model structure will usually deviate
from the actual plant structure for several reasons,

(a) Insufficient knowledge available of the actual ﬁrocess

dynamics and actual plant design may be largely empirical,

(b) Many of the variables which affect system behaviour cannot

be accurately determined with existing instrumentation and

thus are not available for model Fformulation,




(¢) Even if the process dynamics were completely known
their complexity may well be such as to render detailed
model formulation prohibitively expensive in computer
capaclty,

In general the model only represents the dominant factors of the
system equations and therefore some error will exist between médel and system
response, Compensation is afforded by a self checking or model adaptation
technique whereby the model is adjusted to force a best fit between the model
response and the system response in the vicinity of the current operating
point, Model adaptation is normally accomplished by parameter variation
within a rigid model structure,the updated model being subsequently used asg
a basis for accurate generation of the correct forcing function,. The
automatic self checking inherent in the model adaptation philosophy allows
the adaptive model to be regarded as an eleméntary learning machine,

. The basic adaptive control concept has beem summarised by
Truxal (19) vhose general representation is shown in the block diagram of
figure 1, Here the input signal is identified either to determine its
characteristics for mode switching or to obtain information for ultimate
sysﬁém performance estimation. The decision computer uses information from
both signal and process f;dentifié:s t0 determine the required controller
characteristics or to generate the necessary system forcing function.
Performance criteria are prﬁgrammed into this computer whiéh must also be

fed with envirommental data if relevant,
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The output from the decision computer may either be an optimal
control foreing functlion or a signal to alter controller characteristics
in order to obtain optimum plant response., In the former case
adaptation is performed within the computer configuration elther by
physically changing a parameter or by an abstract adjustment of the
coefficients of some implied analytical function° In the latter case
adaptation takes place within the controller system and the computer
output can be regarded as a signal which actuates the physical adjustment,

An adaptive control system has therefore the following two
characteristics,

(a) didentification

(v) actuation
where identification refers to the measurement of the system to be
optimized and actuation refers to the generation of a command signhal
vhich varies some parameter to achlieve optimization, TFor effect the
processes o0f identification and éctuation mugt take a shorter time than
the time required for any dominant system parameter to vary by a

- significant amount,

1.2, Object of thesis.

This thesis deals with the solution of the actuation and
identification problem in a particular model adaptive control system

and with the structure of a suitable decision computer for the generation
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of a sub optimal bang-bang switching function, The control strategy is
one of feed forward prediction where emphasis is placed on minimizing
the time required for the processes of identification and actuation,
The behaviour of a proposed new type of fast actuating or adaptive
mechanism is investigated for adjusting the parameter of the plant
model which is formulated in electronic analogue texms, A plant parameter
identification system hased on iterative computer techniques has also been
devised for the particular model structure chosen which minimizes
estimation time and whose output is compatible with the adaptive mechanism.
The fuel supply pressure loop of a power station boiler model
was haken as an example of the possible application of the model adapitive
and identification schemes and it is shown how an accurate sub optimal
control function can be generated for the derived boiler model by a
relatively simple iterative procedure. Electronic analogue formulation is
used throughouwt and emphasis has been placed on achieving a reduction in

computation complexity where possible,

10%01e The Adaptive Mechanism°

The new mechanism is based on photo resistor principlecand its
performance has proved to be fast, accurate and reliable, It is thought
that this device could eventually replace servo potentiometers in the
adaptive role for all control systems. Recent efforts to increase furthér

the speed of adaptation led to an investigation of the performance of
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of Gallium Arsenide crystal lamps when: used in conjunction with Silicon
photo duo diodes, This combination has resulted in an adaptive device with
a time response of the order of microseconds,

The photo resistor system has a time response which is about
an order better than the conventional servo system and an improvement
of several orders is achieved with the photo diode c¢ombination, Though
the response of the latter is much faster than required for most adaptive
systems it should find a wide application in the field of high speed
hybrid computation by ensuring compatability between adaptation and
computation periods,

Due to the parallel nature of its operation the computation
period of an analogue computer can be measured in microseconds and a
compute period of one millisecond for complete trajectory computation is
quite feasible, By reducing model adaptation time to a small fraction
of a millisecond many hundred performance contours can be explorazd in
one second and a search in N=fold optimizing space completed in a few
seconds,

1+%:.2, The Control Scheme,

If the dynamic equations governing the behaviour of a system
are accurately known it is possible in theoxry to calculate the conditions
necessary for optimum performance. A particular case is shown in

figure 1,2, where a full knowledge of the process dynamics enables the

control laws of the feed forward computer t0 be determined and hence

the optimum control functions generated. An exact mathematical knowledge
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of the process is, however, seldom available due elther to lack of
precise information of the system dynamics or to the magnitude of the
computer facilities required to derive it,

Model adaptation schemes have thus been proposed by several
authors (15) (16) as a practical method of controlling complex systems.
The basic philosophy of this approach is that the process model,
structured within the control computer, is continually adjusted to force
a best fit of the model to the 6bserved system behaviour in the vicinity
of the current operating point. Control functions are then derived on
the basis of the updated dynamic model,

The synthesis of this adaptive system presents formidable
problems unless radical simplifications are made, Consequently the model
only represents the dominant characteristics of the system eguations.
EBrrors due to system reduction are however small because of the self
checking or learning abilities of the model. The general approach used
in this study is that of Lefkowitz (16) who represents a complex process
by a simplified model of rigid structure the parameters of which are
updated by direct comparison with the process outputs,

The following assumptions are méie,

(1) The process operates normally in the steady state with,
however, frequent  step changes in load variable,

(2) The process dynamics are significant relative to the frequency
of load variations and thus the overall performance is influenced by the

system behaviour during the transients,
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(3) The process exhibits an open loop monotonic response,

133, Dynamic Optimization,

If we concern ou¥selves with an industrial process a common
problem encountered is that of quickly restoring equilibrium after a large.
input disturbance, The problem is usually complicated by the presence of
long themmal and distance velocity lags. A realistic suboptimal control
criterion therefore would be to drive the process from one steady state
condition to another in minimum time in response to an input disturbance.

This criterion will result, for a linear system, in a bang-
bang control law (20)(21) and if a linear model of the system is used then
a bang bang control function will be developed by the control computer, A
simple generalised model of the form

e(s) = K ESD

1 4+ ST

will yield a control switching function of the form shown in figure 1.3,

vhere due to an input disturbance of magnitude (Ua = Uy) the process
output must change from Py to P, in the minimum possible time, It
due to system constraints the maximum control effort available at this

operating point is M then

P(S) =
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P(t) = (MK (4 _g'.(.i’.%]ﬁ) for t > D
0 for t <D
% = D=TLog(1=2_
a ( MK)
b = —-TLog(‘l—%K_)
where P = Py = P4,

The value of ts and td can be computed on a fast time basis
from the generalised model and used to control the exact switching time
of the process, As the switching function need only be generated at
the onset of a large transient the process can remain under its normal

analogue controls during quiescent operation. The complete dual mode

control scheme is shown in figure 1.4.

The dynamic control computer,which incorporates the fast time
adaptive model,monitors the output and input variables, determines when
the input deviation reaches the preprogrammed switching boundary and
subsequently develops the correct switching function, Information from
the output variablesis used to estimate the process parameters and up-
date the generalised plant model for correct computation. Tour
distinct functions are thus performed by the control computer, vizs
mode switching, switching function generation, parameter estimation

and model adaptation,
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Figure 1.4,
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16344, Parameter Estimation.

Estimation of the process parameters is one of the key
realization problems in any adaptive control scheme and the advantage
obtained from using a simplified linear plant model could be lost if the
designer were forced to use a complex identification system, One of the
objécts of this study.therefore was to realize parameter estimation
equipment which would be compatible with the chosen model structure.

The parameter estimators which were deveIOped'consists of electronic
analogue elements controlled by external transistor logic circuits
programmed to identify completely an exponential time function., Identification
of this formzappears to have been achieved previously only by the use of

relatively complex digital computer techniques,

16365, Controlle:!Applicaﬁion.

A study was undertaken of the application of the control scheme
to a specific industriallprocess. The process chosen, the fuel supply
pressure loop of a pulverigzed coal fired power station boiler, can be
approximated by a simple generalized model and is thus representative
of the type of application envisaged.

As electric supply networks become increasingly complex to
fulfil the demands of an expanding industrial economy the problems of
electric power systems stability grow increasingly critical. An
important factor in the overall stability of a power éupply network is the
transient performance of fossil fired high pressure boilers, which equip

the vast bulk of our generating stations, where the time delay associated
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with pulverized coal fired units accentuates the normal control problem.

The boiler model developed in 6hapter 4 demonstrates that
though boiler physical processes are governed by extremely complex laws
of thermodynamics and hydrodynamics the overall plant characteristics, whilst
time variant, are of relatively simple form and closely represented by the
type of generalized model described in paragraph 1.3.3. From the practical
aspect plant»parameter estimation has been greatly facilitated by the recent
development at C.E.,G.,B. Leatherhead of a device which measures the direct
heat flux passing into the boiler tubes from the furnace. It is thought
that this is the first time that this particular device has been proposed
as an element in a boiler control loop. Bxcellent dynamic characteristics
combined with very low noise signal levels ensures good compatability
with modern data processing equipment,

The boiler model was simulated on an analogue computer and its
behaviour studied under the influence of the derived switching function,

A successful iterative computation procedure has been developed which yields
accurate results with the minimum of added computer complexity,

The behaviour of drum water level under transient load coqditions
constitutes a major congtraint on the controlled performance of the boiler,
The nature of this phenomenon has thus been investigated and the results
of earlier workers emphasised to show how they can be used to improve water
level control by correct boiler design, Finally a method has been.outlined
of extending optimum switching techniques to water level control to make the

best use of installed plant capacity.
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CHAPTER 2

THE ADAPTIVE MECHANISM

2.1 Introduction.

If a complex plant is represented by a simplified model of
rigid structure the parameters of which are variable, actuval model
fo:mulation obviously will be influenced by the model structure chosen.
For a plant which can be structured into a series of elemental transfer

functions of the form

a(s) = X
1 + 18

where K and L are variables, model formulation by electronic analogue

techniques can readily be achieved,

In such a formulation, the gain parameter K can be adjusted
by using either a servo=-potentiometer or electronic multiplier. Though
the latter is preferable due to its wide bandwidth and consequent short
responge time the former has found application in practical adaptive
systens (1), (2), Normally adjustment of the time constant L can only
be achleved by servo potentiometric methods and .if this parameter is a

variable then the system designer is constrained to use such a device,

Servo potentiometers possess the usuval disadvantages of mechanical
systems, a relative slowness of operation due to component inertlias,
wear on moving parts, and sensitivity to environmental conditions
(especially shock and vibration). The associated low torque potentiometers

are expensivé, and nolsy during variation of resistor wvalue. It is the
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intention here to outline the development of an adaptive mechanism which
while capable of the dual adaptive function of the servo potentiocmeter

possesses none of its inherent limitations,

The use of photo conductive devices rather than potentiometers
to produce variable resistive elements yields several advanbages including
faster response time, virtual noise-free resistance variation, absence of
moving parts, and a low sensitivity to envirommental conditions, The
unit can be small, light weight, inexpensive with complete electrical
isolation between the variable resistive element and the controlling light
source, This latter property is essential to avoid circuit complexity in

the analogue simulation. Figure 2, 1 illustrates the method of parameter

'V'al"iation.

In the initial development work a cadmium sulphide photo conductor
slab was used as the variable resistive element, the ohmic value being
controlled by light emission from a filament lamp, & control circuit was
designed which achieved a high degree of static linearity between an
incremental input voltage and the incremental value of the variable
resistance, together with a transient settling time of the order of 300
milliseconds, Although this transient performance represents a six fold
improvement over presently available servo systems it is still not
compatible with the computation time of the electronic analogue system
which, because of the parallel nature of the computation, is of the order

of microseconds,




0l

(a) Variation of time constant

*uu_amfwm;___[::>,____ () Variation of gain.

Figure 2,1, The Photo conductor used as a veriable
operational element, ‘
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An attempt was therefore made to eliminate the two dominant
lags in the photo conductor control system,namely the lag associated
with the filament lamp response and the lag associated with the photo
conductor response. The reduction or complete removal of these lags,
both of which are of the order of 100 milliseconds, would greatly enhance
the overall system performance, Replacing the filament lamp by a semidonductor
crystal lamp which has a light rise time of 15 nano seconds is an obvious
improvement provided that a suitable light detector with the correct degree
of spectral compatablility is available. A satisfactory choice for the
latter would be a silicon photo diode - a device which also has a very

short photo current rise time of the order of 2 microseconds,

A control circuit was subsequently developed incorporating this
new lamp detector unit which, at the cost of a small degree of increased
complexity due to the nature of the diode detector characterisfics, reduced
the settling time of the resistor control system to the order of 160
microseconds and thus improved the transient response by a factor of

15005,

2+2.1 The Photoconductive Process.

The absorption by a semiconductor material of a paoton of
energy hv which is greater than the energy gap HE will raise an electron
from the valence band to the conduction band where this excess carrier

will increase the electrical conductivity of the material, This process
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1s illustrated in figure 2,2, where,as the threshold energy hVo is
exceeded, the photo conductive response rapidly increases for a constant
photo flux, The threshold wave length for this effect is given by the

relationship (3).

Ko =

g = he

v %]

where ¢ is the velocity of light, If the incident phonol energy is
below the threshold level light is largely transmitted through the

material or reflected from the surface.

The time response of the photo conductive process depends on a
complex interaction of several variables: incident light flux density,
trapping and doping concentrations within the crystal structure and the
life time of the excess majority carriers present. In general due +to
the relationship existing between doping level and earrier life time
there is an inverse relationship between the sensitivity of the photo
conductor and its speed of response to a change in incident light energy.
For a given light source.therefore.the doping level chosen will depend

on the compromise reached between speed and sensitivity,

26202, The Photo Conductor Element,

The photo conductor element used in this work was the Mullard
O.R.P, 39 LUXISTOR which comsisted of a cuadiium rulohide photo

conductor and a filament lamp encapsulated in an opaque epoxy resin,
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The device is fitted with terminal pins suitable for standard printed

circult boards and is illustrated in figure 2,3, and figure 2.4, the

main electrical characteristics being as follows (4).

Maximun input voltage

Nominal input current (Vin = 12v)
Maximum output (photo resistor) voltage
Maximum photo resistor dissipation

Operating temperature Maximum + 60°C

Minimum - 20°C,

12V
65mA
70V

15mW,

The small dimensions of the 0.R.P, 39 together with a maximum

input potential of 12 volits andcurrvent level of 65mA suggest that the

device may be used without difficulty in transistorised circuits.,

Measured output input characteristics are shown in figures 2.5, and 2,6,

It will be seen that the relationship between the input lamp

voltage and the resistance of the photo conductor element is highly non

linear., This non linearity, which is mainly due to the complex

relationship between applied filament voltage and light. intensity, can

be removed by a suitable feedback system,

An essential property of any material constituting the conductive

element is the linearity of the current throgh the material with respect

to the voltage applied to the ohmic terminals of the material block,
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This linearity was checked for the 0.R.P, 39 with the cadmium sulphide
element set at a nominal resistance value of 10KQ when connected in series
with a 3,%KQ.resistor., Thé méasured 1inéaf:v61tage current relationship
is shown in.figure 2.7,

202035, The Adaptive Control System,

Variations in the plant parameters will be represented at the
output of the parameter estimators by variations about a nominal d.c, bias
voltage., To update the mo@el these voltages are used to vary the
appropriate resistor value in the model about its nominal value, This
adjustment takes place when the model is switched 1o the'adaptive mode,
When the model is subsequently switched to the compute mode the variable
resistors are connected as operational elements in a compubter configuration
to formulate an updated dynamic model, As it is proposed to use photo
resistors rather than servo potentiometers in this role two factors must

be considered,

Pirstly as the LUXISTOR characteristics are non linear a feedback
loop must be incorporated to achieve linearity and secondly to avoid
circuit difficulties ;n the computer system whilst the model is in the
compute mode, the variable resistors must behave as completely electrically
isolated elements with respect to the control circuit. As it is

essential that the elements, though isolated,retain their updated value

J

accurately for a period of time at least equal to one computation cycle
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some form of memory is essential in the control circuit,

A possible arrangement for a LUXISTOR control circuit is shown
in figure 2,8, In the adaptive mode switch S.W.l. is closed and switches
S.W.2, and S,W,3are in positioni, If a constant current is supplied to
the resistor chain then the voltage at A is proportional to the resistance
R of the cadmium sulphide element, Any change in the input voltage about
a nominal d.c, level causes the integrator output voltage to change
altering the value of R and the voltage level at A, If the resulting
incremental change in level at A is negative with respect to the input
variation the output of the integrator will reach a new steady state

value corresponding to the required change in R,

Switeh S.W.1 can now be opened and the integrator will maintain

this new output voltage and hence the new value of R for a finite period
enabling the isolating switches S.W.2 and S.W.3 to be switched to position
2, thus connecting R as an isolated element into the computer system, The
adaptive model is now in the computation mode, It is clear that for
satisfactory operation S.W.1 must open bhefore S.W.2 or S.W.3 and that

the integrator should exhibit an excellent drift performance in the hold
mode, While behaving as a memory unit the integrator alsc ensures a

high degree of steady state accuracy in the adaptive mode due to its

integral action on the system,
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The initial design specifications were taken as follows,

(&) A variation of i.20% in the resistive element about a
nominal input voltage level,

(b) A linearity of better than 1%,

(¢) A satisfactory dynamic performance with adequate damping,

(4) The adapti&e mechanism memory should possess satisfactory
drift characteristics when the adaptive model is switched 1o
the compute mode,

2e244. The Blectronic Circuit,

A study of the LUXISTOR static and dynamic characteristicsis an
essential prerequisite of the detalled design of the schematic circuit
shown in figure 2,8, The most convenienf operating point in the
characteristic shown in figure 2,5, must first be decided and this will
determine the input bias level of the LUXISTOR. This characteristic is
quite linear in the reglon 5—9K and,if the silicon element is used in
combination with a 3KQ resistor,7K will be a suitable operating point
on the curve with a corresponding input voltage bias level of 22,5 volts
and variation of +0,1 volts, Other suitable operating points are

clearly possible,

The combination of the standing current in R and the value of
RX determines the feedback ratio of the circuit. Ry determines the

input bias level and the slope of the input volts versus output ohms
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characteristic obtained. At the bias level of 2,5 volts‘the lamp
draws approximately 30,mA and in order to minimise integrator drift
in the HOLD condition an additional buffer stage was deemed necessary

to supply the emitter follower base current.,

As the dynamic performance of the circuit will be a function of
the LUXISTOR dynamic characteristics some knowledge of these must first
be obtained in order to design adequate circuit compensation, It was
thought that the LUXISTOR could be considered as a combination of two
lags, one associated with the lamp and the other with the time response
of the cadmium sulphide element. Data available indicated that the

former was of the order of 100 milliseconds.

Due to the physical nature of the material the dynamic response
of cadmium sulphide is a compromise between speed and sensitivity.
Sultable doping can produce a fast acting device but the resulting
sensitivity is poor. Iikewise 1f sensitivity is required a slow
response will result, Some typical response curves which have been
given by Bube (5) and shown in figure 2,9, WENEER indicate an equivalent
time constant of the order of 100 milliseconds. For the LUXISTOR this

latter figure would obviously depend on the type of doping used,

The measured frequency response of the device is shown in

figufe 2,10. A steady bias current was established in the cadmium
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sulphide element and the terminal voltage measured for a varying
frequency 0,5 volt peak to peak input voltage superimposed upon a 2
volt bias level, The second order characteristic of the device is
clearly evident, maximum gain occurring at a frequency of 0,33 c¢/s,
Gain value will be a function of the bias current level in the element

and the chosen operating point.

The open loop transfer function of the integrator and LUXISTOR

gystem will be of the fomm

il A
8 (1+STA)(1+STB)
where TA = time constant of lamp @ 0.1 seconds
Tg = time constant of sulphide element 2 0.1 seconds
KA = sateady state gain of the LUXISTOR,

The value shown for T, is based on figure 2,9, and is to be regarded

B
as an assgumption only,
To enhance stability in the closed loop the system order can
be reduced by cancellation of one of the poles agssociated with the
LUXISTOR, Hence ds a proportional factor is included in the integrator
circuit the open loop transfer function will now be
1+3TP Kﬁ KA

sT;" (1+sT, ) (1+sT;) & sT(1+sT,

if TP = 0,1 sec, Q'TA
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TP is the time constant of the combined proportional plus
integral factor in the integrator circuit. This form of compensation
prbvéd very satisfactory, resulting in a stable closed loop system with

an excellent transient response.

The final circuit is shown in figure 2.12, Two Solartron

100 volt operational amplifiers were available and used, for convenience,
in this experimental circuit, as integrator and buffer stages, With
sultable scaling a + 10 volis operational anplifier would be equally
applicable, To obtain a reasonable volt swing at the integrator input

the buffer stage gain was made equal to 0.1,

2:2,5, Experimental Resgults

A steady bias current for the cadmium sulphide element was
established in the emitter circuit of a ZT 82 transistor operating
from an isolated + 20 voit supply., The resulting emitter
degeneration ensures a high degree of bias stabilisation without the use
of additional compensating elements, RX was made equal to 0,1 M,
Ry equal to 1,0 MR and the integrator capacitor equal to 0,1pF., TFor
a bias current level of 0.32 mA the quiescent input voltage was thus
32 volts. The graph of input voltage versus output resistance is shown

in figure 2,11, the minimum output resistance being limited by the

gseries 3,3 KR, DPercentage changes of input voltage versus percentage

change in output voltage about & bias level of 10 KQ is shown in figure 2,13

the linearity being better than 0,5%,
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The closed loop frequency response of the circuit is shown
in figure 2,14 and 2,15, vMeasurement was carried out at an input bias
level of 32 volts and a perturbation voltage of 3,2 volits R.M.S,
Resonance occurs at 0,85 cycles per second and the gain at this frequency
indicates a closed loop damping factor of approximately 0.6 (6), The

second order nature of the system is clearly demonstrated in figure 2,15,

The transient response characterigtics of the circuit are shown in
figure 2,16, for a 10% change in input voltage about a bias level of

32 volts, The effect of variation of the input integrator proportional
resistor is indicated. Curve (e) gives an excellent response with a
méasured damping factor of approximately 0,6 (63, and a settling time of
the order of 240 milliseconds, The damping factor obtained from the
transient response corresponds with the damping factor obtained from

the closed loop frequency measurements of figure 2,15,

When the adaptive model is switched to the compute mode.the
feedback loop in the adaptive circuit is broken and the long term
accuracy of the variable resistive element depends directly on the drift
characteristics of the circuit integrator in the HOLD mode, The
sensitivity of this accuracy to integrator drift voltage is a function
of the quiescent operating point chosen for the cadmium sulphide element
and the percentage ohmic value that this element contributes to the total

resistor magnitude,

It was found that with correct adjustment the integrator
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could maintain a voltage in the HOLD mode to an accuracy of (.05% for

a period inexcess of 30 seconds., Thus for a total resistor value of
10KQ with the cadmium sulphide element biassed at approximately TKQ

the error in resistance valve at the end of a computation period of

30 seconds will not be greater than 0,45%, It will be seen from

figure 2,5, that a bilas point in the region of 5KQ will reduce this total
error by a factor of two. For fast repetitive operation computation
periods of the order of one second axe emwizaged and. if we assume linear
integrator drift characteristics, the total resistor error at the end

of the computation period will thus be less than 0,015%,

Relays RL1, RL2 and RL3 are operated from a ZT 82 transistor
trigger, RI1 is a 3 volt reed relay with a much faster response than
the six volt moving armature device used for the other two relays thus

ensuring that RL1 opens before R is lgolated from the circuit,

Figure 2,17 illustrates the general layout of a printed circuit

board containing two full control circuits designed for operation with

four operational amplifiers,

2,2,6, Environmental Considerations.

(a) Temperature,

3teady state accuracy is dependent on the accuracy of the bias
current level setting and hence sensitive to variations in the + 20
volt power supply and the parameter values of the output ZT 82 transistor,
Assuming that temperature compenssted power supplies and associated high

stability resistors are available only the latter variations need be
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discussed here,  The three transistor parameters which must be
considered Qge (7): the reverse saturation current I009 the emitter
base voltage and the transistor current gain. A variation in any
one of these values will result in a queiscent current change in the

ZT 82 and hence in a control system static error,

A high degree of bias stabilisation can be accomplished by

emitter current degeneration alone ag used in figure 2,12 without_thé
addition of temperature compensating elements such as themmistors,

This can be seen by referring to the emitter follower cirecuit of

figure 2,18,

(a) As I, varies Vp varies changing V; and thus I

which results in a change in Ic counteracting initial

change in I
g co’

() IfV changes, say a reduction, then I, increases
BE ? ? B
im increasing IO and hence VE° Vé is thus increased

and I, again decreases,

B

(¢c) If the current gain alters, say an increase, then, for
a glven stIC will increase forcing VE and hence VB
up.  Ip will thus decrease counteracting the initial

change in the current gain,

A current of 00,3200 mA was established in & 2T 82 transistor

MANCHESBTER
UNIVERSITY
LLIBRARY
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connected as shown in figure 2,19 and the variation of this current

monitored as the transistor temperature was raised through 3O°Fo The

results were as follows,

Temperature IE mA
70° T 0,3200
100° T 0,3205

. om  _

Percentage change in curvent /OF = 00,0005 < 100 = ,0052%.
632 30

It was thus considered that for moderate temperature changes

emitter degeneration alone would provide sufficient bias stabilisation

without the added complexity of thermistor units,

Temperature:variation not only affects the conductivity of
the cedmium sulphide élemeﬁt but also the emission spectrum of the
filament lamp,. The resistance of the cadmium sulphide element is thus
a complex function of temperature. An indication of the nature of this
function was obtained by placing a Luxistor alone ¢n an oven and
connecting the cadmium sulphide element to an external 3,3KRQ resistow,
The input bias voltage to the filament lamp was adjusted to achieve
a total resistance value of approximately 10KQ, The oven temperaiure
was increased and the resulting variation in total resistance value

was monitored, The results are shown in figure 2,20,

The Luxistor was now connected as an element in the complete

external feedback circuit of figure 2.12 and the voltage at point A
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monitored as the Luxistor was again subjected to the heating cycle,
For a Iuxistor temperature change of approximately 70°F the voltage at
point A remained constant to within 0,05% which was the limit of

accuracy of the digital volimeter,

Due to thé high static gain of the integrator the system
accuracy can thus be considered independent of parameter change within
the feedback loop.
(b) Yibration and Shogk.

The behaviour of the solid state electronic unit under conditions
of vibration and shock will depend entirely on the type of packaging
used and'assumimg that solid state integrated amplifiers are eventually
incorporated,extremely high "g" forces can be tolerated. The vibration
performance of armature relays is poor and,if mechanical switches are
specified,reed relays should be used throughout, Typical shock resistance
of a reed relay switch is 100g with a pulse duration of up to 10

milliseconds and typical vibration resistance is 20 g up to 20Ke/s (8),

At the time of writing no figures are available on the
allowable "g" forces for the Luxistor element though its complete
encapsulation affords a high degree of shock resistance, A possible
weak point however would be the dynemic characteristics of the lamp

filament,
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2,2,7, Summary.

The control circuit of figure 2,12 exhibits excellent static

and dynamic characteristics and more than fulfills the initial limited

design specifications of paragraph 2.,2.3., Apart from the two

operational amplifiers which can be regarded as standard components this
performance has been realized by an extremely simple and hence

inexpensive circuit configuration,

Due to the high forward static gain of the integrator the
relationship between input voltage and output resistance value is linear
to within 0,5% and noise free resistance changes are accomplished with
a settling time of less than %00 milliseconds, This latter time
corresponds very favourably with the settling time of a modern servo
multiplier which is of the order of 2 seconds, The circuit is
insensitive to moderate temperature changes and, provided the powe:
digsipation of the cadmium sulphide element is not exceeded, relatively

fool proof in operation,

Proposed further development work here would involve replacing
the computer operational amplifiers by solid state integrated amplifiers
such as the UAT09 (9) and the relays by field effect transistor switching
circuits,with a view to producing a compact, completely solid state
adaptive mechanism compatible with modern solid state analogue or hybrid

computing systems,
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2,3.1. Semiconductor BElectroluminescence.

Light emission from a semiconductor crystal was first
observed by H.J. Round in 1901 when studying the passage of electric
current through silicon carbide and the phenomenon, the direct
conversion of electrical energy into light without the intervention
of heat, was termed electroluminescence, Subsequently sharp line
spectra emission due to recombination of holes and electrons has been
observed from many semiconductor materials including silicon (10)
germanium (11) and silicon carbide (12)0 In 1962 the discovery by
Keys (13) of highly efficeint electroluminescence at forward biassed
P.N, junctions in gallium arsenide crystals led to intensive research
work in this field (14) with particular reference to the development

of an effic!&nt s0lid state laser,

To understand the concept of recombination light emission it
is necessary to study the semiconductor energy band structures, In

figure 2,21 §E represents the energy required to raise an electron

from the valance band to the conduction band, The magnitude of the
quantum energy involved in this process is a fundamental property of
the specific semiconductor material, The lifetime of the free
electpon in the conduction band is relatively short and it gquickly
recombines liberating energy equivalent to SE, Light emission is

involved in this energy release, the wavelength being a function of?SEv
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and, when the gap energy if of sufficient magnitude, visible radiation

is observed,

Figure 2,21 shows the probable band structure of gallium

arsenide crystal where the horizontal axis represents particle

momentum, In semiconductor crystals transitions take place between the
ninimum conduction band energy level and the maximum valance band energy
level and it will be seen that,for this materialssuéh transitions are
accomplished without any change in particle momentum and thus no heat is
involved in the transformation,light energy only” beipng released,  This.
latter effect accounts for the unusually high efficiency associated with
light emission in gallium arsenide which is termed a direct gap
semiconductor, In the case of indirect gap semiconductors such as
gilicon and germanium momentum changes occurring during particle
recombination result in a proportion of the energy release being
converted into crystal lattice vibrations and thus being dissipated

as heat with subsequently low light generating efficiency, Normal
gallium arsenide lamp emission is obtained from a P.N, junction formed
in the crystal by diffusion or alloying techniques. When forward
biassing is applied to this junction recombination takes place in both
the P and N regions,the amount of light emitted from each depending

on the degree of absorption present. A typlical spectral emission

characteristic has been given by Effer (15) and is shown in figure 2,22,
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The lamp used in this work was the Ferranti XS32IL devieej

the main characteristics being as follows-(16)4

Max continuous forward current 100 mA,
FPorward voltage at this current 1.3 volts
Rise time (Iight) 15 n Sec,
Fall time (Light) 15 n Sec,
Spectral Peak 9000 A°,

It will be seen that the device has extremely short rise and
fall timesand an exceptionallly fast system resporse time should thus
be possible, The forward input characteristic which is illustrated
in figure 2,23 shows a forward breakdown voltage of 1,2 volts and light
emission commences at this point,the emission being roughly proportional
to the current passing (15)n The maximum current that may be passed
depends mainly on the power dissipation allowable at the junction
diode and improved performance can be obtained by encasing the diode in a
suitable heat sink. Low device operating temperatures are desirable
because as the Junction temperature increases the gquantum efficiency of
the recombination emission falls,

As the overall quantum efficiency of the radiation is low
(of the order of 0,1%) an attempt has been made with the XS32L to
improve light ouwbtput by adding a focussing lens with a non reflecting
coating. The resulting light flux is thus Hcussed in the manner

shown in the polar diagram fisure 2.24.
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2:%.2s The Photodetector.

In conjunction with the crystal lamp it is essential to use
a photodetector which is compatible with the light source in both
spectral sensitivity and speed of response, The silicon photo diode
meets both these requirements with a pesk spectral response in the region

0
of 10 A and a photo current rise time of 2 microseconds,

If uniform illumination is applied through the volume of a
reverse blassed P.N. junction and its adjacent P and N regions for a
distance of several diffusion lengths we may write the photo current

as (3)

I = qAnT (LN+LP)+I

L 0

where
n = efficiency light in electron hole pairs per second

per cubic centimetre per unit of light intensity.

g = electronic charge,
IL = light intensity.
A = co.s, a,of junction

electron, hole lifetimes respectively.,

o

iy

"Ut‘
It

I = reverse saturation current,

It Io is small then the photo current is approximately
proportional to the incident light intensity. From the above equation

it is clear that the best sensitivity is found for very long lifetime
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materials where LN and LP are high. However, as before, this
sensitivity is achieved at the expense of photo current transient

response time,

The detector used in this work is the Texas Instruments
N,P.N, photo duwo diode type 1N 2175, In this device two symmetrical
PN, Junctions are diffused in the silicon substrata so that either
terminal can be biassed positively or negatively. This latter
property while in no way altering the basic philosophy of the approach,
greatly increases the flexibility of the device in its ultimate application
as an adaptive element,

The 1N 2175 has the followling characteristics. (17).

Maximum blas voltage = + 50 volts
Power dissipation = 250 milliwatts
Dark current at 25°¢ + 50V bias = 0,5 pA

Light current at 25°C + 10V bias = 100 pA
Photocurrent rise time = 2 usec
Photocurrent fall time = 45 usec
Sensitivity = 22,3 pd/mW/cm®
Spectral peak = 10,000 Xo

Typical forward characteristics of the 1N 2175 are shown

in figure 2,29, the reverse characteristics being completely symmetrical,

The dynamic impedance here ranges from about 2MQ at an irradiance of

.2171%\1/(311&‘z to about 250KQ at an irradiance of 16mW/cm2, The maximum

I
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dynamic impedance possible is the impedance at zero light flux which is
of the order of 100MR, It will be seen that above 10 volts bias the
curves are perfectly linear. The diode spectral response is .

illustrated in figure 2,26 with the response of the Ga,As crystal

lamp superimposed for comparison, The closeness of the spectral peaks
indicates a good degree of spectral compatability. The dark current
Io is small and above an irradiance of 2mW/cm® a linear relationship
exists between the applied irradiance and the photo current, The
sensitivity of thé device is increaséd by the use of a focussing lens

system which produces a directional characteristic as shown in figure 2,27,

2.3.3%, Combined Characteristics.

The mechanical arrangement of the lamp detector combination

is shown in figure 2,28, The XS3%2L crystal lamp is inserted at the

end of a thick walled brass tube the inner surface of which is threaded
and the IN 2175 duo diode is located in the drilled out centre of a
threaded bolt, This configuration beslides establishing a fixed
positional relationship between lamp and detector offers three additional
advantages,

(a) Full advantage is taken of the axial directional

gensitivity of both devices,
(b) Fine focussing is possible to adjust for maximum diode

sensitivity.
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(¢) The thick brass surround, acting as an efficient heat
sink, lowers the Ga,As junction temperature at any
current rating and thus improves light owbpub by
increasing diode efficiency. The maximum power

dissipation of both devices is also obviously improved,

The combined characteristics relating Ga,As input diode
current with the voltage current relationship of the duo diode are shown

in figure 2,29, The minimum duo diode dynamic impedance possible at full

rated Ga As input diode current is of the order of BMJXWhich’from

figure 2,2§7represents an irradiance of about 2mW/cm®, It is thus
obvious that the maximum light powsr available from the X332L restricts
experimental investigation to a region of high duo diode dynamic
impedance., When placed across the terminals of an operational amplifier
the duo diode géve a linear output swihg of + 20 volts about a bias

level of 30 volts,positive or negative bias being possible due to the

gsymnetry of the Jjunction structure,

203.4. The Control Circuit,

The object here was to develop a control circuit using the
same design philosophy as the Luxistor system which would achieve a
linear relationship between an incremental input voltage and an incremental
output resistance value, As before when the linearising feed back loop

is broken an integrator can perform the function of system memory and
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the radiation link can achleve absolute electrical isolation between
the resistive element and its controlling circultry. Some circuit
modifications will however be necessary due to the difference which

exists between diode static and dynamic impedance,

In figure 2,12 a linear relationship is imposed between

incremental input voltage and the incremental voltage across the
resistive element which, for a constant current drive, establishes a
linear change in resistor static value. TFor a device, such as a
cadmium sulphide block, having equal static and dynamic resistance
values a linear relationship is thus established between incremental
input voltage and dynamic resistance value, To ensure correct

operation of a diode as a linear incremental operational element it

must be biassed into the linear regime where the effective operational

resistance value is determined by the appropriate dynamic slope,

Hence what is required now is a scheme to achieve a linear relationship

between incremental input voltage and diode dynamic slope.

In figure 2,30 if & represents the fractional change in the

input bias voltage to the control circuit then the voltage change
across the diode for a fixed current I must be SMK where M is the
characteristic asymbtotic point and X the quiescent diode voltage,
Voltage change across diode

= SNMK

S(MO + OK) = dMO + §0K

= & x constant + 00K,
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For a feedback system similar to that illustrated in figure 2.12. &

fractional change ®in the input voltage results in a voltage change
& 0K acrogs the diode, If the voltage across the diode is now
constrained to vary by an additional &§MO volts where MO is a constant

then the correct change in diode dynamic impedance is accomplished,

A possible schematic circuit is outlined in figure 2.31. where

the resistance P is so scaled that for a fractional increase S in the

bias voltage the change in the voltage at point A in the circuit is

S 0K +ONMO0,

where 0K is the quiescent voltage at A and MO the characteristic
asymtotic voltage.
A practical circuit suitable for the implementation of the

control scheme is illustrated in figure 2,32, where a fixed bias current

is established in the iN 2175 from an external current source, To
avolid excessive loading feed back voltage from point A to the
integrator input is accomplished via a T,I. 283820 source follower with
an input impedance of approximately 150MQ2, The XS53%2L constitutes the
load of a 2T 82 emitter follower which is current fed directly from

the integrator. A current limiting 200RQ resistor is included in
series with this diode to prevent excessive dlode dissipation in the

event of a circuit fault,
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As the exact magnitude of the asymtotic voltage at the
working point is critical to the overall system accuracy its value
is best determined from a closed loop linearity test on the system
rather than from extrapolation of the combined characteristics which
can only be approximate, Evaluation of the asymtotic voltage will

enable the integrator resistor P to be correctly scaled,

2.3.5., Bxperimental Resulits,

The circuit bias voltage levels we®set as shown in figure 2,32

where the P channel source follower has a positive offset voltage of

1.70 volts and a measured gain of 0,922, A constant current of 5ph

was established in the duo diode and the registor P was made equal to
MR, The input voltage was varied in steps,and after each step change
the diode was switched across operational amplifier-Zo A series of
points were then plotted relating the input and output voltage of
amplifier 2 the feed back loop being briefly closed before each plot

to compensate for integrator drift and re~establish the correct operating
light flux, In this experiment capacitor C was fixed at 1pF to

minimize integrator drift- and R was 1MQ, The dynamic impedance of the
diode at each step change in incremental input voltage was obtained

fr@m the input output voltage plot of amplifier 2, and the relationship
thus established between diode dynamic impedance and incremental input voltage

is shown in figure 2,%3, It will be seen that this relationship is




Tolts.

L0]
WP
)]
o3
1
[« I N
= [
,,3:7;
B fs
a e
Fa
=} o
R
of2
(]
LiA]
g 10
@ e
i
(4]
o
2 O Rv o]
LAY
g
L&
= [\RY d oo
(AN ] o o
L] L] 3 4
-\
]
R
U
Rs
0
E
2 .0
£ \ i
FRL
=1 O *CJ
W oRd o
O ]
B8 £ MY
& wm oo Q=
M3 e B
Q0 QP o
M ogy -
o W r =~
B b gee
L) g
& O
ﬁﬂvg
£ @
2 g
lﬁ =
MO g}g
& & O




42,
quite linear with some slight scatter due to measurement errors
inherent in the rather cumbersome derivation technique, The
maximum scatter error is of the order of 1% and the actual circuit

linearity is at least better than 0,5%.

From the graph of figsure 2,33, and knowledge of the circuit

bias levels and parameter values we can determine the value of the
resistor P to establish a linear relationship between percentage incremental

input voltage and percentage change in diode dynamic impedance,

Prom figure 2,33

% change in dynamic impedance equals 18,.7% for an input voltage

increment of 13,6 volts, Corresponding change in diode voltage is

1 06 —
5%555 = 14,75 volts.

18031301807 + -'%-g—si x OM = 14,75 volts

%042 + 00187 OM = 14075 volts

where the diode voltage is 18,3 volts at an input bias level of 20 volts

ooo OM = 6006 VOltSo

If the resistor P! in figure 2,%2 is made equal to 0,915 MQ

then the input bias voltage can be considered as 18,3 volts rather than
20 volts., An increase of 18,7% in this bias level represents an

inecremental signal of 3.42 volts,
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Thus

5,42/P ={3°42 + 60,6 x 1807}}{ 0,922
100

ouo P = 00398

Thus to achieve a linear relationship with unity slope
between percentage incremental input voltage and percentage change
in diode dynamic impedance resistor P' must be so scaled to achieve
equality between diode and input bias voltages and, for this particular

range, the resistor P must be made equal to 0,398 MQ,

The light output power of the Ga,As diode ultimately sets a
lover limit to the duo diode dynamic impedance available and the
voltage rating of the duo diode itself will set a limit on the possible
upper impedance level, Assuming that the minimum duo diode voltage
is one volt and that the maximum allowable diode voltage is 50 volts,

then for the particular bias level indicated in figure 2,%2 the

maximum theoretical diode dynamic impedance swing about a quiescent
level of 24,6 MQ is =22% to + 62,7%7a total impedance variation of
84.T%.

To achieve a fast response the integrator capacitor value must

be of the order of pico farads and figure 2,54 shows the effect of

varying capacitor value on the circuit transient behaviour. A step
change of 5 volts was applied to the circuit which was biassed at

20 volts and,in the absence of any proportional resistance,an oscillatory
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response was obtained, The magnitude of the overshoot decreased

with increasing capacitor value and the settling time was of the order
of 700 py seconds, The addition of a low value proportional resistor
greatly reduced both overshoot and settling time for any capacitor
value and a minimum settling time of 160 Y seconds was obtained with

R equal to 300KQ and a capacitance value of 200 pico farads. This

response is shown in curire (b) of figure 2,35 where the maximum overshoot

is 8%, The settling time here compares very favourably with the
settling time achieved for the Luxistor (curve (e) OfAfigufe 2,16)

and represents a reduction of settling time by a factor of 1500,

Fipgure 2,35 illustrates the response of the circuit to a

negative step demand in resistance value, Due to the relatively long
photo current fall time of the {N2175 the settling time of the system
to a positive step demand in resistance value is about 50%‘1ong§r than

the time indicated by curve (b) of fisure 2,35,

The closed loop frequency response of the complete circuit

is shown in figure 2,%6 and it will be seen that for the valuwes of R

and € indicated the system has a closed loop band width of 2,4 Ke¢/s
figure 2.%6

and a roll off slope of 8 dB pexr octave, The indicated damping

factor is of the order of 0,7
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2.3.6, Bias Considerations,

For correct performance as an operational element the
quiescent operating point of the duo diode must be biassed into the
linear regime,a bias voltage of, sajg 30 volts allowing a linear
excursion of + 20 volts., The bias voltage, which for the 1N2{75 can
be positive or negative, is easily removed by subsequent operational
techniques, Variation of the diode dynamic impedance also varies the
diode static impedance and hence, for a given bias level, compensation
must be provided in the operational circuit which removes the bias
voltage. A suitable circult utilizing a second adaptive element which

is operated in parallel with the first is shown in figure 2,37 where

EB represents the bilas voltage applied to the duo diode when it is
switched as an onerational element, The two adaptive elements are

operated from the same voltage source,

203.7, Summary,

By the utilization of a novel lamp-detector combination the
performance of the voltage controlled variable resistance circuit has
been improved,with a linear adaptive mechamism being produced which
has a settling time of 16C Y seconds and a band width of 2,4 Kilocycles,
With this circuit the varia.ion of adaptive model lag parameters can
be achieved in a fraction of a millisecond compared with the several

seconds required by conventional techniques. Provided that the
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parameter variation is less than one order the adaptive mechamism
can also be uged for adjusting adaptive model gain parameters, It
has a bandwldth which is compatible with the best available electronic
multipliers and, besides constructional simplicity it has the additional

property of being able to adjust both types of parameter value,

Due to the low light output power of the X832{ crystal lamp
the present circuit operates in a region of high diode dynamic impedance
and for some applications this could be inconvenient. Improvement
here will be sought in two dirvections, Firstly in the application of
more powerful orystal lamps and secondly in the utilization of more

sensltive detector diodes such as the photo avalanche diode (18),

As with the Luxistor ocircult futvre development work will
also be devoted to producing a completely solid state adaptive
mechamiem combining integrated operational amplifiers and field effect
transistor switching clreuits,the final.unit belng completely compatdble

with solid state hybrid computing systems,
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CHAPTER 3
PARAVMETER ESTIMATION

3.1 Introduction,

Plant identification is important in its own right as a fundamental
paxrt of overall control system design. Identification in adaptive control,
however, differs from the normal problem found in control sysﬁems because of
the importance of minimizing the time required to complete the determination
of significant process characteristics, Complete identification without a
priori knowledge can normally be accomplished by cross correlation techniques
(1), (2) though success here is only possible for a stationary plant or, at
most, for a plant with slowly varying parameters,

Some g priori knowledge of plant structure is nearly always available
and although no general method of approach has yet been formulated three
distinct techniques of utilizing such knowledge have been advanced by Kalman (3),
Maxgolis (4) and Corbin (5), Kalman'’s method which uses sampled values of the
plant input and output variables together with a plant model requires digital
computer facilities and is relevant to sampled data control systems, The
philosophy underlying the 1earning model technique of Margolis is closeiy akin
to the approach of Lefkowitz (6) on which the control stretegy of this thesis
is based and Corbin's method i used directly in the latter section of this
chapter, | |

This study is limited to the investigation of systems in which the
dominant plant tranfer function is of the form.

a(s) = K g18

! 1 +* sTﬁ
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where T is assumed in variant and either one or both the remaining
parameters time variant, If we assume that the input signal to the systenm
is a step function,plant identification in the former case is comparatively
eagy and can be performed by an analogue computer configuration in the method
of Corbin, In the latter case however the presence of two unknowns renders
on line identification less tragtable,and recourse to digital computer
solution has ﬁeen suggested by several authors (6)9 (7). In oxrder to
maintain an essential control system simplicity which is compatible with the
form of plant model chosen, it is the intention here to realize parameter
estimation with a relatively simple hybrid computing systenm.

The majority of this chapter will thus be devoted to describing a
parameter estimation scheme which has been developed to perform the
identification of plant with two unknowns, ?inally we will deal briefly
with ﬁhe_idengification problem posed by the presence of only one unknown
in the transfer function,

As the general nature of this work will be related ultimately to
a simple boiler model some reference will be found below to boiler f{ransfer
functions and time constants,a full description of which is to be found in

Chapter 4,

%020 Parameter estimation in the presence of two unknowns,

If the plant in figure 3.1, is subjected to a step input of
magnitude Gf the time function of the output after a time interval T is of

the form

V(%)

i
£
Q
o
%
£,
f
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where Vm = Kg Cp
The problem is thus to obtain the on line solution of Vm and ‘I‘m from the

measured values of V/t), Arranging the analysis in a form suitable for

analogue computer solution we have

v(t)

H
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Hence

To=t, Log?ﬁﬂ cosv00ol5)
From (2)

vo="T28, :tﬂ/Tm

= & :
Log V_ = Log T + Logoq + tq /Tm

<
fl

n Anti Log [Log Tm-t-LOgé«a +tﬂ/Tm] cso0o0000 (6)

Though solutions of equations (3) and (6) will yield the correct
values of Vm and Tm both equations involve a derivative of the time funetion,
Differentiation even at low noise levels can induce large errors and it is
essential that a method of obtaining the various slopes of the funection v(t)

without direct analogue differentiation be found,

One such method of approach is shown in Figure 5.2, The slope of

the function at tm is equal to

VoV
ta=tq
where tq 4 taq
} v(t) dt j v(t) at
Vy & tq0 and Vy R / ts0
tq949=b40 ta9=t20

This method has the advantage of using integration rather than

differentiation to obtain slope values and thus tends to suppress rather

than accentuate noise errors,
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The validity of the approximations involved in the functions

above will be discussed later,

Two further conditions were thought necessary for satisfactory
operation, IFirstly that any solution be made on a repetitive:basis to
reduce the overall effect of any one spurious reading and secondly that
the computer configuration be such as to render any spurious reading self
cancelling when the repetitive readings are averaged, An excellent
introduction to Hybrid computing techniques has been given by Peul (8)

and Korn (9),

30201, Computer Configurations for the determination of Ty.

A suitable computer configuration for the repetitive solution of
equation (3) is shown in Figure 3,3, The operation of the various
amplifiers is controlled by relays activated by external transistor logic
and the method of computation is illustrated in Fig&fe.ﬁoﬁo The value of
the function V(%) can be estimated at times tgo tgsaeootn by integrating
the function for a finite interval of time ts at times tqq, tao—--tnoo

The slope of the function at times tqg---tn can then be estimated as

Youlo o &, = Ya=lu . & ;o Vpyi™Vnog

FPor a repetitive solution we require the formation of the function

&
?r;:§“ with r taking the sequential values 1 to n. For any one value

of &p four values of the function V(%) are required and hence a
& r

. . 15 . . .
ninimum numbexr of four integrators ame necessary in the computer configuration.
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A square wave from a magter oscillator is fed to the transistor
logic unit 1 Figure 3.5 where the first negative going edge opens AND gate
AGi and triggers monostables MNA] and MNBi whose outputs close relays R{
and RiA for periods te and t

& respectively, Hence the computation time

is given by

The negative going edge which triggers the monostables also triggers
the bistable BS1, which changes stat; thereby closing AG1 again, and the
bistable BS2 which on changing state so alters the condition of AND gate
AG2 that the arrival of the next negative going edge from the master
ogscillator opens this gate,triggering monostables MNA2, MNB2 and bistables

BS2 and BS3,

AND gates AG3 and AG< are now opened in sequence, the output of the
latter triggering BS1 thus allowing AG{ to open on the arrival of the next
negative going edge from the master oscillator and the sequence repeats,

After a time tc from the first opening of AG4, four voltages
Voo Vip Vo and V3 are established on integrators 1, 2, 3 and 4 respectively

and the first solution of equation (3) is possible,

At a period of time td later amplifier 1 has completed thé
computation of VA and a second solution is now possible with subsequent

solutions being available at intervals of td seconds,

While logic unit 1 controls the integrators to obtain sequential

values of the function V(t) at times, t4, ty --—— etc. logic unit 2
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processes these values to generate the appropriate function dr  as

shown below, &r*ﬂ

Integrator 1 0)

0 4 4 4 4
Integrator 2 Vyq ‘D V5 V5 Vs
Integrator 3 Vs V2 Va2 Vs Vs
Integrator 4 Vs Vs V3 Vs V7
fvi S
g1ving --L-u-a = V2ﬂvO 6 vni'-v,j, $ v&"va es0000 0
& 41 V;WV:} V4"“VQ VSH’V3

It will be seen that the outputsof integrators 1 and % are always
associated as are the outputs of integrators 2 and 4, Hence the former
are summed by amplifier 9 and the latter by amplifier 10, For a function

of the form

v(t) = vm('a-emt/Tm)

V(ti*ﬁ) > V(tr) and thus to maintain the sign of the functionésr
S

constant the signs of the output voltages of the integrators must be

T+

adjusted appropriately.

Integrator 1 + + - - +
Integrator 2 - + o+ - -
Integrator 3 - - + o+ -

Integrator 4 + - - + +
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It will be seen with this sign sequence that the numerator will always be

positive (after summing) and the denominator always negative resulting in
Sr

5 r+i
Sign control of the integrator output voltages is exercised by

a constant sign of the output function ILog as & Su&.s g

relays RB1, RB2, RB3 and RB4 acting in conjunction with amplifiers 5, 6, 7
and 8 regpectively., Correct signal direction to the + log unit and the - log

unit is performed by the double change-over relay RC.
The RB set of relays and RC are controlled by logic unit.

2, (Figgre 3.6)which con&ists of three bistables and only three relay
trigger circuits as it is possible 1o pair relays RB1 and RB3 and relays
RB2 and RB4, ‘The bistable BS6 is operated by a positive going edge and
bistable BS7 by a negative going edge; both units being triggered directly
from bistable BSH, It is assumed that the relay trigger circuiés are
activated by positive going edges from. the bistable outputs, The change-
over reiay‘Rc is operated directly from bistable. B.S.5, The initial

set conditions for the bistables are shown in Figure 3,6, and the

initial positions of the relay contacts in Figure 3.7.

The operation of the reset relays RA causes ﬁomentary overload of
the amplifiers 9, 10 and 11 until new steady voltages are established on
the integrators. Relays RS1, RS2 and RS3 are included in the configurations

to isolate these amplifiers during transient conditions and thus ensure

satisfactory operation of the computer, These relays are controlled by

logic unit 3 Figure 3.8,
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Initially AND gate AG6 is held closed and the trigger circuit
inactivated leaving RS1, RS2 and RS3 open cireuited, The first output
from AG4 opens AGS5 triggering bistable BS8 the output of which again
closes AG5 enabling BS8 to remain in this new state for the duration of

the system operation,

AND gate AG6 can now open and the relays close after a period of
time equal to the duration of the output pulse from monostable M.N C
which is of sufficient length to allow Integrator 4 to complete its

- computation,

Subsequent negative going edges from the master oscillator again
isolate the amplifiers for the required period of time and satisfactory
computer operation is thus possible, RS3 was found necessary to
eliminate high voltage spikes on the output voltage level caused by a

finite difference in switching times between R31 and RSZ,

30202, Computer Configuration for the determination of Ve

Rearranging equation (6) for repetitive solution we have

V= ANTTLOG {10,9; Vot Vet 4 10gm 4 8 k
e =l we * 2E-
a

3

ny

(7)

F

2% t
= ANTILOG { log (vr+1mvn_1) w log _d + _r_ §

Tmr Tmr

where tr is the time interval between t=0 and the mid point of the rth

sampling period and Tmr is the value of Tm which has been derived from
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the sampled values of V v and vr+2e

r=1? “p? vr+1

%
t, = rty +(§§,+ %, )

_ _ %
td + f§,+ t.
giving P = 2 b
td

For any value of r, T/Tmr is easily found and using a multiplier the

function tr can be evaluatedy summed with the other components of Vm
T

mny t
and averaged, An averaged value of Tr can be achieved,however,without
‘my
the use of a multiplier by writing
B PE L kf 1
- d ——
Tmr Tm1 =D ka

The latter function can be formulated by using logic elements
from logic unit 1 and logic unit 3 as shown in Figure 3,9, Approximately
1.3 seconds after AND gate AG4 is opened for the first time by the arrival
of a negative going edge from the master oscillator the output pulse from
monostable M N C terminates opening AND gate AG6 and closing relays RS1,

twus
RS2 and RS3 producing a voltage proportional to td at the output of the

T
mi
computer, If monostable MND is also triggered at this instant closing

RLB for a period of,say, 0.2 seconds, then at the end of this interval the

output voltage of the integrator is proportional to th when the contact

g
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of relay RLA is at Position 1 as shown in Figure 3.9.

As mentioned previously the output from AG4 alters the state
of bistable BS8 which is also connected to the input of AND gate AGT.
BS9 is so set that the next negative going edge from the master
oscillator which opens AGl1 and passes through éiésuaﬁens>ﬁé%iépérating

BS9 and triggering relay RLA into quition 2

This negative going edge also triggers monostable MND after a
delay of 1.3 seconds and hence after a further period of 0.2 seconds the
integrator output voltage is proportional to

Ptd td

Tm1

The operation of BS9 closes AGT7 locking RLA in Position 2, and

the subsequent integrator output is given by the function

P k=r
m1 k=2 Uk

The function log (Vr*1-Vrb1) can be obtained most economically
via a log unit from the input terminal of the positive log unit of

Figure %3,3%. and td is available at the output of the computer, The

T
itk
computer configuration for repetitive solution of Vﬁ is shown in Figure

-‘3_01 00

%0203, Time scaling,

The nature of the time scaling used will depend on the magnitude
!
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of the time constants associated with the plant transfer function and
hence on the specific application envisaged. In this study we will
consider thb a?plication to a power station boiler where V(%) represents
the measured vglue of the heat flux time function and T the grinding

mill time constant,

As Tm is of the order of 40 seconds for a large boiler
installation computation can easily be performed in real time, The upper
limit of the sampling frequency is determined by the settling time of the
adaptive mechanism which adjusts the plant model, & settling time of léss than

%00 milliséconds béing posdsible with the Jtype of cadmium sulphlde element
discusmed in chapter 2,

It was found that a ratio td/Tm approximately equal to 0,1
resulted in an easily controlled system which was ideal for experimental

purposes.

To minimise any error due to relay contact bounce the integration
period ts was chosen to be 1 second. The reset period tt is a function
of the maximum integrator voltage and the maximum deviation from zero
tolerable after the reset period. A value of tt of the order 0.2 seconds
was found to give an accuracy compatiblé with the overall system accuracy.
The pulse duration of monostable M N B is determined by the sum of ts
and t, and is thus approximately 1.2 seconds fixing the duration of

t
M N C. at a slightly higher value say 1,3 seconds,
|

Bolodo Amglitude Scali!!.ﬂo

The amplifiers used have a rated maximum swing of + 10 volts

and as 10% over-voltage was possible a full excursion of + 10 volts could
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be used., The input signal to the computer was of the form

V(%) = vm(1-e-t/Tm)

where Vm is 10 volts and Tm is of the order of 40 seconds.

Thus an integrator time constant of one second gave maximum integrator
output vo}ts with no possibility of overload. The maximum slope of an
exponential function occurs at the origin and thus the maximum differential
voltage will appear at the output of amplifier 9 after the computation of

Vo  (Pigure 3.4.) for a V of 10 volts and %;/T equal to O,1. This

maximum voltage can easily be calculated and is of the order of 2 wvolts,

In order to limit the input to the log units to 10 volts the maximum gain
possible on summing amplifiers 9 and 10 was thus 5, Amplifier 11 was
arranged to give a gain of 4 in association with the log units resulting in
an output voltage of the order of 0.4 volts, This gain can be increased

if required,

Ags the gain of amplifiers 9 and 10 was made equal to 5 equation

(7) can be written as

= 2t t
Vm = Antilog{_log 5(vr+1’vrh1) - log . a . Tr - log 5 }
nr my
. 10t t
Vﬁ = Antllog'{log 5(vr*1~vrh1) = log . d «+ Tr }
nr my

Meximum velue for gain of log units in this expression is again 4,

The pulse duration of monostable MND was chosen to be 0.2 seconds

yielding a time constant for the ihtegrator determining tr as 0,2 to

T
itk
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produce the required output value of 4tro
T
303, Electronic Circuit Techniques.

30301, Amplifiers.

The configuration was simulated on a PACE TRIO machine, the
amplifiers being chopper stabilised solid state devices, The ability of the
integrator amplifiers to maintain their voltages accurately in the HOLD mode
for a period of the order of3¢>¢1td is of prime importance to ensure system
accuracy. It was found that, by correct adjustment of the amplifier balance
potentiometers, the integrators could maintain a voltage in the HOLD mode to
an accuracy of 0,05% for a period in excess of 30 seconds, This performance
was more than sufficient to meet the required specifications, TFull details

of the amplifier specifications are given in Reference (10),

563020 Rela;gso

Glass encapsulated reed relays were used throughout, The setting
time of these relays is of the order of 1 millisecond, theilr operation being
controlled by high speed transistor trigger circuits. The glass envelope
provides a high resistance leskage path and the figure obtained above for

the integrator drift rate was measured with both integrator relays in circuit,
30303, Irigger Circuit.
The relay coils are 3 volt operation requiring 50 mA for the single

pole and 100 mA for the douvble pole switches., A typical trigger circuit

operated by a bistable is shown in Figure 3.11. Amplification of the

bistable output is necessary for satisfactory operation of the ZT82 trigger
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transistor and the additional OC 200 provides the necessary sign reversal

to operate the relays from a positive going input step,

%034, Bistable Circuit.

A typical bistable circuit is shown in Pigure 3,12, and it is

of the standard férm outlined by Hurley (11). The output varies between
0 and =12 volts state transition being initiated by a positive going edge
with steering diodes guiding the pulse to the appropriate OFF {ransistor.
Two sets of steering diodes are provided to enable the bistable to be
triggered from two isolated sources, Additional diodes can be included

to perform SET and RESET functions,

T %0305, Monogtable Circuit

Two types of monostable circuit are used, one with a pulse
duration of the order of 1.2 seconds and the other with a pulse duration
of 0,2 seconds, The circuit diagram of the former, together with its

trigger circuit-is shown in Figure 3,13 and of the latter in Figure 3.14.

The principle of operation is similar in both circuits and is described
by Hurley (11) P.423, Tor a given value of tt the integration interval
and hence the integration accuracy is dependent on the pulse width of

monostable A and its correct adjustment is thus vital, In Figure 3,13

the potentiometer VR is used to adjust the width of the output pulse,

The set up procedure is as follows,

tt is first determined by adjusting monostables MNB Figure 3.14

by adjustment of VR, The pulse duration of the four monostables compared
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within an accuracy of 0.5%, A known voltage is now applied to the input
contatt.of relay R and both monostables MNA and MNB are triggered, the

final voltage of the integrator being measured, The operation is repeated
with adjustment of VR until the output voltage of the integrator equals

the applied voltage, The voltages were measured on a Solartron 1420 digital
voltmeter to an accuracy of 0,05%., This-set up procedure tends to
compensate for (a) Variations in the set up value of b, (b) Errors in the
amplifier operational components which are a nominal 0,1% and (c¢) Errors

due to the finite switching time of the relay.

Once set up both monostables are liable to be affected by temperature

variations. If the base emitter Jjunction voltage éf the left hand transistor
in both ecircuits is considered constant, the pulse width duration is
determined by the product of VR and C and it is essential that high
stability components be used if constant adjustment is to be avoided,

Wire wouhd resistors have a temperature stability of the order of i,OOQ%
per degree centigrade and high grade polystyrenee capacitors can be

obtained with temperature coefficients of the order - ,015 i,,OOG% per
degree centigrade, The emitter base junction of a silicon transistor

has a negative temperature coefficient of 2,5 mV/OC which varies little

at different currents and from one device to another. (Griffin (12)).

The latter effect can usually be negated by suitable circuit compensation,
The temperature coefficient of the capacitor will thus limit the temperature

variation possible o maintain a given pulse width accuracy.
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Both monostables are triggered by a negative going edge applied
to the base of the left hand transistor turning it off and dropping the
level of the ‘right hand 6ollector from +12 volts to approximately gzero
volts. To obtain adequate pulse width an additional emitter follower

buffer element was included in the circuit of MNA Figure 3.13.

3.3.6. AND Gatos.

A two input AND gateis shown in Figure é,1§§a2, The gate is
opened by the simultaneous application of a =10 volt level to both input
terminals turning both transistors on and turning off the right hand 0OC
200, the collector of which drops to ~12 volts, The gate will c¢lose on
the removal of one of the negative inputs, The three input AND gate

AGT7 is shown in Figure 3,15(b)., AND gate 6 and its trigger circuit

have been combined in a single circuit the ZT 82 transistors performing

a dual function as shown in Figure 3,15¢.

30307, Log Units,
The general layout of the log units is shown in Figure 3,16.

diode break points and segment number being determined by the analytical
methods of Hamer (13). As the solution is obtained as a difference
between the outputs of two log units the individual accuracy of each
unit must be high to ensure a reasonable accuracy in the differential
result, The maximum output from each log unit will be of the order of
2 volts and the differential voltage of the order of 0,1 wolts, Thus

to obtain an accuracy of 1% in the output an individual unit accuracy
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of ,05% is theoretically required,

The log units were initially designed to an accuracy of 0,1%
as it was reasoned that if each unit is built to an identical
specification some compensation must result and the differentiwal error
at least halved. This in fact proved to be the case and a final

differential accuracy of better than 1% was easily achieved,

The relationship between error and the number of segments for

an optimum linear approximation to an arbitrary function has been given
by Hamer as

ken

-

where E is the greatest difference between the function and the straight

line sgement and is called the error,

S

X, is the second difference of the function in the kth region,

For the function y = Log x the RHS of the aboveexpafion can be

obtained from tabulation as

EN2 = 0,106 when x lies between 4 and 10,

For any given number of segments the theoretical error can be halved by
a method known as error splitting where the approximating linear segment
is moved verbtically by half the theoretical error, Thus to achieve a

theoretical accuracy ofl9,0,1% we can use seven segments,
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TE = ,106 x 100 = 0,216
49

with error splitting

5 = Q216 = 0,108,

The various break points and slopes are now determined and the resulting
setting voltages are shown in Figure 3,17, Thus set up of the log units
were theoretically accurate to within 0,1% for input values in the range
4 volts to 10 volts. With minor adjustments_ﬁhg final accuracy was greatly

improved yielding a differentical output voltage correct to withinr 0,05%.,

%edo System Accuracy.

Due to the sensitivity of the final log function it was imperative
that the preceding computer stages be as accurate as possible and the

sccuracies of the individual stages will now be considered.

Fodolo Accuraoy of Integration.

Using high gain amplifiers the integration accuracy will be
determined by the accuracy of the pulse width of MNA, which has already
been discussed. We will now investigate the accuracy of the approximation

made in paragraph 4.2, Namely that the Vy of Figure 4,2, is given by

jt“ v(t) at

Vq & t‘AO
ta1=t10
% “t/Tm
area under the segment = 11Vﬁ (1=g ) dat

ti0
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where t, = (t11=t10)e
Bxact value of V4 is given by
=ty /T -(tu""_g—'"’ my

Vy = Vm(1-e m) =V (1-e

error in the approximation

- _ =t14=t40 L by =ty /T
e = M e (T

8
%14 “‘b%- ~t /7
error =Ve T {ec el (1me ° P
n t
s
for a given ratio of E_s_
T
m
error = gy ‘:e“t/_Tm
m
where r'“ts

= T ~t_ /T
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5.
The ratio §, is givén by %
E o 5o _ e-’ta/Tm)) - egew-iﬂ- - & ntM/ng
- £ T
g..J.. = .YE_.Y.?. = Tm . - . .
&,  Vp=Vy -t{7Tm = ~t5/T_ ~t ~t11/T
e ¢ - )-e(e T -e

For fg LZL2%

5 d

E;_j_ e'f" D/Tn a"?ﬁ/ll’m

Q L ) 1+e
S22 T {kfi/me -fi/Tm §1+e;

€ Ll

Hence any error tends to cancel out in the calculation of the

function td/Tm°

For ts = 1 gsecond and Tm = 40 seconds e can be determined from.

tables (14) as

e = = ,0000262,

The error in the first reading Vo is given by

3

..toj
error = Vme Tm X ,0000262 where t54 is 1.2 seconds

Vm X 0000254
% error = 0,1470%

% error in first differential voltage Vy = V,

= 00,00256% assuning a td of 4 seconds.

This theoretical error is more than one order less than any measurable




68o

system error and thus the original approximation can be taken as valid,

3.4,2, Sign Changers,

The gain of the sign changing amplifiers 5,6,7 and 8 and of the
summing amplifiers 9 and 10 has been closely defined by using 0,01% high

stability resistors as operational elements,

3¢5, BExperimental Results.,

34515 Measurement of *bd/Tm°

A lag of 35 second® was simulated to an mcuracy of better than one
percent on a ..Sélartron SCD 10 analogue computer, The output of the lag
- was connected to the parameter estimator. A step waveform of 10 volts
was applied to the input of the lag and simultaneously the estimatorb
oscillator was triggered. The oscillator used was g Servomex low
frequency oscillator;the period of the output waveform being used was
3.6 seconds. After a period of 12,1 seconds a reading was obtained
from the estimator output which was monitored on a digital voltmeter.
Subsequent readings appeared at the end of every 3.6 seconds interval,
Bach reading varied by approximately 1.1% around a mean value of 0,410

volts to give an output value of fg,: 0,1205 giving a value of Tm =

T
i

35,1 seconds,

After a time approximately equal to the time constant Tm large
deviations occurred in the output readings due to the limitations of the

log units,the accuracy of which deteriorated rapidly below inputs of the
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order of 4 volits..

The ratio,fg was varied in the range + 20% and the resulting
T
response of the estimator output voltage is shown in Figure 3,18,

Febele Measurement afVﬁ.

For a step voltage of mdgnitude + 10 volts + ,05% into the-lag
unit which had a gain of unity within an accuracy of i,0.1% the
sequentia;& parameter estimator output voltages were within + 2% of
10 volts for a period of time approximately equal to the time constant
Tm, Variations in the estimator average output voltage were then monitored
for a iIBO% swing in the input step voltage around a level of 8 volts,
The results are shown in Figure 3,19, Variation of the step voltage
magnitude had no significant effect on the measured value of Tm and
likewise the variation of the ratio % d/Tm had no significant effect on

the measured Imo

34503, Noise Measurements.,

The noise error in any sampled value of the input will be
equivalent to the noise signal on the output of an integrato: of unity
time constant after a computation period of one second, A ﬂolartron

Random Signal generator was avallgble with a specified spectral density

(15).

2
a(x) = a(0) (sige £)" where x = nf
f
c
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where G(O) is a constant set by the instrument controls and the cut off
frequency fo isg adﬁustable in semidecade steps from 0,032 c/s to 10 Ke/s.
A crest factor (Peak to R.M.S. Ratio) of 9.8 was used %o give near
gaussian distribution. The pesk level was set at 1 volt,the resulting
ReMoSe output being approximately 100 nmV. Care was taken to avoid the

preéence of any D.C. signal bals level,

An integrator was switched to repetitive operation with a compute
period of one second. The signal from the noise generator was fed to
the integrator and the value of the integrator voltage measured at the end of each
computation for about 30 computations, The maximum value of this series
of readings was then tabulated and the operation repeated for various

values of fc. The tabulation is shown below.

Fc Max, Integrator Fc Max, Integrator
Output Voltage Output Voltage
10 XKe/s 0,004 32 o/s 0.30
3,2 Ke/s 0,005 10 ¢/s 0,50
1,0 Ke/s 0.07 3.2 ¢/s 0.80
320 ¢/s 0.10 1.0 ¢/s 1.0
100 ¢/s 0,20

Though this test was not rigorous the results do indicate that
above an fc of %20 c/s the maximum noise error is less than 1%, assuming
a signal level of 10 volts, for a peak noise voltage of 10%, From the
point of view of boiler application it should be noted here that the
maximum noise content of the output signal from the heat flux meter

described in chapter 4 is of the order of 1% and confined to the high

end of the frequency spectrum, It is thus reasomable to suppose that

the resulting noise error using this technique will be insignificant,
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Further protection against the effect of spurious noise signals
is afforded by the nature of the system switching logic which will cancel

out any large deviation from the average output value,

The general layout of the parameter estimation switching logiec,

control computers and model adaptation networks is shown in Figure 3,20,

3,6, Parameter Estimation of Second Order System.
If the transfer function of the plant is of the form

Ms) = 1 g, TS

1+ Igs (1 + Tms).

wvhere T and Tf are known,parameter estimation can proceed in the manner

outlined above if the proper compensation network is used, Figure 3.21(a)

shows the relationship between fuel flow signal and heat flux of a boiler
where the heat flux time function H(t) is second order. If a processor
of the form

P(s) = (1 + Tfs) is used

then “'a first order time function H'(t) can be developed Figure 3,21 (b)

where H'(t) is of a form suitable for parameter estimation.

Processor realisation depends on the magnitude of the constant

T. and in the particular case of boiler application, where T, is of the

£ f
order of 4 to 5 seconds, it is easily accomplished in electronic

analogue form,

5.7. Parameter Estimation in the Presence of One Unknown.

If G(s) in the equation
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c¢(s) = u(e) a(s)

is of the form __ A and if M(t) and C(t) are continuous functions of
1 + =B

time Corbin has shown that A can be determined by simple analogue

methods.
¢(s) = u(s) _A
1 + sB
AM(s) = ¢(s) + sB C(s)
M(t) A = c(¢) +_4a B c(t).
) . at
Aj M(t) = jc(t)+3 ¢(t) + c(o).
Q Q
For C(o) = O.
.t

s = Jo c(s) + B o(t)

- .
f M(t)
° %

f c(t)

4
B =4 ofM(fc) -0
e(t).

3¢7+1+ Experimental Procedure,

(2)

In the particular case of a boiler, incremental heat flux and

boiler pressure are related by the transfer function

P(s) = K4 H(s)
(1 + ST1)(1 + STg)

24
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where Ky is a variable and Ty and T, are known, T, being equal to
10T, It is required to estimate K4 from the measured values of

P(t) and H(%),

Ky can be derived by the method shown in Figure 3.22, The

simple boiler model of Figure 4,11 with the exception of the distance
velocity leg was simﬁlated on an analogue computer with §H, the
incremental heat flux, and $P, the incremental pressure signals,being
processed as shown,computation being performed in real time. The
inclusion of the lag Ty in the &H circuit compensates for the second
order nature of the steam generation response., Using this approach
Ky was determined within 1% of its known value. The computer output
was also monmitored as K4 was varied within + 20% of its median value,
The resulting linear response of the computer output is shown in

| Figure %.23%,

().

To illustrate the general use of the method in determining an
unknown plant time constant the above experiment was repeated with the
computer configuration arranged to estimate T, XKy now being assumed
invariant for the purpose of this experiment only. The appropriate
compu;er configuration is shown in Fj.ggre 3.24. and the corresponding

results in Figure 3,25,

3.8, Summary,

If the dominant plant transfer function is of the form assumed
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in paragraph 1.3.3. then it has been shown that on line derivation of

the unknown fransfer function parameters can be achieved by the methods
outlined -above in a manner which is both accurate and linear,

Variations in the parameter values have been transformed into variations
about fixed bias voltage levels which are fed directly, or in the case
of Tm,!via an inverse function generator to the adaptive mechanism which
them formulates the plant model and any other variables within thg.

dynamic control conmputer.
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CHAPTER 4

BOILER DYNAMICS

Aele Igtroduction.

A steam generator is basically a heat exchanger where an
input feed water flow is converted by heat energy into output steam
flow at a determined pressure and temperature, Heat is supplied by
the burning of fuel -~ oil, gas or coal - in a furnace and transferred
by a process of radiation, conduction and convection first to the water
walls, where the complex mechanism of nucleate boiling produces steam
at saturation temperature, and thence to the superheater banks where

the steam is raised to the desired degree of superheat,

Steam generation is a dynamic process both the steady state
and transient behaviour of a particular plant configuration being
determined by the laws of thermodynamics and hydrodynamics. Because
of the difficulty inherent in the rigorous application of these
diseiplines to a dynamic polyphase system, plant design has been, until
quite recently, largely an empirical exercise and plant control purely

enpirical. However two valid simpliciations can be made,

Firstly though & wide diversity in design of steam generators
exist,in any steam plant there are two main flow paths,one being the
path associated with heat generation comprising fuel, combustion air
and combustion products and the other the steam generation path
comprising the water and steam circuilt. Thus we have a firing and

combustion stage and a steam generation stage., This division is
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generally accepted by authors and though simple in econcept its effect
is &r reaching,enabling, for example, the knowledge obtained of water -
steam dynamics in nuclear and experimental electric boilers to.be

directly applied to fossil fired industrial units,

Secondly to a large extent the use of superheaters enables
the steam pressure and temperature to be regarded as two separate
parameters over which independent control can be exercised. TFor a
constant pressure the degree of superheat can be altered by variation
of the gas damper angle or of the desuperheatef:égiay water mass flow

with a minimum of system interaction.

462, Firing)and Combustion Stage,

4,201, Gas and Oil,

Due to0 the absence of fuel transport or combustion lags the
response of a gas fired furnace is practically instantaneous, The
ignition time of atomised o0il particles though longer than that of
coal gas still constitutes no meaningful delay and the heat release in
an 0il fired furnace is dominated by the fuel pump response. Ergin (1)
has characterised the oil pump response by a single lag, a result

subsequently confirmed experimentally by Perrier (2),

4,2.2. Pulverised Coal.
In the United Kingdom the majority of steam plants above
300,000 lbs per hour are fired with pulverised fuel, A typical

layout of the fuel feed system is shown in Figure 4, ° Raw coal-fed
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from a bunker-passes through the feeder to the grinding mill where a
stream of hot air blows the finely ground particles through a sieve
to regulate fineness and thence via pipework to the burners in the
furnace. The coal dust is ignited in the flame space and the hot
products of combustion pass up the furnace, transmitting heat to the
water-steam circuit, What is required is a relationship between a
signal input to the coal feeder and the consequent heat release in

the furnace.,

Various dynamic phenomens are involved in the link between
these two factors: free fall of coal from feeder to mill, mill grinding
characteristics, separation of coarse and fine grained material in the
sifter, p&éumatic transport to the burners and final mixing and
combustion in the furnace, The last two phenomena are most easiif
dealt with, Hazard (3) has shown that the mechanism of mixing and
combustion can be represented by a single lag of the order of
40 milliseconds and,as a reasonable approximation,the mechanism of

pneumatic transport is analogous to a simple dead time,

Little is known theoretically about the dynamics of the
grinding mill which dominates the fuel response, Some static
characteristics have been given by Hiorns (10) and Frensch (4) and
Schneider (5) haié undertaken some theoretical analysis but their work
is unobtainable at the time of writing, Profos (6) established

empirical relationships for three different types of firing system.
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(a) F = %:@:E Cge Divect injection slow regulation

(b) P = (1+T28;(1+T38) “CF’ Direct injection fast regulation

1
() F = T?:Ezgy- Cpe  Bunker feed system,

o)

where T is defined as the intensity of the furnace fire and CF ig the
signal for adjusting the firing rate, The relationships were developed

for a Sulzer monotube bhoiler where:

Ty 8 o+ 50 seconds

To =Ty & . 60 seconds

T, 20 seconds,

The results for a bunker system were subsequently confirmed by
Prensch in 1961 (Loveridge (7)), Bunker firing is usually associated
with smaller units where preground coal is stored in a bunker close to
the furnace and fed via a pneumatic pump to the burners. The time
response of such a system is dependent only on the pump dynamics and is

thus quite fast,

The physical difference between the terms slow regulation and
fast regulation is not immediately obvious and Profos does not elaborate,
However an explanation must lie in the type of controcl exercised over the
components of the firing system., Toveridge (7) has suggested that one

of the lags in expression (b) may be due to the fuel distribution network
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and flame/furnace geometry effects, The lack of transit delay in this
expression is interesting and & partial explanation may lie in the quasi

fluid characteristics of the turbulent air dust mixture,

A detailed account of the ﬁeasurement of a pulverized fuel
system transfer function has been givdn by Quack (8)., A constant flow
of water was pumped through a tube projecting about 6 feet into the
furnace gas stream, heat input to the tube being estimated by measurement
of entry and exit water temperaturs, The initial transfer function

obtained was of the form

-sT
g whersa T = 25 seconds,
(147, s)(1+Tss)
T>> T
Tp = 60 seconds,

As the time response of both the coal feeder and the heat
measuring system were known the transfer function of the mill could be
derived and was found to be of the form

-sT{
g ;
1+Ts

where T' @ 5 seconds

T3 R 60 seconds

U51ng radio active tracer elements Bishop (11) conducted tests
on the firing system of a 100,000 1b per hour unit in the U.K, and his
results confirm those of other workers. The measured dead time was of

the order of 35 seconds and the mill time lag 45 seconds,
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4,2,3, Variation in Oalorific Yalue,

Unlike 0il or gas which have fairly constant calorific vﬁlues.
the calorific value of coal varies widely. Results published by
Stafford (9) show the variation in calorific value of coal supplied to a
typiéal power station. The values of consecutive 8 cwt lots of coal,
corresponding to a 1 minute supply for a 120 mw unit, were measured and a

variation of between 4070 to 10,000 Bthu/lb obtained.

4,204, IFurnace Efficiency.

The efficiency of any furnace configuration is dependent on the
mass flow of combustibles and tends to fall as the mass flow increases,

A detailed description of the process is given in Appendix t.

4,2,5. Heat Flux Measurement,

Direct measurement of heat flux in boiler tubes can now be
accomplished accurately by a thermo-couple method developed by

Northover (12). The thermocouple meter shown in Figure 4.2, consists of

a hollow cylinder, one end of which is closed by a disc of thermo
electrically dissimilar material. The walls of the cylinder are welded

to the hoiler tube,

Heat flowing into the disc distributes. radially to the
cylinder walls,the thermal resistance of the disc creating a radial
temperature gradient, The emf developed between the centre of the disc

and the cylinder wall is proportional to the magnitude of the disc radial




temperature difference and therefore to the heat flux, The device is
simple, robust and inexpensive and the average output of a matrix of
such meters will yield the average value of the heat flux into the

riser tubes,

Northover has stated (42) that the time response of the meter
is of the order of one second and that the noise content of the output
glgnal is approximately one percent, If short term variations in the
flame shape are averaged out by a matrix of meters tﬁe renaining noise

consists of vexy high frequency components which can be easily filtered.

An instrument which can measure boiler heat flux quickly and
directly obviously provides the boilexr control engineer with a new

approach to boiler control philosophy,
43206‘ Summ& a
It is apparent that the transfer function of the firing and

combustion stage of a pulverised coal unit is of the form

F = Kce"Ts ¢
(1+Tfs)(1+Tms) £

where F is heat released in the furnace and C_, is the signal adjusting

f
the fuel rate, T is a dead time associated with the mill and pipework
configuration and is hence constant. Kc is dependent on fuel célorific

value, dryness and furnace efficiency and is a variable. Tm.is the

81,
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grinding mill time lag and is a function of coal hardness and dampness
and will be assumed to be a variable, Tf is the lag associated with the
coal feeder which can be considered constant, and is of the order of 4

to 5 seconds for a large unit,

4,35, Steam Generatiion.

4,%,1. The Boiling Process,

The advent-of nuclear reactors as heat sources in steam
generators has led to intensive research into the dynamics of boiling
steam water mixtures. Much experimental work has been undertaken and
several theories advanced. It is relevant to review this work briefly

before proceeding to study the dynamics of large boiling water systems,

4.5.2. Regimes in Boiling.

If the wall temperature of a submerged heating element is
raised above saturation temperature convection currents circulate the
superheated liquid and steam is evaporated from the free liquid surface,
When the wall temperature is increased bubbles of vapour form on the
metal surface at favoured spots, grow, and finally rise from the wall
but condense before reaching the free liquid surface. A further rise
in wall temperature prddﬁGGS"larger and more numerous bubbles which

transmit steam directly to the free surface.

With the onset of vapour bubble formation the rate of heat
transfer to the liquid increases. Accelerated boiling causes the heating

element to become covered with a thin layer o? vapour which has a poor
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coefficient of heat transfer and for a given dissipation in the element

high wall temperatures result,

The exact mechanism of nucleation or bubble formation is
unknown though Rohsenow (13) has shown quantitatively that only a small
fraction of the heat is transferred to the vapour in the bubble and that
the rise in heat transfer rate associated with nucleate boiling occurs
due to the loecal agitation or mixing in the liquid caused by bubble motion.
Bubbles tend to form at special points on the heated surface and the
boiling process is greatly influenced by surface conditions., Quantitative
results have been given by Jackobs (14). A high degree of local superheat
is essential «~ of the order of one to two hundred degrees =~ before bubbdle
formation can occur, the exact degree of superheat being dependent on
surface conditions, The liquid agitation caused by subsequent bubble

motion immediately reduces local superheat to the order of a few degrees,

Boiling in Vertical Tubes.

O0f particular interest to the boiler engineer is the study of
boiling in vertical heated tubes. Subcooled water enters the bottoﬁ of
the tube and a mixture of steam and water exits from the top. The
various regimes of boiling exist along the length of the pipe, some idea
of their relative position being possible by local measurement of heat

transfer coefficients,

Rohsenow (15) has shown that the heat transfer rate in the

of
non~boiling and subcooled (i.e, no net generation,vapour) boiling regimes
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is determined by tx where

ot
i

tube wall temperature

tL = liquid temperature

There is some dependence on liquid wvelocity in the non-boiling
zone but at the onset of nucleate boiling bubble agitation largely
determines the heat transfer rate and the effect of fluid velocity is not

great,

BEmpirical correlations by Jems (16) for surface boiling of upward
flowing water in electrically heated stainless steel tubes produced an
equation for heat transfer in the boiling zone which has been used, in a

modified form, by subsequent workers in the study of boiler dynamics

4
Heat flow = C(tx)4 where ¢ =g P/900}
1.9
P is the absolute pressure and e¢ the exponential function,

Recent research work into the behav;our of boiling fluids in
heated tubes has been carried out by several groups of workers, The
apparatus usually consists of a wvertical tube heated uniformly by
electrical means, or in the case of Dengler (17) I:’external steam Jackets,
through which is forced water at high pressure. Exit qualities of up
to 100% have been obtained for the correct simulation of once through
boilers, Facilities were available to measure steamlquality and wall

¢

fluid temperatures and the steam void fraction at varidus positions in the
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pipe has been monitored by several authors, Dengler used soluble
radioactive tracer elements with counter units on the tube wall, Laird
(18) and Haywood (19) have proposed systems whereby the attenuation

suffered by gamma rays passing through the two phase fuild gives an

indication of the water content of the mixture,

Detailed photographic evidence of the two phase flow patterns
has been provided by Gunther (20) for horizontal channels, by Tippets (21)

for vertical pipes and Zahn (22) for horizontal tubes,

The general flow pattern experienced is summarised by Becker (23)

and shown in Figure 4,3, The pipe can be divided into several regions,

1, SubcooledARggion.

Cool water enters the bottom of the pipe and the upward
flowing liquid is brought to saturation condition by two mechanisms,
(a) temperature of the liquid increases due to heat transfer from the walls
(b) the local seaturation temperature decreases because of pressure decrease

owing to wall friction effects and reduction in static head,

2, Subcooled Boiling,

Bubbles form on the tube wall detach themselves but later
condense in the main fluid stream. No net vapour is generated though

the resulting bubble agitation results in increased heat transfer rate,

3. Bulk Nucleate Boiling.

In this region there is a rapid increase in the number and size

of the bubbles generated and hydrodynamic effects tend to concentrate
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the upward flowing vapour in the centre of the fluid streanm,

4. Slug Flow,

Slugs. of a finely divided froth of vapour and liquid alternate
periodically with a configuration which consists of a thick calm layer of
liquid against the wall face and a central zone of high vapour
concentration, The periodicity of alteration has been measured by Tippets

and found to be of the order of 0,1 seconds for one configuration,

According to Dengler heat transfer in this zone is largely
convective the nucleate boiling processes being suppressed by increased
liquid velocity caused by the increadpﬂ kinetic energy of the vapour
phase, Departure from nucleate boiling is indicated by a rapidly
rising wall/fluid temperature differential. Heat transfer rate is largely

dependent on bulk fluid velocity.

5. Two Phase Annular Flow.

In this region the walls of the tube are covered with a fine
layer of boiling liquid and the bulk of the tube volume being occupied at
low mass velocities and high steam qualities by a dispersion of droplets in
a continuous vapour phase and at high mass velocities and low steam quality
by an emulsion of liquid and vapour, Vigorous boiling takes place in the
thin wter layer and water evaporates into the wvapour core, there being a

simultaneous diffusion of droplets to the water film.

The net effect is a decrease in the water layer thickness in

the direction of flow. The increasing velocity of the wvapour causes a
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shear stress to occur at the phase boundary, the resulting ripple
formation tending to déstroy the water layer continuity and leading &
high steam velocities to dry wall conditions with associated burn out

dangers above critical heat flux levels,

A thin film of vapour effectively exists between the wall and
liquid layer resulting in poor heat transfer and very high wall temperatures.
Swenson (24) has derived empirical heat transfer relationships for this

region where the evaporation process is sometimes termed f£film boiling.

6. Fog or Spray Flow,

With the final collapse of the wall liquid layer the flow
{
resembles & low density mist or spray,. Surface boiling no longer exists

and heat trangfer rate is influenced mainly by the vapour velocity.

4,3.3. The effect of flow rate, heat input and pressure variations.

The observed effect of increasing the entry liquid velocity or
increasing entry liquid subcooling is to suppress the initiation of
boiling, lengthen the liquid leg and move the various boiling regimes
further upstream, The resulting loss of hydrostatic head in the
nucleate boiling zone adversely &€fects vapour velocity and subsequent
heat transfer rates in the upstream regions which more than counteracts
the slight increase of heat transferred in the subceooled zone. The net

result is a decrease in the exit fluid dryness for a given heat input,

1

A rise im heat input for a given liquid velocity has the reverse

effect while a pressure ‘increase,by raising saturation temperature,again
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suppresses nucleate boiling and lengthens the tube water leg.
4,%.4., Theoretical Studies,

The difficulty of estimating a Reynolds number to determine
the frictional pressure drop of a two phase fluid is one of the factors
hindering the theoretical solution of the annular boiling problem.
Tentative empirical relationships advanced by Martinelli (25), which were
based on a comparison of single and two phase flow pressure drops, are
quite widely used and have had a fair measure of success., Several
recent theoretical models have been published, the two limiting cases of
homogenuous flow (completely mixed) and annular flow (completely

separated) being normally considered,

The homogeneous model is relatively easy to analyse as the two
phase mixture is considered as a single fluid with zero steam/water
slip velocity, The study of annular flow systems has been undertaken by
Hillier (27) and Chisholm (28), The latters' theoretical model being

subsequently supported experimentally by Laird,

The dynamics of the intermediate bubble flow regime (partially
mixed) which dominate a large portion of the boiling volume have proved
difficult to analyse. Levy (26) has proposed a momentum exchange model
which assumes that the liquid and vapour phases have equal friction and
head losses. Such an assumption implies a differing flow structure
between vertical and horizontal flow which has little support from the

literature. However falr correlation has been obtained by this model
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with the earlier empirical results of Martinelli,

A variable density single fluid model with zero phase slip
has been proposed by Bankoff (29) in which he assumes that the vapour
bubbles have a fixed distribution across the tube diameter, the distribution
being a maximum at the tube centre. Though fair correlation has bheen
obtained with earlier workers the model appears unrealistic because, as
zero void frdgtion is assumed at the tube walls, additional friction due

to wall bubble formation has beer.neglected,

4.4, Boiling Water Systems.

Some early work by Haywood (30) on the dynamics of a simple
natural circulation down comer riser drum loop demonstrated the theoretical
equivalence of the hydrodynamic and thermodynamic circulation theories,

A homogeneous riser fluid was assumed and thus poor correlation was
obtained between practical and theoretical results due to the neglect of

the steam slip effect,

When steam slip exists the steam velocity is greater and the
water velocity less than under corresponding conditions in homﬁgeneous
flow and since the water forms the main mass of the mixture under normal
conditions the increase of momentum of the riser mixture is less in slip
flow, The effect of slip is consequently to reduce the acceleration
pressure drop below that produced by the homogeneous theory. Also, since
the water velocity is reduced by slip flow, the water occupies a greater
percentage of the tube volume in slip flow than under corresponding

conditions in homogeneous flow, so that the effect of slip is to increase
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the gravitational pressure drop above that predicted by the homogeneous

theory.

Later experimental work incorporating this effect was undertaken

by Laird and Anderson (31),

Both used an electrically heated riser section’investigated the
relationship between flow rate and input power and the conditions which led
to circuit instability. Though the results of Laird are by far the more
comprehensive, Anderson's work is interesting because a computer
simulation of the theoretical model was made and direct comparison

obtained between the model and the physical system.

As expected the model was sensitive to the value chosen for the
stean slip, Experimental work was carried out using a variety of pipe

diameters,

The effect of pressure variations on steady state down comer
and hence riser mass flow rates has been highlighted by Laird and his
results are summarised in Figure 4o4. It is obvious that for pressure
changes of the order of 200 1lbs/sq,in, the operating region of 1000 lbs/sq.in.
mags flow changes are small, the largest being approximately 5% for a

1 1/4" diameter pipe at 100% of maximum heat input.

Instability or circuit breakdown was investigated by both
sets of authors, Parameter perturbation on Anderson's computer model
showed that the riser time delay was a key factor and its removal enhanced

stability at all power levels. This result is in keeping with the
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assumption that pressure change resulting from incremental riser steam

flow is the dominant factor in the system stability.
Tests performed by Laird show that:

(a) At any pressure,for each tube diameter there is a limiting

rate of pressure fall beyond which natural circulation fails,

(b) There exists for any boiler pressure & circulation velocity

- beyond which circulation failure cannot be produced by pressure drop., This

result is illustrated in Figure 4.5,

Result (a) is well known and is a consequence of down-comer ebullition
which leads to a loss of hydrostatic head, circuit failure and possible
tube burn out, The ramifications of result (b) appear to have been
overlooked by some later workers (33) and (34), in the field of boiler
water level control. Drum pressure fall due to increased steam load is
accompanied by a rapid increase in evaporation rate with consequent drop

in the length of the water leg and surge in drum water level.

Drum level can be restored by a reduction in feed-water flow
rate, However the decrease in flow of the relatively low enthalpy
feed~water increases average drum and down-comer enthalpy which for a
given rate of pressure fall hastens the onset of down-comer ebullition,
If by correct boiler design the danger of ebullition can be removed or
at least minimised a wider turn dowm of feed flow is obviously possible
and greater control can thus be exercised over boiler water level
transients., Clearly this is a case where controllability can be

designed into the boiler systenm,
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The direct relevance of the results outlined from uniformly
heated systems, such as those used by Laird and Anderson, to furnace
fired waterwalls with non-uniform heating was demonstrated by Laird,
who showed experimentally that the system behaviour was dependent only
on the heat input and not on the manner of its distribution around the

tube,

4.5, [Theoretical Boiler Models.

Some elementary work on boiler modelling has been undertaken
by Profos (6) for a once through boiler and by Thomas (35) for a shell
type boiler., Although these boilers differ widely in structure both
authors related the dynamic response of the heat output (steam section)

to changes in the heat input (combustion) by a simple first order lag,

The first comprehensive dynamic model of a boiler comprising
drum down-comer rigser and superheater sections was proposed by Chien (36),
Hig analysis was based on an oiled fired naval unit and from the
twenty—-one linear differential system equations which he developed six
transfer functions, relating the input variables of steam flow, feed
flow and heat, to the output variables of water level and drum pressure,
were derived, The method of analysis used in this work which was later
supplemented (37) has formed the basis of much subsequent work on

boiler dynamics,

4,51 The Chien Model,
The boiler was divided into four sections (a) the gas path

(b) riser down-comer loop (¢) drum and (d) superheater. The time lag




associated with the economiser was considered to be of sufficient
magnitude to justify its exclusion from the dynamic analysis, An

outline of the flow process is shown in Figure 4.6,

The system equations of flow, heat transfer and state can
generally be described by sets of nonlinear partial differential equations,
the solution of which can be obtained either by numerical methods of by
linearising about a steady operating point in the state space, To
avoid prohibitive computational difficulties Chien opted for the latter
approach, VWhile introducing essential mathematical simplicity, linear-
isation also produces errors which are dependent not only on the
incremental deviation from the operating point but also on the degree of
nonlinearity involved and are thus particularly manifest in the high

order nonlinear relationships associated with heat transfer.

Continuity momentum and energy equations were derived for the
various sections and, where necessary, empirical relationships utilised,
| A summary of the assumptions made and of the general method of approach

in the various sections will now be given.

{(a) Down-comer Riser Loop.

Simple incompressible fluid flow was assumed to exist in the
down=comer with no heat %:ransfer9 temperature everywhere being equal to
drum temperature, Entry and head losses were accounted for and down-comer
liquid kinetic energy was assumed completely dissipated in a mud drum
which terminated the down-comer. This part of the loop was thus

repreéented by a simple dead time,
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The riser dynamics were described by continuity, momentum and
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energy equations, Entrance loss, frictional, gravitational and inertial

terms were included though the rate of change of kinetic energy of the

riser fluid was assumed negligible in comparison with the heat energy

involved, The liquid vapour mixture was assumed to be at the drum liquid

temperature, steam slip to be zero and steam quality constant throughout
the riser length, Heat transfer from the walls to the boiling mixture
was based on the empirical relationship developed by Jens modified by
the assumption that of the total heat transferred one quarter is used to
bring the water to saturation temperature and the remainder used in

evaporation. The modified boiling heat transfer equation used was

Heat transferred = Kg (tx)3

where tx is the difference between wall and drum saturation temperatures

and K_, the heat transfer coefficient which is derived from steady state

g
conditions,
(b) Drum

Heat and mass balance equations were set up to describe the
drum dynamics, The vapour phase is assumed to be at the saturation
temperature and the liguid temperature to be uniform except for a thin

surface layer where a temperature gradient existed due to turbulence,

It was postulated that the inter-phase mags transfer rate was proportional

to this liquid/vapour temperature differential which could be
experimentally derived from boiler measurements and was of the order of

10°F,
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(¢) @Gas Path

Gas temperature was taken as proportional to fuel flow and the
hegt transfer mechanism was assumed to be purely convective, In a
modern boiler a fair proportion of the heat transfer is radiative and this
latter assumption is not quite accurate, a point which has been made ?y

Markson (38),

As the gas flow path was from the superheater to the riser i)ankss
the heat transferred to fthe superheater was first calculated to obtain

correct values for the gas temperature at the entrance to the riser section,

System equationg.

The relevant system equations will now be listed for the various

boiler sections, § nomenclature is included at the end of this chapter.

Down Comer,

Momentum equation

_(Pw ~ PB) =f, Ly (W) -Pulp + W

gAﬁ Dp /pw 2gipr§
+.££; aw . .
gAp dt

fn the RHS of this equation the first term represents friction, the
second gravitational head, the third entrance losses and the fourth
- inertia, PB is the drum pressure and PW the pressure in the mud drum

at the bottom of the down coner,




96,

Riser.

state equation

l = X + 1 =X
JD 70fB w
continuity equation
W =W = L,Ay &4
W T
monmentum equation
(B, =Fp) = Lp dy + fr Iy W2+ Ly f+ 1 w2
ghy dt g A'-rvr 28 r P

Energxa
Qp + W b, =x ho, - (1-x)hWb

= 4 A L_hp.
at ~ T

where h,_is the enthalpy of evaporation and h is the enthalpy of the

fg
mixture,

Heat Input to Rider Tubes.

Heat transfer from riser tube wall into boiling liquid is given by

Q‘B = Kg (TWB - TB),'-'!.

Thus heat input to riser tubes

Up = % =3 O3 Typ
at




where MB and C

B

are respéctively the mass and heat capacitance of the

riser tube bank,

Drum,
I — -

Liquid heat balance.

(1 - x)W TB

where We is the rate of evaporation from the drum liquid and M is the

#W D -W T -Wo-hy o= g_t (M),

mass of the liquid phase,

Liquid mass bgalance

wi+(1-=x)w-ww~we = aM .

Steam mass balance,

W xW =Wy = gt{ vaBQ

where V. is the Volume of the steam phase,

B

also
o Vg
S

where A is the

= =A By
AP, Sy

- B

liquid surface area and y the water level,

State equations.

The following state equations are assumed,

97,




a8,
W K, (T = TB)

K8 P
& Pp= K5R

STB

where KT and KB are derived from steam tables for the range of steady state

values considered.

Gas Path.

where Tc is the combustion gas temperature entering the super heater banks,

(see Figure 4.6,)yand W, the fuel flow rate,

Average gas temperature at superheater bank is given by

T = T =1 Q
gs c 3 _&8
C_W
g T

where Qgs is the heat input into the superheater walls aﬁd Cg is related

to the heat capacitance of the combustion gases

¢, = 00{1 + y_é}
We

Heg;e the functién WA represents the air fuel ratio and Cc igs the heat
We

capacitance of the combustion gases which is assumed to be constant,

Heat transfer rate from the hot gases to the superheater wall is assumed
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given by

‘ 10,6
Q - K (Wf) b (Tgs )o

g8 es w8

K s being determined from steady state conditions,

Gas temperature at entrance to riser is thus

T

I
3
1
o

CB c _g8_
g f
Average gas temperature at riser banks,

T _ =T ’

gB ¢B -;g Qgs = To = an - ':‘2' .nga
C_ W ¢ W PeW
gt g ¥ - g f

Heat transfer rate to riser bank

Qg = 0.6 K g (W )°5(T -13)

4,5,2, The Stafford Simulation.

In 1962 Stafford (9) pmgrammed the Chien equations on a digital
compiter using physical data obtained from a natural circulation power
station boiler, The boilér physical parameters are listed in APPENDIX 2.
and the simulated transient responses dhtained are shown in Figure 4.7.,

: gx__, and 4:9. The responsesare seen to be of a quite simple mature ané.
correapond closely to the earlier published results of Chien for a naval

boilex,

Thesg transient responses can be approximated closely by a series
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of linear transfer functions. If EPF’ EPS’ EPI’ EYF’ EYS and EYI

represent the boiler transfer functions relating pressure and water
level variations to changes in the heat input rate from the furnace,

stean flow rate and water flow rate we have

B = X4
PF (17 + 258)(1 + 2508)
-K

Bps =  Ti 7 2508)
Bpy = —fa

(1 + 2508)
Bop = - X
F (1 + 208) S
Byg = K6 . - .__..El____

(1 + 208) (2508 + 1)
E = K8
I )

where

Ko = 4625 K4 o= o455 X6 = 0,404
Ko » K K7

and K8 = 0,000093,

The time responses of the above transfer functions are shown for

compaiison in Figures 4.7., 4.8 and 4.9, and can be seen to approximate

closely to the computed responseén Thus in this operating range the

steam generation section can be represented by the linear block diagram




101,

of Figure 4.10. The complete block diagram relating pressure with steam

flow and fuel demand is shown in Figure 4.11. . This diagram,which is
derived directly from Figures 4,10 and the éQuationideriVéd in paragraph
402,64 represents’ the model structure which will form the basis of this

study.
4,5,3, Parameter Variation,

The behaviour of the parameters Kc?Tf and Tm of Figure 424 o
have already been discussed in section 4.2, and we will deal here
exclusively with the behaviour of the parameters Ky, Ky Ty and Ty, These
rarameters have been derived from a small signal linear analysis of a complex
nonlinear system about a fixed operating point in the state space and their

variation at different operating points must now be examined,

If Ty ig regarded as being associated entirely with the stean
capacitance of the b01ler a clearer 1nsmght may be obtained by redrawing
the stean generatlon section of Figure 4.11. in the form shown in Figure 4.1
Here K is the factor of proportionality relating pressure to the evaporation

rate FG“

and (a) T3 = DK, (b) K, ='1/K.

Il

(¢) K{i = X Ko

The transfer function relating heat flow into the walls of the

riser and boiling section and the evaporation rate is thus of the form
.
—Ke
1 + STy
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+
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Diagram of Steam,

Pigure 4,10,

Generation Section,
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The lag Ty 1s related to the time required to establish the new
wall temperature conditions which determine the heatatransfer rate to the
boiling water mixtures and to the time required to establish the new
steaming conditions,

The first time interval is related to the themmal inertia of.the
heated water wall iron mass and is constant for anyr configuration. As
we have seen earlier (paragraph 4,3,2,) the process of nucleate boiling
tends to dominate the mixing and heat transfer rates in the boiling zone
and thus little error seems to be incurred in assuming that the second
‘fime interval is also constant, T4 can therefore be regarded as

invariant,

Kﬁ is proportional to the heat transfer coefficients existing
at the various sections of the riser tube walls corresponding to the
different boiling regimes'and is thus dependent on' the evaporation rate,
In the boiler model K4' and hence‘K1 will be regarded as a variable and

ites variation must be taken into account in the adaptive control process.

For any heat input rate the evaporation rate F, is proportional

G
to the drum pressure. The factor of proportionality K is a function of
the boiler physical constants and steam tables indicate that it is

invariant over a fairly wide range of pressure variation.

Morton has derived a value of K for a naval boiler which
indicates the order of magnitude of this constant.

K = 5,31 lbs of steam per sec. per 1b/ﬂ“o
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After leaving the riser steam enters the separator and a mass
balance may be performed between entrance and exit steam flow, Any
imbalance has a direct effect on the drum pressure via the boiler

incremental capacity. T4 which is a function of pressure and the boiler

gteam volume,

Thussfor a steam space of volume V cubic feet containing w 1lb

of steam,the steam specific volume is given by

V. = ¥
5 Y

If a further mass $w is accumulated in the steam space the
change in specific volume is given by

w4+ Ow

0’0 Wat+dWw Vg+wdVy + SwdViyg = V = Vg

Sw Vg + wdlig =0

Now for steam at pressure P

PVN = constant = Kv

8—.:% + Né;,,lﬂ: 0
V;s
o SP = NP = I\TP/(F - F) dt.
—L == ¢~ s
W w ‘
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where FG = generation rate of steanm
‘FS = stean flow rate,
P = NPVS/(F - Fgq) at
S0 — a S

I

N P Ky P"N/(FG - Fg) at
v

i

1013 Ky //p(F - F,) dt for N = 1,13 (Lewitt (41))
Tp 0,13 ¢ 8

Hi

!
%0 Ty = Y p 0013

?J3~Kv

It is thus seen that T, is relatively independent of moderate

pressure changes and can thus be regarded as constant,

0f the four parameters Kﬂ’Ka’Tq and T, considered therefore only
Ks need by regarded as variable and hence appropriate changes in its
magnitude will render the steam generation section of Figure 4.11 valid

over a wide range of steaming conditions,

4,6, Water Circuit,

If the drum is assumed to be a pure capacitance then water level
is dependent on a mass balance of down comer, feed and separator mass
flows, Following Bstrada (%2) we can thus perform a steady state mass

balance at the drum end separator,

Drun mass balance,
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Separator mass bhalance,

FD o+ FS = FR
FS = FGD
where ML = drum water mass
Fp = feed liquid flow 1b/sec
FX = down comer liquid flow.lb/seq
Fp, = liquid flow out of separator.lb/sec
F, = riser mass mass flow into separator 1b/sec,

It has been shown by Laird (paragraph 4.4.) that large pressure

variations have little effect on the down comer and hence riser steady

state mass flow rates and, at a given value of heat input, F, can be

R
taken as constant and virtually independent of pressure, A transient

change in FS which alters drum pressure and subsequently F, has no effect

G

therefore on F_ and any transient change in F_ will depend solely on s

R

change in the generated steam rate,

D

Thus

ST = -&F

D G*

and

y(t) = _1_ §F,(t) at,

vwhere y is the water level and Ly a time constant related to the drum

physical constants,




A complete transient relationship between steam flow rate and
drum water level must include one other factor and this will now be

discussed,

The quantity of water in the entire heat addition section is
dependent on the evaporation rate;being less at high values than at low,

A change in steam evaporation rate therefore results in a mass transfer

106,

of water between the down comer drum section and the heat addition section

which is accomplished in the transient by a change in down comer mass flow

rate, The magnitude of this phenomenon, which is directly responsible
for the experienced non minimum phase response of boiler water level, is
proportional to the relative water mass stored in the heat addition

section at high and low rates of evaporation.

An empirical relationship has been derived by Morton (33) for

a naval boiler and shown in Figure 4613, Unless adequately controlled

this effect sets an upper limit to the maximum rate of change of steam
generation obtainable, Mortons relationshipiiFG) which can easily be
obtained experimentally for any boiler system, is valid only at constant
pressure and diring transient conditions a pressure connection factor

nust be added,

As the mass transfer of water is equal to the change in void
fraction of the heat addition section we have the pressure volume

relationship
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1,13

PV = KV = constant
o o LoG Vv = 0,885 Log Ky
P
v = Antilog {0,885 log Ky 5
4 P

If W = mags of water transferred then
W= By £(R,) £,(2)

where
£4(P)

1

Antilog{0,885 log Ky }
-+

As W is proportional to FG then W(s) must be proportional to
FG(S) and thus the transient nature of this phenomenon can easgily be

estimated,

A block diagram showing the complete transient relationship

between steam flow and water level is illustrated in Pigure 4.14. In

this diagram L, is a constant relating the inch change in water level
per pound of water transferred from the hoiling section into the down

comer loop.
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Chien Equations = Nomenclatiig

drum pressure

mud drum pressure

saturated vapour density corresponding to PB
saturated liquid density corresponding to PB
quality of mixture leaving riser

density of ligquid vapour mixture leaving riser

feed water temperature

saturation temperature corresponding to PB

drum and down comer liquid temperature

superheater tube wall temperature

riser tube wall temperature

average gas temperature of superheater banks

average gas temperature at riser banks

combustion gas tempgrature entering super heater banks

enthalpy of riser mixture

enthalpy of saturated vapour corresponding to PB

enthalpy of saturated liquid corresponding to PB

enthalpy of drum and down comer liquid

enthalpy of evaporation corresponding to PB

heat input rate from hot gases to into super heater tube walls,
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heat input rate from riser tube walls into boiling liquid
heat input rate from hot gases into riser tube walls
fuel mass flow rate

air mass flow rate

feed water mass flow rate

down comer mass flow rate

riser mass flow rate

mass evaporation rate from drum liquid surface

steam mass flow rate from drum into super heater

nass oérdrum liquid

mass of riser tubes

volume of vapour phase in drum

drum liquid level

riser tube length

down comer and riser cross sectlonal areas respectively
down” comer and riser diameter respectiﬁely

heat capacitance of riser tubes

heat_capacitancé of combustion gases-

heat transfer coefficient from hot gases to super heater wall

heat transfer coefficients from combustion to riser tubes and

from riser tubes to boiling liquid respectively,
evaporation rate constant of drum liquid
friction coefficient of riser and down comer tubes

constants for state equations of saturated steam.
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CHAPTER 5

CONTROLLER APPLICATION

5.1 Introduction.

The noxmal form of boliler combustion control is shown in
Filovre 5.1. where the three term controller can be realized either
prewatically oxr electronically (1), In practice controller seh up is
generally & purely empiricall® exercise though, when properly adjustedl
such a control system produces satisfactory control characteristics for
steady state operation, Three term control is, however, less than ideal

for laxge transient load changes due mainly to the large thermal lags

agsociated with the combustion and bolling processes.

A decrease in boller response time would obviously be desirable
as it would enhance the stability of the overall syétem during load
transient conditions, Dual mode operation of a boller thus seems
attractivey the normal control terms being operative under steady
steaming conditions and,at the onset of a transient, the system control
being switched to a dynamic mode, The object of the dynamie controller
would be to vestore the boilef pressure in the minimum possible time in

a manner compatible with the normal system constraints,

5.2, Dynamic Ontimization.

The relatively simple monotonic time funetion relating fuel
demand input and steam pressure which was derived in chapter 4 permits

the realization of the dynamic optimization scheme of ghapter. i1 in
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analogue rather than digital form., The general outline of such a control

gcheme will now be given,

& schematic diagram of a boiler dual mode control gystem is

shown in Flgure 5,2, the control compubtsr performing the four distinet

Panotions of

(a) mode svwitching

(b) switching function generation
() parameter estimation

*

(d) model adaptation

In the proposed boiler adaptive control system parameter
estimation will take place only after the initiation of a transient with
mnodel formulation and switching function generation being completed
before the end of the first possible switching interval, The elements

of the control computer are shown schematically in Figure 5.3,

5.2.1, Mode Switching.,

In a dusl mode control scheme mode switching is initiated by
a sudden load change of either polarity which is greater than a specified
mindimin value, 1In a boller the load change ‘F&l can be asce?tain@d at;
avwy lvad value by measuring the wesulting deviation of the boiler

pressure P. from its set point condition,

5P(s) = =Ko & Fiis)o
1 4 STy

& Bs) = - %%P(s) & oy éP(s)g

Jo

Ka
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The arrangement is shown in Figure 5.4. the realizability of
the differential term being due to the extremely low noise level
associated with drum pressure measurement, As the load'change can
eithexr be positive or negative two comparators are necessary ¢ indicate
the sorrect polarity to subsequent switching logic., Mode switching is

effected by an output frow sither comparator,

The minimum value of load chadige over which the dynamic
controller can exercise adequate control is a function of the combined .
boiler and controller characteristics and will be discussed in ghaper 6.
o avoid instability at the mode switching boundary the compuber must
be arranged to revert to normal feedback controls only on the completion

of the full switching program.

S efe2o Swiltchling Function Gensaration.

Using the simplified bodler model derived from chapter 4 we
can relate the incremental fuel Fflow signal to the boiler pressure
change by the block diagram shown in Figure %5,  If, due to an

L
incremental change &ngwhiah has oceurred in the steam flowjan ErTOY
®P exists between the set point boiler pressure PS? and the measured
boiler pressure, then the désired equilibrium value ¢an be regained in
ninimm time by applying the maximum control éffort available in the

foel supply mechanism in a mapner determined by a previously dexived

switching function,

Ta Pioure 5,5, M is the maximum turn up availadle at the
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original load level, A is the final incremental position of the

fuel gupply actuator and 4y ard %y are the caleulated switching

fimes for minimum time response of the boller pressure with no overshoot.
IE the plaut parametars were time invariant the switching function could
v derived for an incremental step in steam flow demand by the manner

shown in Pigure 5,6.(c).

Pirstly the mode pwitching logic will determine the instant of
operation of the controller and whetheréng is positive or negative,
For correct operation the computer must know the incremental value of Fs”
and hence P, and the value of M available at the currvent operating level,
Incremental values of the system variables can only be measured if the
Loitial zero time values are known, This requires memory elements
which are formulated in an analogue system by track &nd hold amplifiers.

Hence if we vegard Fa(t) in Mlgure 5.6.{a) as a tine varying parameter,

its value at any time is given by the output of the amplifier 1 Wheré
RC is small in comparigon with any possible zate of ﬁﬁ(t)o Anplifier

1 is said to track Fs(t)o If at any time the switch 1ls open cireuited
the amplifier will hold the value of Fs(t) at the instant of ewitohing
and the incremental value of 5FS will appear at the output of
guplifier 2, WM can also be determined by a track and hold amplifier

aorltordng the fuel actuvator position ss showa in Figure §g6o§blo

Ta Flaure 5 .6,(¢) we have sasumed thatiiFg determines &P

and A, dirvectly, As a direct relationship exists between the Tuel



P,
e
o

actuator position and the new lcead wvalue determined bywSFsg the 1étter
asgumpbion is obviously true, The walue of &P determined by &F_ is
the final steady state valve of the pressuve errowx,it being assumed
ivdtially, for ease of presentation, that the incremental pressure
abysge due %053?8 alone will have reached & steady stvate value before

| interval t3. The relationship between.&Fs and ®P and its effect on

the computation are discussed in chapter 6,

If the transient charscteristics of the boiler are not constant
and if any varlation can be represented by paraneter variations within a
rigid model structure, then optimum switching can be performed by the
method illustrated in Fieure H.6.(c). . where the parameters of the
plant awalogup model are adapted to foree a best fit between the model
ard vhe system, Vodel parametbor adjustment will be hased on the
estimatsd values of the corresponding plant variable coefficients, which
in accordance with chaplter 4, are sssumed o be Kﬁ (a function of the
fuel calovific value and throughpat), T, (& function of coal hardness,
dampross and general mill vegpouse) and K¢ which is a function of boiler
load,

The actual switching function is produced by the trajectory
couputer for specific values of &P, A, and model output time functions,
Tu this study the traj%@tory computer has been formulated in electronic
aﬁaiague torms and & Tull description of its realization is given in

chapter 6,

DR W
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562630 Parameter Belimation,

Systen parameter estimation cen be carvied out by dirset
nezsurenents of the system outputs of heat flux and pressure,knowing
the magnitudes of the incremental stean flow and fuel demand signalﬁo
Svidlding the system into two parits we have
(a) The relationship between incremental fuel demand and
incrementsal heat fluz,
(b) The relationship between incremenial change in heat flux
and the resulting incremental change in hoiler pressure,
From (a) we can determine the walues of K, and T and from (b) the value
of Eas The general cutline of the parameter estimators is shown in
Plaure 5,7,
5Pt represents the total measured variation in the drum pressure
dua to the conbined effect éf rariationg in heat flux, steam flow and
water flow, The inersmental pressure change due to heat flux dlone
can be determined by subtracting the added effect of the other two factors

from the total pressure vaviation, B, and B . represent the relevant

o Pl
transfer functions which have been defined in chapter 4. E is load

PI
variant but ag its offeet in this case ig second order it can be regarded

ag constant,

The realization of suitable logic controlled parameter

estimators bas already been described in chapher 3,
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5:2.40. MNModel Adaption,

If the plant model is formulated by analogue computer elements
adapiion can casily be performed by one of the adaptive elements described
in shepter 2,  The model has two modes,namely an adaptive mode and a
wospubation modejit being switched to the former in sequence with the
cutputs of the parameter estimators to obtain the corvect degree of model
up dating., After a brief interval of time to allow the sclid state
gontrol civeuitey o sebtile at the new steady state value the model is
gwitched to the compute mode, exabling the trajectoxy computer to compute
the correct switching function, The time response of the Luxistor
adaptive mecharism is wore than sdequate to ensure uempatability"with the

logic controlled paveameter estimators,

The operations of parameter estlmatlon,medel adaptation and
computation can be caryied ocut repesatedly uwsing the latest measured values
afgjﬁqénmléFf until just before the end of the first switching interval at

b .

t = %y asg shown in Figure 5.5,

.30 VWater Level Controllex,

| . ’
A wajor constraint on the controlled performance ¢f a boller in

the transient mode is the beshavicur of the drpm water level. Drom water
shzink or swell initiated by rapid variations of steam flow or heat
addition can drive the water level outside the boundaries of safety and

necessitate complete plant ahub-down, Nen-minlmum phase characteristics
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hinder the correct perfoxmance of the normally used twe or three term
gontrollers, Anticipatory proportional signals from the sseam flow

meter Trequently used, though indicative of the uliinate feed flow
nenessary, conflict with the short term or dtransient requirements,

Howhon {3} has compared the transient perfommance &f the common wmter
tevel controllers and his results indisate the obvious advantages obtained

by using @ negative derivative function of stean flow,

The application of optimunm switching techniques to water
level conbtral would make the best use of the inmballed pump capacity to
guppress dram level surge, Anticipatory signals derived from a fast
time adaphive model could be used to determine the switching function

for the feed flow controls in the manner alrsady outlined for fuel flow,

In M™pure Soa(a) the swell resulting from an increase in steam

Plow is shown, This swell can bhe suppressed in ﬁhe minimum possible tine
by using the maximun possible conitrol effort N, which wrepresents the
maximom turn down available in the feed pump controllew at this load
level, for a predetermined time Eq and then establishing the new steady
state feed flow level, The improvement brought about by this method

of control ensbles the boiler to be subjected to larger load transients

without danger of exceeding the safety limits on the water level excursion,

Obviously the degree of control exercised by the pump is
dependent on the initial steady state value, greater turn down being

possible abt half load than, say, at fifth load, and the worst case




Water Level }/////f’ > 50

¥ . . De——time seconds,

(a)

A‘Yv 59 Ame

(b)
| .
tp
¥ : il : time
l : | 50
l
(e)
" New feed flow level .
tq - corresponding to new
9 . load level '
' 70 |
Switeching Function
(a)

Figure 5.8, Switching function for feed water contmoller,




geourring at the two conditions of maximum and minimum load, If we
agsume that the latter is 10% full load, then a falr degree of turn
down ig possible, the limst being the danger of down comer ebullition
due %o dnoreased downcomer enthalpy under the conditions of falling
wressure as discussed in chapter 4, If the possibility of downcomer

ebullivion san be avoided by correst boiler design then the total turn

down available gan be used and the transient performance enhanced,

To ¢ope with drum shrink due to a sudden drop in steam output

at the maximum rated lvad some pump overload espacity must be ayailable - - -

and it is reasorable to assume that this is of the order 10--20% of

ratbed capacity,

Contxol at the two limiting conditions mentioned above could
perhaps be luproved by the pxovieion of a small (of the oxder of 10%
main puap capascity) high speed reversible pump activated and supervised

by the btraunsient controllew,

In Figuye 308’3" iz shown the effect of the control effort N

acting alone on the water level and in figuxe 5.8,(¢) the effect of the

)

aimultaneous application of N on the indtiation of & transient, The
water Level should weturu tu its ordginal valne in a time equal to

tF where tp*? tw due to the lags asseciated with the water pump.

A disgyam of a possgible computer configuration suitable fowx

the predictive computetion of the switching function is shown in




Mdeure 5,9, %p 48 estimated by summing the cowbined effects of the

fnceremental steam flow and the maximum pump response. A comparator will
trligger when zexo level is reached and its cubtput, by switching an

integrator which had been supplied with an input d.c, level from

CFER o HOLD, can gnerate an analogue value of tpo Compensation for

the pusp transfer function can subsequently be determined.,

The computer is bagically s fast time model of the actual

by
gystem,the model belng vendered adaptive W the formulation of the function -

f(?@) £4(P) (see Parasraph 4,6, and Figure 4,) for all load values, In
the diagran FS(O) represents the iniitial steady state value of the stean
flow deterwmined by the track and hold smplifier from which the incremental
change in f(FG) con be determined, The incremental pressure change &P
due o EFﬁ has been generated to obbain fq(P) and slso to represent the
gffact of pressure on the pump transfer function, This latter effect

has been discussed by several authors (2), (4).

The final time response of the water level y($) is the sum of
73(%), the imherent boiler water level response to &Fs; and ys (%) which
represents the water lewvel response 0 the controlled feed water flow,
As with the derdvation of ¥ is Eﬁgvr%zigéﬁigl the maximum or minimum

astuation signal will be delermined by the mode switching loglc,
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CHAPTER 6

GENERATION OF THE SUITCHING FUNCTION

Bolo Iubroduction,

In the proposed dynamie contrvolley of Chapter 5 the controlled
swliching funetion is dexived on & predictive basis by the trajéctory
couputer wsing signalis from both the process and the fast time adaptive
nodel, Our concern here will be with the realization of a sultable
sonfiguration for this computer and to stoudy the sinulated behaviour of

the plant under the influence of the derived switching function,

Control switching functions for on-off control systems have been
developad hy several authors (%)9 (2)9 (3)9 the formulation being more or
less complex depending on the nature of the plant and the performance
index chosen, It will be shown that the form of the boiler plant lends
itself to a r&d&ﬁ&nredumtiﬁn in the computation process allowing the
switching function to bhe derived by s simple electronic analogue ‘
sonfigarativn,

L)

6020, Statenment of the Problenm,

The mlationship between sbteam flow, actuator position and boiler
pressure is ghown in Figure 6,1, On the ccourrence of a transient change

in FS the $STrajectory computer must develop a switching function to control €

f9
returiting the boller pressure o the set point condition in minimum time,

Some degree of pressure overshoot is obviously possidle, but this will be
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kept to & minimum copsistenﬁ with a fast time of vesponse, Because of the

complexity of the problem the solution was derived in two stages.

Initially a computer configuration ws developed which, for any
value of M = the maximum initial incremental valuve of Cf = and pressure
aurew ¥ computed the zers overshoot time optimal switching function fox
the fourth order system of Figure 5,5, If the®P used in this computation

fs related to the inereméntal steam flow dhange by the relationship

OP = KpSF,
and the lag Ts is ignored then a large degree of pressure overshoot will
result due Ta:thig lag unless the initially derived switching function is
suitably modified, An iterative computation procedure has thus

subsequently been developed which reduces overshoot to a negligible value.

The development of a time optimal switching function for a fourth
order system though not difficult in theory results in the use of a large
quantity of analogue equipment (4) and in order to reduce the gstem
conplexity some simplifying assumption must be made. Because of the
relative magnitudes of the lags involved it was pbstulated that the fourth
order system could be appfOXimated to second oxrder for the purposes of
switching function computation., The appropriate second order function was
thus developed and:its performance checked on a second order system before

being applied directly to the fourth order systenm,

605, Development of a Switching Funciion for a Second Order System,

For the second order system shown in Filgure 6,2, it is required
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to develop & computer configuration for the zere overshoot time:optimal
switching values ¢ and %t iv terms of the maximum control effort M, the
final input incremental Az and the final output incremental As. To
iliustrate the method of approach a unity gain system has been

soundidered and hence in this instance Ap = Aze

It can be shown (5) that for t >ty

TR . R d=bs
Ta(t) = Ay & g’fﬂ"x -6 T, }+ Vg(t‘a) e Ty

wheve Aq = v‘g(tq)

at t = 't}g
p [ et taeh tant
Va(ty) = =Sh—ef ¢ T T, | 77 } $ V() | TE
(1=’ m&) y 4 y
Ty
B DR, }
., VS - ni /o
¢ o Ay ?‘T“"“‘{e £ e z’}+ Volti)e Y
T X
_ 0 .

X

whexre Az = Vg(ta) and T' = tap=tyo,
10/ A A ~7¢ /7
000 Ag ng('ﬁq) & y.ﬂ..“““{ﬁ’“”‘{ 2
(1)
T
x

we have

2 /o
writing o2 /Ty (%fe) /"

T‘X/T ' Tsc/T
Asy "® A .
Ay = vg('b.a)(eﬁ) Voot ) Ao A, y
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As A = V(%) and A, and Aj; are known this equation can be solved for

ty if the functions V,(%) and V;(%) are available,

Rearranging the above equation in a manner more suitable for

corputer application we have

T Aa T
A3 = ANTILOG ( Log Va(t) + =% Dog 5= ) (1=L)
T iy T

an A@ = ANTILOG (LO{}; A.ag + 32_5_ Log %& )
4

T
¥y

& suitable computer configuration for the solution of this equation is -

shown in Figure 6,3,

The seond order system of Figure 6,2, and theswitching function
conputer were set up on a Solartron 272 machine, The inputs to the
guitching function or trajectory computer are determined as follows,

Vq(%) and Vg(t) are obtained dirsctly from the second oxder model outputs.
As represents the initial erxwor existing at the outpﬁt of the second
order systen and A, the final wvalue of the input to be applied at %3,

As a unlty gain system has been assumed for ease of scaling Ay = As,

It should be noted that the switching function computer configuration

san be rendered valid for all values of Tx,if this should be a variablej

by incorporating suitable adaptive elements in the amplifiers D and E,

503010 Method of Operaticn,

When the outputs of amplifiers A and B are equal the comparator

triggers switching the computer to the HOLD mode, The output of
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Integrator G then gives the analogue value of 39 for any value of Aj or

M, T? gan be obtained as follows

L
Ag = Bqq *
e/
S2 = e X
L
Tﬂ
oo Log 22 = w2
1 X
T% = o T_ log A2
. o2
Aq

Therefore in the HOLD mode the output of amplifier D is equal to

T
N

time of the second switching function t; can thus be obtained ag

g = BT

Be3.2, Computer Results,.

As the computer configuration was to be used finally to control
the full boiler model Ty and TX were avranged in the matio Hs1 to
correspond to the relationship established in Chapter 4 between Tp and

Tmo The maximum control signal applied to the fuel supply actuabor is

=17 from which T' can easily be obtained i¥ Ty is assumed constant, The

limited in practice in the positive sense by the overload capabilities of

the furrace and in the negative sense by the maximum tura down possible

while still maintaining adequate flame stability. To comply with the
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latber restrictlon the minimum value of G, was fixed at 10% full load
. o

rating,

Figure 6,4, shows the computed values of %y for three values

of the overload rating L namely () = 10% (b) I = 20% and (¢} L = BO%QT
U imddial steady state value of the plant was taken as 30% of full load
(100%) rating with &;,88 read slong the abeissa,being the first swithing

time to achieve any load value indicated on the ordinate., The corrvesponding

values of T' are shown in Flgure 6,5,

As the equations governing the switching function for a negative
load change are similar ¢ those for a positive load change duve to the
symoeetry of the system the compubter configuration of Figure 6,3, will also
gompuie the negative switching function provided that the correct valuss
are wged for the tewms bz, Ay and My  The minimum load variation
contrellabdle by the controlier is a dirvect function of the combined
deadtime T and the ftime required for parameter estimation, This combined
time must he less than the first switching time interval derived in
™

N
B

iogure Godo

Godo  Application of the Switching Function to a Second Order Systenm,

The response of the seaonﬂ order system of Figure 6,2, under the

Inflvence of the switching function was now sbudied using a 17" displsay
aaeilloscope, Oscillograng were obtained using a %% Cossor oscilloscope

and are .shown in the following series of plates, The necessary
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reduction in ecscillogram size necessitated by the photographic
reproducstion process has resulted in some loss of clarity but sufficient
remeing to indicate the general nsture of the responses, The output

voltage of the system Vg(t) hag been taken as directly proportional ic¢

the Llvad

All percentage load changes mentioned below refer to load changes
ap & percentage of full load value above an initial operating poimt of 30%
full load value, TY was nade equal to 4 seconds and TV 20 seconds, In

ail csses the upper trace represenis Vi(t) and the lower twace Vao(i),
FIATE 1
This plate shows the response of the system to a 60% load change

in the absence of any switching funcition. The settling time is of the

arder of 100 ssconds,

b
IR AT TR RN S

PLATH 2

The optinmue switching Tunction has now been applied, Load

oo

norease 18 60% and the overload wrating L = 10%,

PLATE 3

ATE
£

I

As PTATE 2 with L = 20%,

PLATE 4
As PLATE 2 with L = 50%,

As van be seen these results are gquite satisfactory and the

Luprovenent in the respoense is quite mavrked, Exact switching times for
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the last three plates can be cbtained directly from Figures 6.4, and 6,5,

Goba

dlcantion of Second Order Switching Funétion to Fourth Order Systema

The fourth orxder system of Figure Go6. vas now simulated with the

variong oopstants taking the following values,

= 4 seconds

TF = Q.4 seconds

]
-3
it

2.0 segonds
Tp = 20 seconds

KG = K‘i&ng'i,

Application of the second order switching function resulied in an undershoot
2t all levels of input sigral with V.(t) reaching its»steady state value a
pariod of betuwgen Tm and_2 Tm saconds after the second éﬁitching time

B o The results indicated that sm inproved responsé;could be obtained

by increasing %y by an fnterval equal 1o Tm/4o With this modification

the output reached steady state value within Tm/E second after the first
sgitching time 6y, For an initial inﬁut level of 30% wo perceptible
overshoot was noticed for load changes greatex than.40%,bu% overshoot

now did occur for smaller load changes, the maximum being 5% for a 10%
change, As with the second order system the output voltage Va(t) has

heen taken as dirvectly proportional to the load,
Shows the response of the fourth crder system for a 60% load

shangs with I = 10%, The unmodified second order switching function




was uged in this case,

Applicaticy of Switching Thwstion to Complete Boller Model.

The boiler model of Figuve 6.1, was now simulated with the same
zenling de indicated in Paregraph 6.5, The dead time T was included
23 made equal in magnitude to Tmo Steam flow Fs now congtitutes the
load and hence the outpud valﬁaga Vg(t) of the fourth order system, which
eua now represent the oubtput pressure, is no longer directly proportional

tao load but lags it by Ty seconds,

In reply to a gtep change in Fé the second ovder switching
funetion was applied direstly to contrel the pressure signal Vg(t)o
The response of the pressure signal is shown in the following plates for
various load changes from an initial steady stete value of 30% mazimum
lead, TFor comparison the system responses in the absence of the

gwitehing function are first given,

PLATE 6
Vo switching fenction vsed. Final stesdy state value of the

input applied instentaneously at onset of load change, The load change

here is 20%.

ELATE 7
As PIATE 6 but with load change of 40%,
ELBIR 8

As PIATE 6 but with load chavge of 60%,



BLATE O
Load change of 20%, Second. oxler switching function applied
with %o 10%,

Twad change of 40% second order switching function now applied

L= 0%,
BLATE 11

Load change of 60% second order switching function now applied
L o= 10%,

A high degree of overshoot is evident ian the last thiyee responses
and in ocvder to correct this the following iterative procedure was

developed,

6.6, ‘The Therative Computatioii.

If the final wncorcscted pressure errvor due to a change in load

Fs wan bs represented by A; where
Ay = Ky OF,

and Az i1s used as the basis of cowmputation of the switching function then
an overshoot will oceur when this function is applied to the system because

at the final switch point %; the aetual pressure ervor is not Az but
Az=2% where Z is defined in Pigure 6.7(a).

For any load change SFS % willhe known at the end of the computation
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and its value can be held in a track and hold amplifierw. If a second
compuiation is now undertaken with a pressure exrror of (Ang) a8 the
dadtial cosdition then a new value for %, say t, will be derived as

shown in Pioure 6,7.{b) and the overshoot will be quite small if at

ti the daput level is fixed at & value proportional %o (Ang}o

Due to the uncorrvested error Z;haweverathe output function
¥alt) will not stay at the correct level but will decay gradually to &
final steady state error Z., This effect is shown in the following two
plates,

Firgt iteration with an input signal equal to (A;wZ) applied

at time t1 20% load change I = 10%,

ELATE 15

As PIATE 12 but with & load change of 60%,

The final droop in the respouse characteristic could be removed
by applying the full corrsction Ay ab %), Some degree of covershookh |
was 10w to be expected due t0 inexact cancellation of the droop but it
was fthought that this would be miniwal, The computation thus proceeds
as follows,

{8) tp is first determined on the basis of the error As where

Ay = Kg % an







(t) The value of 2 is determined,

(e). A second computation is performed on the basis of an ervor (Ay=2).

{a) & final input level equal o As; is now applied to the system at t;?'

I% can be seen that one iteration only is required,

e pystem responsge for two values of load increase is illustrated in

the following plates,

EFLATE 14

First iteration with input signal equal to Az applied at ti.

- 206 Yoad change L = 10%,
FLATE 15
Ag PIATE 14 but with a load change of 60%,

Ho oversheot is evident in PLATE 14 and the maximum overshoot shown in

PLATE 15 rvepresents 3% of the épplied load change,

GoTe Hummary,

" SR RS

& sulteble iterative computation proee&qre has been derived %o
produce a switching Tunction capable of controlling the boiler model
developed iun Chapter 4 in & tlme optimal fashion with little overshoot
agver a wide range of boller loads, The relative simpliecity of the
eumputation is due,in the main to the relative megnitudes of the boiler
tine congtants which enable a switchiug function derived for a second

ovder gystem to be applied sucsessfully to the higher order model,






CHAPTER 7

CONCLUSIONS

The initial part of the thesis has dealt with the solution
of the actuation and identification problem in a model adéptive
soutrol scheme fof a particular type of plant and structure, The plant
gtructure chosen was of a form which was very suitable for analogue
gimulation and the actuation and identification elements have thus
been formulated in analogue compﬁégf terms. The fuel supply pressure
1oop of a pulverised coal fired pdwer station boiler model was subsequently
taken as an example of the application of the model adaptive system and

the formulation of a suitable decision computer to generate a sub optimal

control forcing function for this model has been described,

The actuation or adaptive element based on the Imxistor was
shown fﬁ be simple in configuration, fast acting, accurate and linear
with the.potential t0 be produced = ultimately as a fully solid state unit.
In the adjustment of adaptive model lag parameters it has several

adventages over the conventional seérvo potentiometer:

(1) The adaptive mechanism has no mechanical moving parts and
the only high quality component required in its
construction is a high performance operational integrator.

(2) VNoise-free resistance variation with a settling time
approximately six times shorter than the best available

servo potentiometer, This latter property greatly
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increases the repitition rate obtainable in the
subsequent exploration of the system performance
contours,

(3) ‘The present circuit is relatively insensitive to
temperature variation and in its ultimate developed
form it will be of vexy small physical dimensions_and
capable of correct operation in extreme envirommental

conditions,

¢

The Luxistor control syétem should find a wide range of use not only in
the analogue and hybrid computer field but also in many other applications
where the adaptive function is at present being performed by slow acting

servoe potentiometers,

The final settling time of the Lﬁxietor control circuit was
determined by the relatively 1argé lags associated with the filament
lawp and cadmium sulphide current rise timeof the Luxistor unit.
Complete elimination of these lags, though obviously not possible,
would result in a speed of adaptation limited only ﬁy operational
amnplifier capabilities, In an effort to approach this ideal condition
the Iuxistor was replaced by a new solid state lamp detector unit?

This new combination had a response time of several orders of magnitude

less than the Luxistor and, utilising the same circult philosophy,
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the settling time of the complete adaptive system was reduced to
approximately 160 microseconds with no loss of linearity. This
settiing time was less than the settling time of the Iuxistor system

by @ factor of 1500,

Besides decreasing the system response time, two othex
advantages result from the use of the gallium arsenidé - duo diode
combination, Firstly,the crystal lamp has a very long life time and is
completely immune from the danger of filament failure and secondly,
the physical size of the new combination is much less than that of the

Tuxistor,rendering even smaller unit packaging possible.

S0 far as is known to the author this is the first time that
an adaptive mechanism has been devised for adaptive model lag parameter
adjustment which has a speed of response compatible with the limit speed
of parallel analogue computation., The adaptive mechanism can also be
used for changing adaptive model gailn parameters provided that the
maximun parameter variation isg less fhan one order, While possessing
a2 bandwidth compatible with the best available electronic multiplier
which Could be used for such an application the adaptive mechanism has
the added advantages of constructional simplicity and the flexibility N
inherent in its ability to perform the dval role of adjusting both

types of parameter,
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Proposed further development work here will involve replacing
the computer operational amplifiers in the circuit by solid state
integrated amplifiers and felays byy%ield effect transistor switching
walts with a view to producing a compact, inexﬁgﬁsive completely solid
state adaptive mechanism which would be suitable for use in a modern
high speed hybrid computing system. Due to the simplicity of the circuit
construction the cost of the finally developed édaptive unit shounld be

lesa than 20% the cost of a standard computer multiplier,

For the particular plant model structure chosen the logic
controlled parametér estimation system discussed in Chapter 3 provides
a fast and accurate method for the simultaneous on~line identification
¥ two unknown parameters with the minimum of computation capacity. The
output of the parameter estimator was compatible with the input signal
requlrements of the adaptive mechanism and, like this device, is
capable of being developed as"a completely.reliable solid state unit.
This combination of actuation and identification elements should constitute
a useful contribution to adaptive contrel technology especially in those
applications where the plant can be structured by a series of lag

alements,

The application of Corbin’s method to the identification
problemn found in the boiler combustion-pressure loop hasg also been

discussed in Chapter 3 and the accuracy of the method demonstrated in
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a computer simulation where compensation was provided for the second
order nature of the pressuré output time function. It will be seen
that the advantage of Corbin®s method lies in the simplicity of the
fdentification configuration and that its application is particularly

relevant to the plant structure dispussed in this thesis,

In Chapter 4 Stafford's simulation of Chien's boiler model
demonstrated thatthough boiler physical processes are governed by
complex hydrodynamic and thermodynamic phenomena the overall plant
sharacteristics, while being time varying, were of relatively simple
form and can be closely represented by the type of generalised model
chosen in Chapter 1 for the model adaptive control scheme., The boiler
model dexived here can thus be regarded as a sultable example of fhe
utilization of theactuation and identification technique developed
saxlier,

_ A discussion of the physical behaviour of the boiler plant
isolates the time varying parameters which were found to be three in
munber, Two were gain facltors one of these being associated with the
combustion section and the other with the heat transfer coefficient in
the riger section. The third vardable parameter was the lag coefficient
of the coal grinding mill transfer fﬁnction which wes a function qf

el condition, |

Direct application of the model adaptive control scheme to the
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boiler combustion pressure loop depended on the availability of the
hest flux time function for a plant identification. A suitable heat
fiax measurding instrument po?sessing the correct dynamic characterisiics
Yes only vecently heen devel;ped and it is thought that this is the first
tineg that such an instrument has been proposed as an integral part of a
hoilex control loop. In this instance it was shown that adaptive
controller application requires only the use of standard operational
elements and procedunre and the feasibility of extending feed forward
predictive control techniques to achieve improved boiler water transient

behaviour has also been discussed.

The generation of an optimal switching function for a fourth

order system can result in a quite complex computation procedure, Due
to the relative magnitudes of the derived boiler lag paraméters it
gseemed reagonable to assume that & switbching function derived for &
second order gsystem eould be applied successfully to the fourth order
boiler model. The validity of this assumption has been demonstrated
in Ghapter 6 and a simple iterative computation procedure outlined which
deals with the added complexity of the steam flow pressure transfer

fonction,
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APPENDIX

FURNACE _ EFTIGIENCY

The heat balance equation for a furnace is given belows

: : - - 9
= f ¥ $. Y i,
Qe, =0z {4, -t )+QYIL
Heat Hesat in
transfexred combuation products
WRwe
G, ] - N
Q& = fuel flow tp = gas temperature = K4Q
Gy= salorific value of fuel where K¢ 1s a constant awd B a +rve.
constantb,
B = heat transfer coefficient I p = enthalpy of flue gas
coefTicient S E Mt
& = hested surface area : where Ky is a constant

T = 1ibs ofmm combustion products

PER MR 1lb of fuel

For torbulent flow

H e k0000 (MoAdems  43))

K is a proportionality factor

N
Q Gv = K Qoaﬁ xhaw Ky Q4+ Q@ x ¥ x Kg.tp

assunlog that ¢ f')\;;t;‘wu
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Beat Heat in

N+O-b

(o)

M4

heat lost in combustion products is proportlonal to Q%,

Thus furnage efficliency,which depends on the ratio of flue gas

iogs to veeful heat transferrsd,decreases as qu% throughput increases,

10"
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APPENDIX 2

POVER_STATION BOILER

The general specifications of the plant was qsliverj of
BE0,000 1h/h, of stesm at a throtile temperature of 1010°F and

1100 P80, with reheat at a temperature of 10C5°F,

Boiler data

Deum  66% dia 487 long circular section with a volume of 1228 ft3,

[CEotEcw )

) o 5 o\ '
Dovnicone % off 147/8" I.D, . Tiquid Velocity 129/second.

33% long 1% M.S.
Risers 524 off 3" 0,D, Fluid Velocities 4--5'/sec.

Radiant Primaxry Superheater Eifective Suvrface avea 1443 £12., water
Bquivalent 35%0 lbs.

fediant Secondary Superheatay  Effegtive Sarxrfave area 235 ft.
Water equivalent 7760 lbs,

fionvestion Primary Superheater Bffective Surface avea T52 £12,
Water Equivalent 25000 1bs,

Wual 124500 ibs/hr of gross C.Va. 9600 BIU/1b,
neisture content 14%.

Mwe 1,058,000 Lbs/b..,
Air Temperature 502°F at entry. 355°F at mills 90° F at inlet

Gag Temperature At Turneee exdd 2050

i g e"o
At entrance to wreheater 1575 F

) 0('

At entrance to sgonouiser 8207F
L O

At entravce o alr heater 550°F

v : mpe O
At exit o stack 25571



Drum water inlet temperature 520"F,

Stean Tempereture

i
Outlet primary S/H rhdiant
Outlet priwary S/H convestive
Outlet secondary S/H rediant

Outlet secondary S/H convective

Tube Metal Temperatures

Reheatbewr

FMurnace yiser wall
Primazy S/H radiand
Secondary S/H radiantr
Secondary S/H convestive
Primory S/H convective
Reheater

Boononiser

8% wet on low pressure
Inlet temperature
Outlet temperature
Qutlet pressure

Uxhaust low pressurs

830°F
745°T
905°F

1010°F,

920°F
920°F
985°F
1050°F
790°F
1050°F

55075

697°F
1005°F

301 PoS.I,
0,75 PoSels
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