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ABSTRACT

Boiler is the heart of the chemical process industries like fertilizer manufacturing plant.

Automatic boiler control system is desirable for safe, economic and reliable operation of the

industry. Conventional three elements Proportional plus Integral plus Derivative (PID)

controller are generally used in the different control loops of the boiler. Main drawback of the

use of this type of the controller is the adjustment of controller's parameters such as gain,

reset time and dead time due to change of operating point of the process. However, the

application of Self Tuning Controller (STC) and Model Reference Adaptive Controllers

(MRAC) can overcome tllis drawback in the case of linear process plant. The boiler plant is

highly nonlinear plant. Thus a neural network based integrated control system is proposed

to control an industrial boiler. A 120 ton per hour capacity boiler of the Zia Fertilizer

Company Limited (ZFCL), Ashugat~j, Batlgladesh is taken as reference boiler for the case

study. ~G-- T' ~ •..- ~r~...---7 ~ "tli/Yl~

--7~
The process lIlverse dynamic modelling technique is applied to design the proposed

controller. A multilayer feedforward and diagonal recurrent neural network is trained to

identify the unknown inverse dynamic model of the boiler plant by general backpropagation

and dynamic back propagation training algorithm respectively. The training data was

collected from the computer data bank of the reference boiler. After investigating the

peIformance of both network, the feedforward network arcllitecture is selected for the

proposed controller. Using the weights of the network a new, software controller is then

developed for integrated control system of the ZFCL boiler. The developed controller is

tested by using the boiler input - output data that are not used during the training. The

output response of the developed controller is compared with that of the existing PID

controller. Both responses are very close to each other. The developed controller output is

then converted into signal using pulse width control teclmique. 'nlese signals can then be

used for on-line regulation of the control valves through parallel port of the computer. The

average value of tile pulse indicates the percentage of the valve opening.
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1.0 INTRODUCTION

A urea fertilizer manufacturing plant is an arrangement of processing units such as

refonner, shift converter, absorber, desorber, methanator, ammonia converter,

compressor, and urea reactor in a systematic and rational way. Steam is required for

chemical process of the plant as well as for generating electricity for the plant. The

valuable raw material such as natural gas and chemically treated water is being used to

produce steam by an industrial boiler. 111Us,one of the major production cost of the urea

fertilizer depends on the cost of steam generation. This cost can be reduced by proper

operation of the boiler plant which can be ensured by a sophisticated boiler control system.

Designing a control system for a boiler plant is very complicated as it involves a large

number of theoretical and practical considerations such as the optimum controller

response, stability, reliability, safety, operation, range of control and cost of the control

system. TIle difficulties are aggravated by the fact that boiler plant is highly nonlinear,

imprecisely known, multivariable systems with many interactions. 111Us it is always

desirable tllat an automatic control system for a boiler plmlt lIIUStbe able to handle a

wide range of unmeasurable disturbances, measurement noise, interactions from other

control loops, actuators limitations and process dead time [I].

Rapid teclmological developments in digital computing systems coupled with significant

reduction in their cost have had a profound effect on how process plants can be controlled.

High speed computations along with the large infonnation storage capacity possessed by

digital computers provides virtually unlimited intelligence which allows the use of quite

advance control techniques such as adaptive, inferential, multi variable and supervisory

control [1],[2].

Automatic boiler control system is desirable for safe, economic and reliable operation

of the industry. In the early days steam pressure, steam temperature, drum water level of



boiler were controlled independently by Single Input Single Output (SISO) controller. But

as boilers grew bigger in capacity, with correspondingly increased pressure levels, the

SISO independent control schemes were ineffective in maximizing the boiler perfonnance

[3],[4].

Conventional three elements Proportional plus Integral plus Derivative (PID) controllers

are generally used to control of the boiler plmlt. These types of controllers often require

gain, reset time and dead time adjustment according to change of process for satisfactory

perfomlance at a particular operating condition [5]-[8].

With the progress of control theories, adaptive control system such as Model Reference

Adaptive Control (MRAC) [5],[9] and Self Tuning Control (STC) [7],[9] have been

developed to tune the controller's parameters automatically which is generally used in

linear process plant. Boiler plant behaviors are usually non -linear [10]. Classical adaptive

control systems had problems when dealing with non-linear plants or plants with unknown

model. Moreover for adaptive controller, its response speed is the main detennining

factor for its successful application in practice. The parameter identification and

optimization procedure requires a lot of computational time especially when a higher

order discrete model is used to represent the control system. 11lis problem is more often is

encountered in Multi Input Multi Output (Mli\10) cases like boiler plant [II]. To solve

these problem a new emerging tool is the Artificial Neural Network (Al\JN) which tries

to mimic the biological brain neural networks into mathematical model. The ANN offers

more intelligent control than conventional adaptive control theories, which makes a

framework for non-linear modeling, identification and control of plant by its learning,

adaptation, self-organization, non-linear function approximation mId massively parallel

processing capabilities[10]-[12]. Thus, in this thesis work an attempt has been made to

control a multi variable nonlinear plant like industrial boiler plmlt, using a ANN based

integrated controller.
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1.1 LITERATURE REVIEW ON RECENT DEVELOPMENT IN

ANN BASED CONTROL

The application of ANN in different control systems such as supervised control

[13],[14] direct inverse control (off-line) [15]-[20], indirect inverse control [21]-[24],

self learning control [25]-[29], dynamic optimization [27] and backpropagation through

time[30] have been reported by many researchers. The ANN based eaeh control

technique is briefly described in the following paragraphs.

In Supervised control, a Neural Network (NN) learns the mapping from sensor inputs

to desired actions by adapting to a training set of examples of what it should do [14]. In

this system, the more difficult task is to build a correct database of proper action, which

usually comes from an expert operator. This type of control is feasible for complex and

poorly defined processes for which no suitable conventional controller is available.

In Self learning control, a NN trains to find and optimise a control strategy, without

guidance of exemplar training patterns[ 25],[26]. Inmost cases, the training is carried out

on a model of the process. Moreover, the training involves assuming a set parameters for

a given controller network and evaluating a perfornlance measure for the set. A

perfonnance measure is used as the training signal. The network inputs are, generally,

current and past value of the plant inputs and outputs. Thus, the accuracy of this type of

control system is determined by the accuracy of the model used for training.

In direct inverse control, a NN is trained by usmg process input-output data so that it

is able to exit'act the inverse mapping between the output and the control input. A multi

layered Neural Network Controller proposed by D.Psaltis et al. [18], was trained by plant

input-output data to get the inverse dynamics of the control plant. The training data was

obtained from the plant input output relationship through time. The off-line learning of

the NN was carried out to minimize the overall squared error (E2
) which is the difIerence

3



between desired and network predicted input. Controller was then designed by using the

cOlmection weights between the layers obtained Irom the leaming process. 11tis type of

control was employed by 1. L. Dirion eta!. [19] for temperature control of an

experimental semi-batch pilot reactor. The same technique was also used by 1.Savkovic-

Stevanovic [20] to control tile product composition of an industrial distillation plant. The

use of Neural Net Controller (NNC) proposed by the researcher [21] for controlling a

complex system requires a long training time because of the use of large amount of off-

line input/output data of tile plant.

In order to overcome the off.line leaming problems as described in the prevIOus

paragraph, P. Rasiskila eta!' [23] developed the on-line specialized leaming stmcture.

In this metilod, the NN was trained in region of interest only. The relerence value was the

input signal for the NN. TIle network was then trained to find out the plant output that

drived the system output to the reference value. The weights of the NN were adjusted so

that the elTorbetween the actual system output and the reference value could be decreased

in every iteration. However, this method of control may be initially unstable during

learning because the network controls tile system directly by itself TIlllS in order to avoid

tile instability, it is necessary to prepare tlJe initial value of tile weights lor tile NN, which

may be acquired by prior off-line leaming.

The comprehensive review shows that Direct Inverse .1vlodeling(DIM) technique is very

easier and fast to design a controller[24]. In this thesis work this design technique is

chosen to develop a NNC for industrial boiler.
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1.2 THE AIM AND OBJECTIVE OF THE THESIS

Boiler plant is the heart of the process industries like feltilizer, refinery and steam power

plant. The Boiler plant is highly nonlinear, imprecisely known, Illultivariable systems

with many interactions. The conventional single input single output controller is

ineffective in maximizing the perfonllance of multivariable nonlinear boiler plant[2][3].

A single architecture Illulti input multi output nonlinear controller may be capable of

maximizing the perfoffi1anceof a boiler. Thus this thesis was aimed at developing a NN

based integrated control systems for the 120 ton per hour capacity boiler (which is

presently controlled by nine conventional PID controllers) of Zia Fertilizer Company

Limited at Ashuganj, Bangladesh.

To fulfill the ain1the following objectives were envisaged.

Identification of unknown inverse dynamic of the boiler plant from the training of a

multilayer neural network.

Implementation of general backpropogation and dynamic backpropagation training

algorithm for feedforward network and diagonal recurrent networks respectively to

investigate the convergence rate, minimum error and neural net controller output

response.

Selection of the best ANN architecture which provides the fastest convergence with

minimum error and desired output response.

Development of software controller for ZFCL boiler using weights of the selected

trained ANN.

Conversion of the controller output into signals which can be used for on-line

regulation of the control valves.

5



1.3 THESIS LAYOUT

Chapter 2 describes the existing conventional boiler control system of ZFCL. The theory

and training algorithm of ANN is briefly described in chapter 3. In chapter 4, the ANN

based control system of boiler plant is presented. Test results, comparison and

performance of the controller are also given in chapter 4. On-line operation of the neural

network based controller is described in chapter 5. Chapter 6 contains the conclusion and

recommendation for further research.

6



CHAPTER - TWO

BOILER CONTROL SYSTEM OF ZFCL

o INTRODUCTION

o COMBUSTION CONTROL

o DRUM LEVEL CONTROL

o TEMPERATURE CONTROL



2.0 INTRODUCTION

Two high pressure boilers are being used to generate steam at ZFCL. Qne of the boilers

known as BABCOCK boiler generates steam 195 ton/hr at 100% load. Another boiler

known as SO Boiler generates 120 ton per hour steam at 100% load. A single line

diagram of steam generation and distribution system of ZFCL is shown in Fig. 2.1.

To supply constant thennal energy to the process, it requires to maintain a constant

pressure and temperature at common header from where the steam is distributed at

various units of the plant. Thus it is desirable a boiler control system to provide ~1eamat

the desired pressure, temperature and quantity as demanded by the process.

Boiler control system of ZFCL consists of three control loops: (i) Combustion control

(ii) Drum level control and (iii) Temperature control. In the case of BABCOCK

boiler, combustion control and temperature control are performed manually whereas the

drum level control is done automatically. Thus this boiler generates steam at a fixed

rate. On the other hand, in the case of SO boiler, all controls are performed automatically

except temperature control which is done manually.

The plant conunon steam header pressure and temperature are being maintained at a

desired set point by only controlling the SO boiler. Nine microprocessor based PIO

controller are being used for automatic combustion and drum level control of the SO

boiler. Combustion control, drum level control and temperature control system of SO

boiler at ZFCL are described in the following sections.

7
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2.1 COMBUSTION CONTROL

The combustion control loop regulates the heat input to the boiler. This means that the

control loop must regulates both fuel and air in order to maintain the best combustion

efficiency under varying load conditions [31],[32].

Basically there are two methods of combustion control: (i) direct positioning control

and (ii) metering control. In the direct positioning combustion control, the firing rate

demand signal from plant master controller of the combustion control loop is transmitted

directly to the fuel control valve and the combustion air fan damper. Thus this technique

is referred to as open loop control as the fuel and air are not measured.

In a metering combustion control system, close loop control is used instead of open loop

control. There are three types of metering combustion controls: (i) series metering control

(ii) parallel metering control and (iii) parallel metering with high-low selector. The first

two methods are well described in the literature [31], [32]. The third method of control

is used for combustion control of SD boiler of ZFCL. A schematic block diagram of the

third method is shown in Fig 2.2.

TIle pressure transmitter PT14 transmits conmlon steam header pressure to plant master

controller. The Master controller computes the error between the actual steam header

pressure and its desired set point. The output of master controller is fed as firing rate

demand signal to auto/manual station which is used in the combustion loop to modulate

the fuel and air to the boiler in order to maintain the steam header pressure at its desired

set point.

9
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NM ~ Auto! Manual station

Fig. 2.2. Combustioncontrol systcmof boilcr.

TIle fIring rate demand signal from auto/manual station is fed to both fuel and air

controller. A low signal selector is positioned in set point signal line to the fuel flow

controller while a high signal selector is positioned in the set point signal line to the air

flow controller. The low signal selector and high signal selector is also fed by measured

air flow signal and measured fuel now signal respectively. Both high and low selectors

ensure the immediate increasing of the air flow for high steam demand and decreasing of

fuel flow for the low steam demand. Finally gas and air control valve operates

according to the deviation betwccn abovc remote set point signal and measured flow

signal of gas and air which are measured by FT-Ol and FT-02 flow transmitter

respectively.
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2.2 DRUM LEVEL CONTROL

The drum level control system is designed to provide continuous mass balance i.e. for

every pound of steam produced a pound of water is added to the drum. In the drum,

boiler water is a combination of steam bubbles and water which depends on drum

pressure. Increasing in steam demand causes a temporary drop of pressure in the drum.

TIlUSsteam bubbles and water will be increased, tending to make water swell and raising

the water level. At the same time the increasing in load requires the increased flow of

feed water. TIlis feed water is comparatively cool in comparison with the near

saturation temperature of water available in the drum. Increase in feed water flow cools

the water in the drum and causes the level to shrink or fall [3 I ][32].

There are three types of drum level control system such as

(i) Single element type control where only drum level is measured and is controlled by

adding feedwater to compensate for water losses.

(ii) Two element type control where the feedwater flow for controlling the drum level is

influenced by the 1>1eamflow and drum level.

(iii) Three element type control system where the feedwater valve position is influenced

by three variables such steam flow, feedwater flow and drum level.

The third method is used to control the drum level at ZFCL. A schematic diagram of the

drum level control system is shown in Fig 2.3. This type of control system is designed to

regulate the flow of feed water and steam in such a maImer as to hold the level of water

at desired limit and can be compensated for swell and shrink effects. TIle steam flow can

be measured by using the orifice or nozzle. Load changes in the form of steam flow

change is measured by the FT-05 whose signal is transmitted to feed water flow

H



calculator (FY-03). The level transmitter LT-06 transmits the drum level signal to the

drum level controller which produces the necessary corrective signal to maintain drum

level at its set point. The controller output is then transmitted to the feed water flow

calculator which computes the signal A as given in equation (2.1). '111esignal A is

known as remote set point of feedwater flow controller.

A=L+S-B

Where,

L = Level controller output (%)

S= Steanl flow

B = Bias is selected as level controller output signal for 50% dmm level.

(2.1)

Finally feed water control valve operates according to deviation between remote set

point signal and measured feed water flow signal.

BIAS

+

SEfPOINT
OF DRUM
LEVEL

DRUM + 1
LEVEL r;;;;;-

CONlROLLER ---+ ~)-..

+
+

FEED
WATER
CONTROlLER

BOILER
PLANT

LT06 - LEVEL TRANSMfITER, l-"TO.5-STEAM Fl.-OW TRANSMITfER., Fr07 - WATER FLOW TItANSMfITER

Fig. 2.3 TIrree elements dmm level control.

12



2.3 TEMPERATURE CONTROL

Two element steam temperature control loop shown in Fig.2.4 uses a cascade control to

maintain the final superheated outlet temperature at desired value. The primary

controller TICII receives a final steam temperature signal from temperature transmitter

TTl 1. The received signal is compared with the local set point of TICI1. An error

which is the difference between the measured temperature and the local set point causes

a change in the control output which acts as a set point of the secondary controller

TICI2. This controller also receives a signal fi'om temperature transmitter TTI2 which

measures the steam temperature at the outlet of the desuperheater of the boiler. Increase

in the final steam temperature will cause a decrease in the set point signal of the

secondary controller. The controller output thcn adjusts the spray watcr flow in order to

reduce the desuperheater outlet steam temperature for maintaining the desired

temperature.

Secondarysuperhea11er
outlet temperature

------..
TT 11 )

De-superhealer
outlet temperature

TT 12)

Local
set point

ro------ ••• ------ •••• _--.-- ••• _------ •••• _------- •• __ ._---- •••• __ •

TEMPERATURE CONTROLLER

TIC
12

Remote set
point

-- _.- ------ ..------ ...._--- - ...._. - - _ ..--- ---- -.-. --- - - --.- .._--- - _. -------- ...

To spraywater valve

TT = Temperature transmitterand TIC = Temperature indicatingcontroller

Fig.2.4 Steam temperaturecontrol systemof boiler.
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3.0 INTRODUCTION

Among the various intelligent system ANN is one of the potential tools. It has attracted

significant attention in several disciplines such as signal processing, pattem recognition,

and control [13]. The success ofthis tool is mainly attributed due to the unique lt~ature

of the Neural Networks, such as:

(i) Leaming ability by adjusting their network intercolUlection weights and biases based

on a leaming algorithm.

(ii) Parallel structure with distributed storage and processing of infollllation.

Challenges in modem control system design are characterized by large dimentionality,

computational complexity, nonlinearity, and uncertainty. Neural networks can be a very

powerful tool in dealing with such requirements[13]. TIle following sections describe the

basic theory of ANN and leaming algoritlUlls.

3.1 ARTIFICIAL NEURAL NETWORKS

The ANN is an information-processing system that has certain perfollllance

characteristics in common with biological neural networks of human brain. The basic

element of biological model of the human brain is called neuron and shown in Fig.

3.1. A biological neuron has three types of components such as dendrites, sOllla and

axon. Many inputs enter the neuron with different synaptic weights through dendrites.

Soma or cell body of the neuron process these infollllation. The output of the cell body

is transmitted through axon to another neuron. Humans are bom with as Illanv as 100

billion neurons. Each neuron has an average 10,000 connections to its neighbors, so that

the human neocotrex has about 1015 cOlUlections[33]. The massive parallelism III
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human brain serves a strong motivation for the idea of building an intelligent machine

modelled after biological neurons, which is known as altificialneural networks[33j,[34].

To simulate artificial neural networks, a simplified mathematical model can be

extracted from biological is neuron which is shown in Fig. 3.2. TIle model is based on

the following assumptions:

(i) Infonllation processing occurs at many simple elements called neurons.

(ii) Signals are passed between neurons over cOlUlectionlinks.

(iii) Each cOlUlection link has associated weight, which in a typical neural net,

multiplies the signal transmitted.

(iv) Each neuron applies an activation function (usually nonlinear) to its net input (sum

ofthe weighted input signals) to detennine its output signal.

Generally, a neural network is characterized by

(i) The connection between the neurons known as architecture,

(ii ) Activation function and

(iii) Learning algorithm.

Existing neural network architecture can be divided into three basic categories:

feedforward, recurrent, and self-organizing neural networks[34j. In feedforward

networks the signals flow from the input units to the output units in a forward

direction. But in recurrent network the output signal of a neuron is fed back to its

input. In a self - organizing neural network, neighboring units compete in their

activation by means of mutual lateral interactions, and develop adaptively into specific

15
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detectors of different signal pattems. Again each categories can subdivided as single

layer and multilayer connection. A single layer net has one layer of connection weight

whereas a multilayer net has one or more layers of nodes (called hidden units) between

the input units and the output units. Multilayer nets can solve more complicated

problems than single layer nets, but training may be more difficult. However, in some

cases training may be more successthl, because it is possible to solve a problem that a

single layer net can not be trained to perf01111conectly at all [34],[35].

Several types of activation fimctiolls are linear. linear with saturation, threshold, and

nonlinear sigmoid function. All types of function shown in Figure 3.3. In order to

achieve the advantage of multilayer nets, nonlinear activation fimctions are required.

Because the results of feeding a signal through multilayer net with linear activation

functions are no different from what can be obtained using a single layer. There are

three general leaming schemes in neural networks such as (i) supervised leal11ing in

which the conect output signal for each input vector to be specified, (ii) unsupervised

or self organising leal11ing in which the network self-adjusts its parameters and structure

to capture the regularities of input vector, without receiving explicit infol111atiollfrom

ell,1el11alenvironment, and (iii) reinforcement or graded leal11ing in which the network

receives implicit scalar evaluations of previous inputs[34j.

Among these three leaming schemes, supervised teaming is used for real-time learning

controller function, nonlinear mappings and process parameter identification for

adaptive and intelligent control of dynamic systems. The most usethl leal11ingalgorithm

of supervised learning is backpropagration technique.

Multi layered feedforward and diagonal recunent network architecture has been chosen

for the present work. The nonlinear sigmoid function is used as an activation function of

the hidden neurons in both network. For output neurons of the feedforward network, the
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Fig. 3.3 Different activation function of a neuron.
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nonlinear sigmoid function is used as an activation ii.mction whereas linear activation

fimction is used for output neuron of diagonal reCUlTentnetwork. The General Back

Propagation(GBP) and Dynamic Back Propagation(DBP) algoritlllll has been chosen

as leaming algorithm for feedforward and diagonal recurrent network respectively. The

mathematical background of each algoritlun has been described in the following

sections.

3.2 GENERAL BACK PROPAGATION ALGORITHM WITH

MULTI LAYER FEEDFORWARD NETWORK

ODIebackpropagation training algorithm is an iterative gradient algoritlul1 designed to

minimize the mean square en'or between the actual computed output and the desired

output [32],[34]. The training of a network by backpropagation involves three stages

(i) to propagate the training pattem and calculate the actual output of the network (ii)

backpropagate the associate error and (iii) the adjustments of weights.

A three layer Feed Forward Network (FFN) architecture is shown in Figure 3.4. The

layers are fillly intercOlUlected. When signals are applied to the input layer of the

network, it propagates towards tile output layer tlrrough tile intercOllllections of tile

middle layer, known as hidden layer. TIle propagated signal will finally produce a

output. Tins output is then compared with tile desired output for each node. The error

signals (which are tile difference between the desired output and computed output) are

transmitted backward from the output layer to each node in the intemlediate layer. Each

unit in the intermediate layer receives only a portion of the total error signal, based

roughly on the relative contribution tile unit made to the original output. This process

repeats, layer by layer, until each node in the network has received an enor signal that

describes its relative contribution to the total elTor. Based on tile elTor signal received,

connection weights are then updated.
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Input
layer

XPi •

Fig. 3.4. Three layer feed forward network.

Output
layer

Let us consider an input vector, Xp = (XPh XP2, ... XPN), is applied to the input layer of

the network. The subscript "P" refers to the p-th training vector. The input units

distribute the values to the hidden layer units.

TIle net input to the j-th hidden unit is given as

h 't-' h
netpj - LWji'xPi

i=l

+ehJ

20
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where Wjjh is the weight on the cOlmection from thc i-th input unit to the j-th hidden unit,

and BJ
h is the bias tenll. The superscript "h" refers to quantities on the hidden layer.

Assuming that the activation of this node is equal to the net input, the output of this

node becomes

. ..h( h)lpj = "j netpj (3.2)

Where the function fj\ . ) is refered to as an activation function. TIle equations for the

output nodes can be written as
L

t 0_ "" ,.ne Pk - £...., W kjolpj
j=1

where subscript "O"reters to quantities on the output layer.

The error value 6Pkat a single output unit "k" is defined as

(3.3)

(3.4)

(3.5)

where the subscript "k" refers to an output unit, YPkis the desired output value and Opkis

the actual output from the kth unit.

TIle en'or to be minimized is the sum of the squares of the elTors of all the output units.

(3.6)

The mean-square error function Ep can be reduced by changing the weights of the

network. In the gradient method, the change of weight is proportional to the negative

gradient of the Ep. TIllis the update mle of the weights of the network becomes as
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W (1+ 1) = Wet) + TJ (-aEp! aw)

where TJ is learning rate.

3.2.1 Updates of Output Layer Weights

(3.7)

The negative gradient of Ep ( Lilip) with respect to the weights, Wkj determines the

direction in which to change the output layer weight.

From Eq. (3.5) and (3.6), the Ep can be written as

1 2
Ep=-" (YPk - 0 k)2 £.., P

k

The derivative of Ep with respect to Wkjgives

TIle last tenn of Eq. (3.9) can be expressed as

Substituting Eq(3.1O) into Eq.(3.9) gives,

From Eq.(3.7) the weights of the output layer are than updated as

WkjO(t+ I) = wkt(t) + L'<.p. wkt(t)

zz

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)



Output layer error tenn OPk0 , is defined as

OPkO= (YPk-OPk).fko'(netpk)

= oPk.fkO'(netpkO)

By combining the Eq. (3.13) and (3.14) the weight update equation becomes as

3.2.2 Updates of Hidden Layer Weights

(3.13 )

(3.14)

(3.15)

The change of hidden layer weight can be obtained by taking the negative gradient with

respect to the hidden layer weights Wkj.Derivative of the Ep with respect to Wkjgives:

8Ep I 8 2
-1-1 = 2" L::-'-1 (Ypk -Opk)
Ow.. kOw ..JI JI

=_",,( -0) 0011< a(net~) aiPj a(net~j)
~ YI1< 11<' . . h' h
k a(net;") aip, 8(netp) awfi

= L (YI1<- 011<)' f;' (net;").w~j'fjh'(net~).X"
k

The hidden layer weights is updated in prop0l1ion to negative of the Eq. (3.17)

""p.Wjjh= 11.fjh'(netpjh).Xpj.L (y11<- 011<)' f:' (net;"J. W~j
k

Substituting Eq.(3.14) in the Eq.(3.18) gives
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A h "h,( t h) " ". •DP.Wji =1l-1j ne Pj .XPi.L"UI'I<' wkj
k

(3.19)

Every weight update on the hidden layer depends on all the elTor signal tenns, OPk 0, on

the output layer. The known elTors on the output layer are propagated back to the hidden

layer to detennine the appropriate weight changes on that layer.

By defining hidden layer elTor signal tenn 8pt as

op/ = fjh'(netpt). L: 8;". w:
,I

k

The equation updating the weights of the hidden layer becomes:

h h "h
Wji (t + I) = Wji (t) + ",uPj ,Xpi

3.2.3 Improved Weights Updates Equations

(3.20)

(3.21 )

ElTor convergence is sometimes faster if a momentum tenn is added to the weight update

equation [34]. In this procedure, the weight changes in a direction that is a combination

ofthe cUlTentgradient and previous gradient. In order to use momentum, weights from

one or more previous training patterns must be saved. The simplest lImn of

backpropagation with moment, the new weights for training step of the (t+ I )th are based

on the weights at the training steps of the (t)th and (t-I)th. TI1eweight update equations

( 3.15) and (3.21) for general backpropagation with momentum factor can be written as :

(3.22)

(3.23 )

where a is momentum factor.
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3.2.4 Implementation of GBP fOI' multi layer FFN

A series of equations to implement the GBP algoritlull were derived in the prevIous

sections. A flow chart of this algorilhm is shown in Fig 3.5. Each ;iep of the chart is

brief1ydescribed below.

Step 1. Initialization o( weights and biases:

The choice of initial weights will influence whetller the net reaches a global ( or only a

local) minimum of error and, if so, how quickly il reaches the minimum. The update of

tile weight belween two units depends on bOtil the derivative of the upper unit's

activation fimction and the output of the lower unit. For tlus reason, it is important to

avoid choices of initial weights tllat would make it likely that either activation's or

derivations of activations are zero. The values for the initial weights must not be too

large, or the initial input signal to each hidden or output unit will likely to fall in the

region where the derivative of the sigmoid function has a very small value. On the otller

hand, if tile initial weights are too small, the net input to a hidden or output unit will be

near zero, which also causes extremely slow leaming. TIllis all tile weights and biases

are initialized by random numbers between - 0.5 and 0.5.

Step 2. Choice o(number o( iteration, hidden laver, leamillg rate, momelltum

(ador:

Number of iterations depends on elTorand oulput response. It can be chosen at any range.

Both Ihe learning rate and momentum faclor are to be chosen belwccn 0 10 1.

Step 3. Calclllation o( the achwl Olltpllto( each trau/ing pattem:

The outputs will be calculate as the Eq. (3.1) 10 (3.4). The sigmoid fimction is used as an

activation function of the neurons.
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Step 4. Adjustment or the weights:

In this step the error of the output layer will be calculated using Eq. (3.5). Then the

weights of the output layer will be changed as using as Eq.(3.14), (3.15) and (3.22).

The weight of the hidden layer will be changed according to Eq.( 3.19) ,(3.20), (3.21),

and (3.23).

Step 5. Change ofthe training pattern ..

Repeat step 3 and step 4 until the end of the training data.

Step 6. Change the iteration number:

Training will be continued until the maximum number of iterations.
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3.3 DYNAMIC BACK PROPAGATION ALGORITHM :FOR

DIAGONAL RECURRENT NETWORK

A three layered diagonal recurrent network is shown in Fig.3.6. Each hidden neurons

output is fed back to its input.

Output
layer

L
f;"(nett (p»

Dw .••••
J

net-°(p) .•••

W."
• • • • JI

Input layer

Xi (p)

Fig. 3.6 l1rree -layer diagonal recurrent network.



Let us consider an input vector, X(p) = (Xlp, X2p, ... XNp), which is applied to the input

layer of the network. The subscript "p" refers to p-th time. The input units distribute the

values to the hidden layer units.

The net input and output of the j-th hidden unit at the pth time is (36)

L

net/'(p). Lw>;(p)+wf.ij(p-l)
i =1

where the superscript

- h refers to quantities on the hidden layer;

- Wjjh is the weight on the connection fi'om the i-til input unit;

- wF is the diagonal feedback weight;

- net/(p) is the net input of the hidden unit;

- ij{p) is the output of the hidden unit;

- fj\net/(p» is refered to as an activation function;

TIle output nodes equations are

L

netko(p) = Lw~j.ij(p)
j=l

where subscript "0" refers to quantities on the output layer.

(3.24)

(3.25)

(3.26)

(3.27)

In diagonal feedback network it is assumed that the activation function of output neuron

is linear. Thus tile R.H.S. of tile Eq.(3.27) will be fko(netkO(p»=netkO(p).
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The Eq.(3.27) then becomes
L

Ok(P)= netkO(p)= I wkj.i/p)
j=l

(3.28)

The elTor value at a single output unit "k" is defined as Sk(P)= (Yk(P)- Ok(P», where the

Yk(p)is the desired output value and Ok(p) is the actual output from the kth unit at pth

time. The error to be minimized by the sum of the squares of the errors of all the output
units, given as.

I M
E(p) = - I 6~(I')

2 k=l
(3.29)

Negative of the gradient of E(p), (\lE(p) ) with respect to the weights detennine the

direction in which to change the weights. The weight at the (1'+ 1)th time will be

BE
W(p+1) = W(p) + 11- (-_P )

oW
where YJ is a lea.l1lingrate.

(3.30)

The values of the weights can be adjusted in such a way so that the total error is reduced.

3.3.1 Updates of Output Layer Weights

From Eq. (3.27) and the definition of Sk(p)

I '" 0E(p) =- £.., (Yk(I') - Ok(p)t
2 k
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For linear activation function of output neuron, the derivative part ofEq.(3.32) can be

written as aok~P)= ij(p). Then the Eq.( 3.32) becomes
ow kj

Thus the weights of the output layer are updated as

The output layer error signal term is 8k 0(p), defined as

By combining the Eq. (3.34) and (3.35) the weight update equation becomes

3.3.2 Updates of Hidden Layer Weights

The gradient of E(p) with respect to the hidden layer weights:
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(3.34 )
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(3.36)

(3.37)

(3.38)
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The derivative part of the Eq.(3.39) considered as,

ai;Cp)
Qfi(P)= awl',

ai j(p)
=
8(net~(p))

o( net~(p)
owl'

J'

= f'(net~'(p». (xJp) + wf-Qfi(p-1)

Q .. (P) = f'(net~(p)). (x. (p) + w~ .Q ..(p -1»
JI J I J JI

where Qji(O) = 0

(3.40)

TIle hidden layer weights is updated in proportion to the negative ofthe Eq. (3.39),

thus

~P.Wjih= 1'].Qjj(p). L (yPk- 0Pk)' W~j
k

Substituting Eq.(3.35) in Eq.(3.41) rewrites as

~P.Wjt = TlQji(P). L 15~(p). W~j
k

(3.41)

(3.42)

Every weight updated on the hidden layer depends on all the error tenus, 15kO(p),on the

output layer. Hidden layer error signal term 15t(p)can be defined as

15t(P)= L8~(p).w~j
k

Finally, weight update equation for the hidden layer becomes
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3.3.2 Updates of Diagonal Recurrent Weights

The gradient of E(p) with respect to the feedback layer weights is calculate as follows,

The derivative tenn of the R.H.S ofEq. (3.45) is calculated as

R( ) = iJi;(p)
J P - Dowj

(3.45)

Oi;<p)
=
8(net~(p»

8(net~(p)
fJwD

J

Then

where Rj(O)= 0

h . • D ai;(p-1)
= f'(net;<p». (lj(p-1)+ wj . D)Owj

R/p) = f'(net~(p». (i,(p -1) + w~.R/p -1» (3.46)

The diagonal recurrent weights is updated in proportion to the negative of the Eq.

(3.45), Thus

bp.w/ =". R;(p).L (YPk - 0Pk)' W~j
k
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With the help of Dpk" from Eq. (3.35) the Eq.(3.47) can be rewritten as.

6p.W/ = TJ.Ri(p). Lo~(p).w~j
k

(3.48)

Every weight updated on the feedback, depends on all the en'or ten11s, Dk"(p), on the

output layer. By delining hidden layer error ten11D/(p) as follows

D}(p) = L8~(p).w~j
k

(3.49)

and using Eq. (3.49) in Eq. (3.48) the weight update equation for diagonal reCUl1"entis

reduced as

(3.50)

3.3.4, Adaptive Learning Rate

The convergence of a recurrent neural network is not easy to be guaranteed. It should

be noted here that when a plant of unknown dynamics is combined with feedback neural

network, it makes the convergence of NN based system more difficult. However it is

well accepted that a small leaming rate makes a network, though slow, more likely to

converge, while large leaming rate makes the system unstable. Thus to guarantee

convergence and for faster training process an approach suggested in [36] is employed

here to lind the leaming rate. In this approach adaptive leaming rate was developed by

introducing a Lyapll~ov function.

A discrete-type Lyapllnov function can be defined as

L(p) = ~e2 (p)
2

where, e (p) represents the error in the leaming process and can be written as
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Thus the change of Lyapunov function due to the training process is obtained by

I[l l]&(p)=L(p+l)-L(p)= 2: e (p+l)-c (p)

The error difference due to the leaming can be represented as

e (p+l) =e (p) + e.e (p) = e (p) + [o:~)r'VW

(3.52)

(3.53)

where e.W represents a change in an arbitrary weight vector ( nonnalized real vector)

The VW is given as

VW = - oE(p) = 1 ( _ 0 » OO(p)
Tj. oW 1.Yk(P) k(P, oW

= 11.c(p). OO(p)
oW

From Eq. (3.52 - 3.54), c.L(p) can be represented as

c.L(p) = 'Ve(P).[e(k) + ~ 'Ve(P)]

[- ( )]T OO( ) { 1[0 ( )-IT OO( )1= oe P .11.e(p)--p-. e(pJ+- ~ .11-e(PJ--P_j
Ow oW. 2 oW J oW

(3.54)

(3.55)

For linear activation function of output neuron, Oe(p) = _ OO(p) , so that
oW oW .

(3.56)



IIOO(p)112
1 , IIBO(P)114

where A = 11. -- --r(.--
, lOW 2 oW

For simplicity, it is assumed that [36]

o (P) = BO(p)
'" oW
gm",:= maxpllg(p)11and

(3.57)

Til= Ti.g~", where

The expression for A becomes

II . II is the usual Euclidean non11

A. = ~.llg(p)112Ti.(2- Ti.llg(p).n

= .!..llg(p)112.Ti.(2_Tilllg2(p)112)
2 gm",

The convergence is guaranteed if the following condition is satistled.

Of, Til(2
2
- Til) > 0

gm",

36
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The above condition will be valid for 0 < 111 <2. However the maximum leaming rate

which guarantees the most rapid or optimal convergence is corresponding to '11= I, I.e.,

I
11=-,-

a-
Omax

(3.59)

For 0 < Iwfl < I, the value of g~u for output, hidden and diagonal feedback weight were

given as [36)

For output layer weight,

g:.u = H = No of hidden layer

For diagonal feedback weight,

[ ]
", I I

g;;,u = h WO
mu

For hidden layer weight,

[ ]", I I
g;;,u = (N H) WO X+ max'.t max

3.3.5 Implementation of DBP for multi layer DRN

(3.60)

(3.61 )

(3.62)

A series of equations to implement the DBP algorithm were derived in the previous

sections. A flow chart of this algoritlun is shown in Fig. 3.7. Each step of tile chart is

briefly described below.

Step 1. Initialization of weights:

The weights between output layer and hidden layer is initialized randomly. These

values lies between - 0.5 and 0.5. The diagonal recurrent weights are initialized by 0.5.
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Step 2. Choice of iteration no, hidden laver:

Number of number iteration depended on error and output response. It can be choice at

any range.

Step 3. Calculation of the actual output of each training pattem:

The outputs will be calculate as the Eq. (3.24) to (3.28).

Step 4 : Calculatioll the optimum teamillg rate

The optimum leaming rate will be calculate as the £'1.(3.60) to (3.62).

Step 5. Adjustmellt of the weights:

In this step the error of the output layer will be calculated using Eq. (3.31). Then the

weights of the output layer will be changed by using £'1.(3.35) and (3.36). The weight

of the hidden layer will be changed according to Eq.( 3.40) to (3.45). The diagonal

recurrent weights will be change by the Eq.(3.45) toe 3.50).

Step 6. Challge ofthe traillulg pattem :

Repeat &1ep4 and step 5 until the end ofthe training data.

Step 7. Change the iteratiollllumber:

Training will be continued until the maximum number of iterations.
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Fig).7. Flow chart of dynamic back propagation algorithm.
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CHAPTER - FOUR

PROPOSED NEURAL NET CONTROLLER

o INTRODUCTION
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o TEST RESULT AND SELECTION OF NETWORK
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.to INTRODUCTION

An adaptive gain controller has the ability to dynamically change its overall gam m

response to a specific variable. Thus any change in the process gain causes a change in

controller gain reciprocally to maintain the overall unity loop gain [37],[38]: The change

in controller gain with change in process gain is shown in Fig 4.1. Such an adaptive

controller can be designed by the inverse process dynamic technique. The inverse

model of a process having an unknown transfer function is itself a process having a

transfer' function which is in some senses a best fit to the reciprocal of the unknown

transfer function[37]. Tlus teclmique can be easily implemented by neural network. A

neural network can be applied as a adaptive controller of a plant aileI' leaming its

inverse dynamics(inputloutput). Here the inverse dynamics means the boiler output

quantities (controlled variables) such as steam header pressure, drum level and steam

flow rate will be used as input quantities of the neural network while the three inputs of

the boiler such as now rate of gas, air and water will be used as output quantities of the

neural network. In this work, this tecluuque is implemented for developing a neural

network based an integrated control system of an industrial boiler of ZFCL.

In this chapter the inverse dynamics modelling controller design methodology IS

presented. The training operation of the feedforward and diagonal recurrent network IS

briefly described. The output responses of both networks are investigated to select the

best network for developing a soilware controller.
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4.1 ANN BASED INVERSE CONTROLLER

Two modes of neural net controller are: the training mode and the rmming mode. A

general block diagram of the training mode of an ANN based controller is shown in

Fig.4.2(a). The plant output (y) for the known input (u) is used as network input to

obtain an output u,. The learning process of neural network is carried out to minimize

the overall squared error (E2) which is the difference between u and u,. After the

learning process is carried out, the weights between units (i.e., input to hidden and

hidden to output) of the neural network are obtained. TIle trained neural network can

then be used as a controller of the plant. The plant output signals of the controlled plant

(y) is expected to match the desired responses (Yd) which is given as the neural network

input shown in fig.4.2(b). The computational fimction of the neural network in the

training and operation phase are as follows:

Training phase: u = f (y, d)

where d is the plant load disturbance.

(4. I)

Operation phase: u = f(Yd, d) (4.2)

where Yd is the desired set point of the plant.

y

PLANT u

u
+

II,

E

(a) The trainingmode of the ANN Controller (b) The operationmode of the ANN controller

Fig.4.2. TIle training and numing mode of the ANN Controller.
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4.2 BOILER CONTROL LOOPS FOR INTEGRATION

There are three control loops (such as combustion, drum level and temperature control

loops) for controlling the 120 ton/hr capacity boiler of the ZFCL as described in the

chapter 2. Temperature is being controlled manually whereas combustion and drUm

level are being controlled automatically. Thus in this work these two automatic control

loops have been considered tor integration towards developing a single neural net

controller. A schematic diagram of the present combustion and dmm level control loops

of the ZFCL boiler is shown in Fig. 4.3.

DRUM
IF<El.

",,",M
HF.ADER
PRlSSURE

OlLER
PLANT

AIRFLOW

BOILER

M""""COHTh'OUER
AUTO/MAN

~-,.~k ;:
· ,- I_~ - .

BlAS

+

Fig. 4.3 Present PID controller controlled boiler plant of ZFCL.
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4.3 NETWORKS INPUT - OUTPUT VECTORS

Two networks architecture (such as feedfOlward and diagonal recun'ent network) has

been chosen to develop the proposed controller. Since the inverse dynamic modelling

teclmique is employed for developing the controller, the input vectors of both networks

are: (i) steam header pressure (YI) (ii) drum water level (Y2)and (iii) steam now (Y3)'

TIle output vectors of the both networks include: (i) gas now rate (Ul) (ii) air now rate

(U2) and (iii) water now rate (U3 ). Both networks structure with input-output vectors

are shown in Fig. 4.4. TIle architecture providing the fastest convergence with minimum

error and desired response is to be selected.

~..._-- --- -- ---. -- ....._--- - - -----,. .

Y,

Y3

Input
vector

Hiddenlayer

- - - ..--- ---- ---- ...._. - - -- ...._- --- --- - ...----_.:

u,

u,

output
vector

Y,

Yl

Input
vector

Hiddenlayer

: __ ....__ ._----- ....._--------._-_:

U,

oulpul
vector

(a) Input-outputvector of
feedfOlwardnetwork

(b) Inpul-oulputvector
of diagonalrecurrent network

Fig. 4.4 Input-outputvector of networks.
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4.4 TRAINING OF THE PROPOSED CONTROLLER

Feedforward network is trained using the general backpropagation algorithm while

diagonal recurrent network is trained using dynamic backpropagation algorithm. Both

training algorithms are described in the previous chapter. The training mode of the

proposed controller is shown in Fig. 4.5. Input-output data of the present PID controller

based 120 ton/hr capacity boiler of ZFCL are used as the training data of both the

networks. The training data are collected from the data bank of process control

computer of ZFCL. Dak'l are given in appendix A Faster convergence with minimum

en'or and desired response depends on many training parameters. The following sub-

sections discuss the selection of the training parameter in the case of both architectures.

y = d, J

lid)

BACK
PROPAGATION

TRAINING
ALGORITHM

ERROR

+

Udl BOILER
PLANT

URAL
ETWORK

)',

Ud = desired plant input, U, =computed plant output

Fig, 4.5 Training mode of proposed controller.
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4.4.1 Feedforward Network Training

Parameters to be selected for getting the desired response from the training of a

feedforward network include: (i) learning rate, (ii) momentum factor, (iii) number of

hidden layer and (iv) number of neurons in each hidden layer. In selecting the learning

rate and momentum factor, nine neuron with single hidden layer is chosen for network

architecture.

4.4.1.1 Learning Rate:

The learning rate (TJ) is used to control the amount of weight adjustment at each step of

training. Generally the TJ has an non-negative value which is less than 1.0. For the

present work the different values of learning rate such as 0.01, 0.1, 0.2, and 0.3 are

chosen to train the network. The training history at different values of learning rate is

shown in Fig.4.6. From the figure it is found that though at the learning rate of 0.2 and

0.3 error converges fast but initially the system becomes unstable. On the other hand at

the learning rate of 0.01, convergence is very slow. However convergence with stable

minimum error is achieved at the learning rate of 0.1. Thus the value of the leaming rate

is chosen as 0.1.

4.4.1.2 Momelltum Factor

Momentum allows the net to make reasonable large weight adjustment as long as the

corrections are in the same general direction tor several pattern, while using a small

value of learning rate to prevent a large response to the error from anyone training

pattem. It also reduces the likelihood that the net will fmd weights that a local, but not a

global minimum. With momentum factor the net proceeds only in the direction of the

gradient, but also in the direction of a combination of current gradient and the previous

direction of weight correction[33). TIllis the use of momentum factor along with the
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leaming rate, accelerates the training speed to achieve the convergence. Generally

momentum factor lies between 0.1 to 1.0. However there is no guidelines to determine

the optimum momentum factor for the leaming process. Thus initially during the training

process various values of momentum factor such as 0.1, 0.2, and 0.3 are taken to choose

the best one. The training history at different values of momentum factor with a fixed

leaming rate of 0.1 is shown in Fig.4.7. From the figure it is evident that the system

becomes unstable for large value of momentum factor. In this problem the faster and

stable errors convergence is achieved at the momentum factor of 0.1. Thus this value is

taken as the momentum factor for training the network.

4.4.1.3 Hidden Layer and Neuron selection:

In this work a neural network having a single hidden layer with a various number of

neurons such as 9, 12, and 15 is trained individually. A network having double hidden

layer with nine neurons in the first hidden layer and six neurons in the second hidden

layer is also trained. The training history of the various network is shown in fig 4.8.

After 300,000 iterations for each network, the weight of the network are saved for

designing the controller. Comparison between the output response of all the networks

and those of the PID controller are shown in Fig.4.8 to Fig.4.IO. From the figures it is

evident that the output response of all the cases are close to those of the PID controller.

TIle network with single hidden layer with nine neurons is chosen to develop the

controller, because this network takes less computation time as compared to other

networks. The weights obtained from the training of the selected network is given in

appendix-B.
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4.4.2 Training for Diagonal RecurI'cnt Network

A diagonal recurrent network with single hidden layer is trained by dynamic

backpropagation training algoritlun with adaptive learning rate. This learning scheme is

described in the previous chapter. Various networks are trained witll different number

of neurons such as 7, 9, 12, and 15. After 50,000 iterations tile training history for each

case is depicted in Fig 4.11. From the figure it is evident that in the case of 7, 12, and

15 neurons, the training process becomes unstable and convergence becomes very slow,

whereas in the case of 9 neurons, fast convergence and stable minimum error is found.

Thus the network witll nine neuron in hidden layer is selected for further training. After

300,000 iteration the error convergence rate is very low and tile error square is 0.00023.

Thus weights of the network are tllen saved to design the controller. TIle weights are

given in appendix- C.

4.5 TEST RESULTS AND SELECTION OF NETWORK

Initially two neural net controller are developed to choose the better one. The first

controller is designed using the weights of the feedforward network. While the sec

NN controller is designed using tile weights of tile recurrent network. To test thes

controllers, four sets of test data are taken from the history file of the ZFCL whi

not used during the training. These sets of test data are given in Appendix D. Eo

developed NN controllers are tested individually by using each set of test
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developed NN controller predicts the plant inputs such as air flow, gas flow and water flow

for a particular plant output. Predicted plant inputs of both NN controller are then compared

with the actual plant input~which are controlled by the conventional Pill controller. These

comparisons for each set of test data are shown in Figs. 4.12 to 4.15. Results in the figures

show that the actual plant inputs and the predicted inputs from the NN controllers are in

well agreement except for a few cases. This may be due to the use of short range of the

training data. Both the NN controllers predicted gas flow rate, air flow rate and water

flow rate in an hour and those predicted by conventional Pill controller are also given in

Table-4.1 to 4.4. From the tables it is evident that the total flow rate of gas, air, and water

of the developed NN controller based plant are very close to those of the existing Pill

controller based plant. The comparison tables also shows that in most cases the percentage

of error in the case of first NN controller based plant less than that of the second NN

controller based plant. Thus the output response of the feedforward network based controller

is more better than that of the recurrent network based controller. Moreover, in the case of

the first NN controller based plant, the variation in flow ( i.e., the difference between the

maximum and minimum flow of gas, air and water) is smaller than that of the second NN

controller based plant (refer to Figs 4.12 to 4.15. So the first NN controller based plant is

more stable than the second NN controller based plant. From Figs. 4.12 to 4.15, it can also

be noted here that in the case of the first NN controller ( i.e., feedforward network based

controller) based plant the variation in flow is smaller than that of the Pill controller based

plant. Thus the three layered feedforward network architecture with nine neurons in the

hidden layer is chosen to design the proposed software controller.
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Tablc-4.1

Flow rate variation of different controller based plant for 1st set of test data.

PID Feedforward Diagonal
controller network based Recun'ent network
based plant plant based plant

Total flow
(NM3/HR) 8682.99 8682.73 8688.82

GAS
Percentage
of Error - 0.003 0.067

AIR Total Flow
(NM3/HR 105540.6 105566.1 105625.5
Percentage
of EITor - 0.024 0.080

WATER Total Flow
(TONIHR) 120.92 120.72 120.60
Percentage
of Error - 0.165 0.266

Table-4.2

Flow rate variation of different controller based plant for 2nd set of tl'st data.

PID Feedforward Diagonal
controller network based Recurrent network
based plant plant based plant

Total flow
(NNe/HR) 8827.08 8829.00 8827.89

GAS
Percentage
of Error - 0.022 0.009

AIR Total Flow
(NM3/HR 107419.1 107439.5 07427.8
Percentage
of Error - 0.019 0.008

WATER Total Flow
(TON/HR) 120.21 120.34 120.38
Percentage
of Error - 0.110 0.141
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Tablc-4.3

Flow rate variation of differ'ent controller based plant for 3rd sct of test dntn.

PID controller Feedforward Diagonal
based phmt network based ReCUlTentnetwork

plant based plant

Total flow
(NNeIHR) 8572.73 8572.12 8574,11

GAS
Percentage
of Error - 0.007 0,0161

AIR Total Flow
(NM3/HR 104561.1 104523,0 104524.4
Percentage
of En'or - 0.0365 0.0352

WATER Total Flow
(TON/HR) 117.02 117.42 117,69
Percentage
ofEITor - 0.3344 0,5725

Tablc-4.4

Flow rnte vadation of different controller based plnnt fOl'4th set of test dntn.

PID controller Feedlorward Diagonal
based plant network Recurrent network

based plant based plant

Total flow
(NM3/HR) 8809.59 8808,00 8810.66

GAS
Percentage
of Error - 0,018 0.012

AIR Total Flow
(NM3/HR 107123.6 107113,5 107137,3
Percentage
of Error - 0,009 0,013

WATER Total Flow
(TON/HR) 122.53 122.54 122.58
Percentage
of Error - 0,007 0.041
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4.5 PERFORMANCE OF THE DEVELOPED CONTROLLER

The perfonnance of the developed controller can be detennined fi'om the characteristics

of the boiler such as average air/gas ratio, steam/gas ratio as wel1 as gas and air How

due to change in steam load. Average air/gas ratio and steam/gas ratio are computed

from the developed controller predicted inputs ( such as gas, air and water How). These

ratios are given ill Table-4.5. From the table it can be found that the predicted n::tios of

of developed controller are very close to the ratios obtaincd from the history lile of the

PIO controller based boiler plant. TIle air How and gas flow due to stearn load change

are shown in Figs.4.I6 and 4.17, respectively. From the figures it is evident that the

characteristics of air arld gas flow due to steam load charlge are similar for both PIO and

NN controller. Thus it can be concluded here that the developed NN controller has the

ability to control the reference boiler (i.e. 120 ton/hour capacity boiler of ZFCL)

having the non-linear process dynamics.

Table - 4.5
Comparison of air/gas and steam/gas mtios

Average Proposed NN Actual
Ratio controller based PID

plant control1er based plant

Air / Gas 12.168 12.167

Steam/ Gas 13.556 13.553
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4.6 RUNNING MODE OF THE PROPOSED CONTROLLER

The running mode of the developed controller is shown in Fig. 4.18. During the normal

operation of tile proposed controller, the desired set points of the steam header pressure

and tile drum level can be changed by the operator through the keyboard. The load

di,"turbance is sensed continuously by steam flow transmitter. Thus if any change in

steam flow is occurred then the control inputs of tile plant such as gas, air and water

will be changed automatically by the proposed controller.

STEAM
FLOW

WATER
FLOW

LOAD
DISTIJRBANCE

SEfPOlNT
OFIlEADER
PRESSURE

SET POINT
OF LEVEL

•

NEURAL NET
CONTROLLER

WITH

SIGNAL
PROCESSOR

GAS
FLOW

AIR
FLOW

BOILER
PLANT

FT 05 = Steam flow transmitter

Fig. 4.18 Running mode of the proposed Neural Net Controller.
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4.7 NEURAL NET CONTROLLER WITH BOTH MODE

Training and nllming mode of the proposed neural net controller is shown in Fig. 4.19.

The user can sclect either the training mode or the rulming modc through keyboard by

pressing ""T" for training and "R" for mIming. During the training mode the boiler plant

output. input such as steam header pressure, drum level, ste,un flow, gas flow, air flow

and watcr flow are used as training data of the NN controller as mentioned in section

4.4. The input output data can be obtained l1'om the output of the transmitters such as

PT14 for steam header pressure, LT06 for drum level, FT05 for steam flow, FTOI for

gas flow, FT02 for air flow and FT07 for water flow. The training operation must be

done during the plant shut down(i.e., ofl:line training). At mIming mode ( i.e. at the

normal operation of the plant) the desired set points such as steam header pressure and

dmm level is changed by operators through computer keyboard as mentioned in the

previous section. TIle NN controller output will change due to steam load disturbance

which is measured by FTO5. TIle controller output is than convelted into in electronic

signal which is used to postion the control valves.

SETPOINT OF
HEADER
PRESSURE

SET POINT
OF LEVEL

,0 R

T

STEAM FLOW

NEURAL NET
CONTROLLER

FTOt = Gas flow trarLqnjUer. FT02 = Air flow transmitter. FT07=WAter flow transrniller. FT05 = Steam flow transmitter. LT06=Drum
level trnnsmitter, PTl4= Header pressure transmitter. T = Training, mode. R=Running mode. S/C= Sienal converter.

Fig. 4.6 Proposed Neural Net controller for 120 tonlhour capacity boiler ofZFCL.
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5.0 INTRODUCTION

A schematic diagram for real time operation of the developed controller for boiler is

shown in Fig.5.1. Each block of the diagram except the controller is described in the

following sections. The operation ofthe control valves is investigated for different sets of

test data as mentioned in the previous chapter. For the simulation the valves

characteristics (e.g., flow vs. percentage of valve opening) model is developed by the

best fit analysis of the data obtained from the history file of the boiler plant of ZFCL.

Control valve model gets inputs (such as gas flow, air flow, and water flow) from the

neural net controller for a desired plant output. The control valve model calculates the

percentage valve opening for each input. A computer software is developed to generate

pulse signals for the operation of control valves according to the desired percentage valve

opening. The generated pulse signal is then sent to an external circuit through the parallel

port of the computer. The average voltage of the pulse is measured by a voltmeter

which is calibrated in terms of percentage of valve opening. TIle measured valve opening

is then compared with actual valves opening .

•••••••••• - --- --- - --- - --- ••• ; r ••••••••••• - •• -.------- ----- --_ •••• _- ••••••• - •••• ".----- ---- ------_ •••••••••• ------.-- --- - - ---- --, ;- ••••••••••••••• ---.

METER I
FOR

PROCESS
,

GAS
VARIABLE AT 1-'
HARD DISK NEURAL NET METER 2

CONTROLLER f--t CONTROL e---. PULSE ...• ++ FOR
VALVE GENERATION PARALLEL

FOR
-l ~ ....• AIRMODEL SOFTWARE PRINTER ..LJSET POINT BOILER --' e---. ...•

PORT
FROM

,
METER 3

KEYBOARD , !'-+ FOR,
WATER, ,

~------ -_ ---------------- ._-- ._-_ --.- - -.--- -- ---- - --- ------_."

INPUT BLOCK MICROCOMPUTER
OUTPUT
BLOCK

Fig 5.1. Block diagram of simulation setup of Neural Net Controller for Boiler plant
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5.1 CONTROL VALVE MODEL

The neural network controller predicts the value of plants control inputs such as gas, air,

and water flow according to the desired set point of steam header pressure and dnlll1 level.

To determine the control valves opening from the predicted control inputs an equation

is developed by the best fit analysis of the normalized training data. It is assumed that

the relationship between the control input flow and valve opening is linear. TIle equations

for different control inputs are as follows:

For Gas y = 0.4275x + 0.279

For Air y = 2.1x - 0.582

For Water r 0.2545x +0.072

where, x= NN controller output

y = Control valve opening.

(5.1 )

(5.2)

(5.3)

From the above equation the control valve opening is detenl1ined. A corresponding

electronic pulse signal is then generated whose average value of the voltage is used to

position the control valve.

5.2 ON-LINE REAL-TIME PULSE GENERATION

The average voltage of the generated pulse is proportional to the control valve opening.

This voltage can be controlled by the Pulse Width Control (PWC) teclmique. In this

teclmique average voltage of the pulse is controlled by changing the pulse width. TIle

waveform of the pulse is shown in Fig.5.2 where pulse period T represents the

maxinlUm valve opening (100%) . The generated signal becomes available at the parallel

port of the computer and it sustains until the next data is available.
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Voc

Fig.5.2. Waveformof the generatedpulse.

TIle average voltage of the pulse is given as [39],

V. = D.VDC

T.where D = Duty cycle = ON
T

(5.4)

TIle period T and VDC are constant. So the average voltage varies with the time TON

which represents the actual valve opening.

An algorithm of PWC technique is described in the following paragraphs. This algorithm

is implemented by a computer program[ 40][ 41]. A flow chart of the program shown in

Fig.5.3. Brief description of each step of the flow chart is given below.
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STEP-I:

Get the values of gas, aIr, and water valves opening as the variables tg, ta, and tw

respectively from the output of valve model. Also set the total number of time segments

to be scmmed for generation ofthe pulse pattem as nlllll_seg = 100.

STEP-2 :

This step creates ml array deci[r] of decimal numbers and initializes it witil binary values

'0'. Here r is tile segment number, r=O, 1,2, nlllll_seg.

STEP-3 TO 5:

These steps create t1lreearrays g[r], a[r], and w[r] for the value of gas, air and water valve

respectively. Binary values '1' (high) will be stored in the array positions ranging from

[0] to [tg*num _seg], [ta*num _seg], and [tw*num _seg] for gas, air, and water valve

respectively. While binary values '0' (low) will be stored in tile array positions starting

from [tg*num_seg] or [ta*nwll_seg] or [tw*num_seg] to [nunl_seg] respectively.

STEP - 6:

TIns step creates an array deci[r] of decimal numbers, which incorporates each of the

above t1lree arrays ( i.e., g[r], a[r], and w[r]) as deci[r]= g[r]*2° + a[r] *21 + w[r] *22 •

Tllls expression represents tile respective time segment of tirree pulses to be generated.

STEP-7 :

In tilis step pulses are generated as a composite byte. This byte will sent at the data pin (

pin 2 for gas valve, pin 3 for air valve aIld pin 4 for water valve) of the parallel port which

is addressed as Ox378. Each aIld every decimal numbers of the array deci[r] will be

sustained for a time of 1 ms sequentially.
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Read gas,air and water valve
o enin and select num se =100

IJtitialized all element of array deci(lll11n_seg)=O

g[r) = 1

a[r) = I

Yes

.... ~

w[r] ~ I

...=

Fig. 5.3 Flow chart for on-line signal generation by PWC technique.
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5.3 RESULT

The average voltages of the pulses at pin number 2,3, and 4 of the parallel port of the

computer are measured by voltmeters for investigating the operation of control valves

for the gas, air, and water flow respectively. In all cases it is found that the percentage

of valve opening corresponding to the measured voltage follows the valve

characteristics. It is also found that the pulses at the port are sustained until the nex1 set

of data is available. The simulation result (i.e. the measured average voltage of the pulse

corresponding to percentage of valve opening) is given in table-5.1.

Table-5.l : Simulation result

Measured average voltage vs. percentage of valve opening

Average voltage of pulse Percentage of valve

(Volt) opemng III

From simulation (%)

0.0 0

1.25 25

2.50 50

3.75 75

5.00 100
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6.1 CONCLUSION

In this thesis, a multi-layered neural network based an integrated controller has been

developed to control a nonlinear MIMO boiler plant. Drum level control and

combustion control ofthe boiler is perfonlled by the integrated controller. TIle process

inverse dynamic methodology has been applied to design the integrated NN controller.

The real time input output data of 120 ton/hour capacity boiler of ZFCL, Ashuganj,

Bangladesh has been used for training of the networks. Nonlinear activation fhnction

has been considered because of nonlinear process of boiler plant.

Two neural networks such as feedforward and diagonal recurrent networks have been

trained over the full working range of the boiler to memorize the reverse input/output

mapping of the boiler plant. General back propagation and dynamic backpropagation

training algorithm is implemented for feedforward and diagonal recurrent network

respectively to obtain the network weights which produce minimum difference between

networks predicted output and desired input. TIle proposed software controller is then

developed using the weights of the feedforwrd networks. Because feedforward

network based controller has been shown better output response and perfonllance than

those of the feedback network based controller.

The developed controller has been tested by using diflerent sets of boiler plant input-

output data which were not used during the training. The output response and

perfonllance of the developed controller has also been compared with that of the existing

six single input single output PIO controller. Comparison shows that the developed

controller has the learning capability and ability to control a boiler plant having the non-

linear process dynamics. It can be noted that the integrated controller has also the ability

to solve the loop interaction problem in MIMO plant by its parallel operation.
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A real time operation of the developed controller has been implemented. The valves

characteristics model has been developed by the best fit analysis. The control valve

model calculates the percentage valve opening for each input. A computer software has

been developed to generate pulse signals for the operation of control valves. The

generated pulse signal is then sent to an extemal circuit through the parallel port of the

computer is sustained until any disturbance is occUlTed.

The main drawback of the neuro control approach is it prior training. The success of the

NN based controller depends on the proper choice of training data and the leaming

parameters. Once the neural networks is trained, the NN controller is self-tuned and does

not consist any requirement for tuning. Whereas the conventional controller requires

tuning which is very difficult task especially in the case of nonlinear plant.

The advantage of the developed controller over tlle traditional adaptive and

conventional controller is that the developed controller can be used to highly nonlinear

plants. The non-linear sigmoid functions in the hidden neurons allow the network to

leam and solve nonlinear control problems where to this end traditional controllers have

no solution yet. Moreover, the parallel operation of tlle proposed controller are more

robust even some of the synaptic connections failed. The benefits of the use of the

proposed NN based integrated controller include faster response, adaptive control,

simplicity and reliability. This technique can also be implemented in real time control of

otller process industries such as refinery plant and distillation plant.
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6.2 RECOMMENDATION FOR FUTURE WORKS

The following recommendations have been made to extend the proposed controller.

1. The temperature control loop has not been considered for integration because of

the nonavailability of loop input data ( i.e., the quantity of spray water). If this

data is available, the present work can be ex1ended by considering the temperature

control loop in addition to the drum level control loop and combustion control

loop for integration.

2. The on-line operation of the developed NN controller perfonnance has been

investigated by observing the operation of the control valves which are simulated

by voltmeters. If the mathematical model of the boiler process is known, further

investigation of the perfonnanee of the NN controller can be carried out by

observing the plant output.

3. TIle developed NN based controller is a direct inverse controller. It does not

have the error correction capabilities. This can be introduced by using errors

( which is the difference between desired plant output and actual measured output)

as NN inputs instead of direct plant outputs.

4. The developed controller is based on the feedforward network which is trained by

GBP algorithm. Further work can be carried out by training the feedforward

network by backpropagation tlu.ough time training algorithm to improve the

controller perfonnance.
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APPENDIX -A
TRAINING DATA

STEAM DRUM STEAM GAS AIR WATER GAS AIR WATER
HEADER LEVEL FLOW FLOW FLOW FLOW VALVE VALVE VALVE
PRESSURE OPEN OPEN OPEN

Unit BAR MMH20 TONES NM3 NM3 TONES % % %
PER PER PER PER
HOUR MIN MIN HOUR

Min 0.0 -250.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Max 140.0 250.0 166.0 225.50 2866.0 166.0 100.0 100.0 100.0

TIME
16:00:30 90.008 53.344 116.587 135.7651657.920 120.184 52.163 47.856 27.577
16:01:00 89.906 54.990 116.698 134.0971650630 115.785 52.819 49.200 27.096
16:01:30 89.819 58.635 117.203 135.7231657.800 113.783 53.129 50.227 26.231
16:02:00 89.965 56.219 116.573 135.6101647.290 114.374 52.981 50.117 27.465
16:03:00 90.008 58.042 116.515 133.7921669.740 113.468 53.540 48.162 28.067
16:03:30 90.037 58.938 116.501 133.0401642.630 123.193 53.137 48.952 26.204
16:04:00 90037 57.500 116.871 134.9191625.140 109311 52.006 49.519 27.594
16:05:00 90.037 56.969 117.632 134.1871665.560 123.082 52.917 48.465 26.442
16:06:00 89.862 57.115 118.216 134.7361650.930 111.469 52.821 49.788 27.858
16:06:30 89.731 59.240119.565136.7051703.710111.116 54.283 49.769 28.031
16:07:00 89.775 57.802 119.191 138.3021703.890 115.432 54.369 50.340 27.125
16:07:30 89.965 61.969 118.669 136.9401639.590 111.715 52.973 51.502 27.698
16:08:00 89.965 52.813 118.974 136.8971648.010 115.861 53.142 51.102 28.619
16:08:30 89.994 55.531 118.316 135.9911647.530 113.011 53.171 51.029 28.010
16:09:00 89.950 56.896 118.406 135.831 1684.610 106.776 54.377 49.925 28.581
16:09:30 89.979 56.896 118.206 136.2301664.430 114.042 53.519 50.123 27.029
16:10:00 90.023 59.771 118.666 133.9561684.430 120.602 53.979 48.881 26.694
16:10:30 89.877 61.292 119.831 136.2581640.720 116.159 52.831 52.529 26.494
16:11:00 89.965 52.125 118.289 137.3301684.670 126.215 53.675 50.350 27.085
16:11:30 90.052 52.427 117.836 136.5171645.980 114.021 52.015 50.388 27.650
16:12:00 89.965 55.156 118.866 135.2341618.870 122.079 52.690 52.356 27.008
16:12:30 89.921 56.208 118.026 136.4601636.360 113.440 52.950 51.990 27.858
16:13:00 89.892 60.448 119.032 136.676 1702.460 112.603 54.181 50.135 26.650
16:14:00 90.125 56.740 118.493 135.8071638.690 113.222 52.706 49.944 28.019
16:14:30 89.965 55.083 119.046 135.352 1676.310 117.742 53.587 49.531 27.458
16:15:00 89.848 57.427 119.769 136.7231700.430 114.253 53.604 50.208 27.442
16:15:30 89.935 54.094 119.378 137.0191703.590 118.604 53.952 50.737 27.171
16:16:00 90.081 54.385 118.725 136.1691645.140 118.576 53.281 51.487 27.852
16:16:30 89.862 63.188 120.257 137.0051678.580 103.138 53800 51.813 28.171
16:17:00 90.183 47.958 116.833 135.972 1643.470 130.085 52.642 51.165 27.954
16:17:30 90.213 56.292 116.923 131.3111621.910 111.791 53.460 50.260 27.556
16:19:00 89.994 61.958 118.355 132.8951681.800 115.142 54.177 49.354 26.610
16:20:00 89.979 52.646 118.614 136.5971662.870 116.456 53.267 50.485 28.631
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STEAM DRUM STEAM GAS AIR WATER GAS AIR WATER

HEADER LEVEL FLOW FLOW FLOW FLOW VALVE VALVE VALVE
PRESSURE OPEN OPEN OPEN

Unit BAR MMH20 TONES NM3 NM3 TONES % % %

PER PER PER PER
HOUR MIN MIN HOUR

TIME
16:20:30 90.140 48.104 116.567 134.6521629.970 126.122 52.385 50.152 28.058
16:21:30 90.008 62.042 115.750 132.3261619.940 106.434 52.967 50.823 27.246
16:22:00 89.833 65.979 117.054 136.8461672.250 97.318 52.885 50.987 27.496
16:23:30 90.140 59.167 116.712 129.2961636.780 111.884 53.006 47.133 26.879
16:24:00 90.008 56.813 116.708 131.8941648.600 118.313 53.013 48.125 27.425
16:2500 89.819 62.646 117.601 132.5711642.030 107.174 53.025 50.325 25.960
16:26:00 90.227 46.073 113.551 133.8201594.450 116.076 52.240 48.967 29.500
16:26:30 90.125 54917 114.509 131.2461600.960 113302 52.225 48.388 26.210
16:28:00 89.673 64.625 121.069 138.9601700.970 109.992 54.254 51.169 27.042
16:28:30 89.950 53.708 120.599 136.5361659.410 117.874 53.540 50.273 29.915
16:29:00 89.965 48.406 119.140 136.5971668.190 127.740 53.027 49.360 28.073
16:30:00 89.760 57.427 119.354 141.0741709.980 115.567 53.925 52.700 27.560
16:30:30 89.921 59.167 119.918 139.7441690.880 111.469 53.477 51.354 27.496
16:31:30 89.965 60.375 119.997 135.9151659.110 111.587 53.150 50.979 27.156
16:32:00 89.790 62.802 121.315 137.2501689.260 112.797 53671 52.156 27.573
16:32:30 89.469 63.396 124.749 140.9751761.390 114.180 55.385 53.550 26.590
16:38:00 90.490 64.844 110.860 123.8041541.600 100.873 51.265 45.408 25.892
16:39:30 90.533 47.354 109.197 123.771 1555.040 121.363 51.683 42.915 26.644
16:40:00 90.227 56.063 11J.241 122.461 1499.870 107.457 50.506 46.413 26.248
16:41:00 89.892 55.156110.9471301701571.220 115.598 51.273 46.423 26.604
16:41:30 90.271 50.833 108.595 126.2281505.000 118.562 50.975 46.550 25.575
16:43:00 89.921 58.417 113.375 128.1541555.820 104.241 51.400 47.165 26.960
16:43:30 90.154 46.656 110.068 126.6141533.720 115.999 50.917 46.063 27.704
16:44:00 89.921 57.510 112.026 125.8201573.790 106230 51.633 45.573 26.013
16:45:00 89.804 59.010 113.409 131.941 1590.740 106.748 51.933 47.727 26.396
16:45:30 89.848 56.594 114.312 130.2401576.300 104.808 52.385 48.592 28.029
16:46:00 89.921 55.156 114.519 129.691 1593.070 116.726 52.433 47.490 26.335
16:47:30 89.877 58.417 115.211 131.3871593.130 114.063 51.798 48.677 27.479
16:48:00 89.863 58.938 114.779 130.6961634.750 114.786 53.054 47.321 26.040
16:51:00 89.979 54.615 113.568 127.6331572.950 113.838 51.742 47.233 27.223
16:52:00 89.979 57.271 114.094 131.471 1587.820 109.878 51.704 46.792 28.844
16:52:30 89.950 52.125 113.527 129.3481593.730 117.071 52.496 47.287 27.335
16:53:00 89.979 59.250 113.316 129.1181595.520 112.219 52.056 47.556 27.173
16:54:00 89.673 61.146 115.785 135.1971625.550 107.955 53.260 50.856 27.863
16:54:30 89.877 60.229 116.148 134.7461632.120 110.933 52.969 49.587 27.425
16:55:00 90.227 53.865 113.918 129.6391596.180 107.533 52.906 47.354 28.915
16:56:00 90.329 50.979 111.877 127.8541550.260 116.466 51.940 47.104 27.092
16:56:30 90.256 58.563 111.638 125.401 1553.190 103.698 51.915 46.071 26.685
16:57:00 90.154 57.583 110.943 127.6381548.710 107.869 50.658 46.700 25.992
16:57:30 90.344 52.427 107.876 124.1571541.960 110.266 51.623 45.031 27.160
16:58:00 90.183 60.823 110.376 123.1371538.440 103.792 51.452 45.421 26.256
16:58:30 89.819 71.063 112.790 126.6371608.120 100.797 53.060 46.325 24.865
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STEAM DRUM STEAM GAS AIR WATER GAS AIR WATER
HEADER LEVEL FLOW FLOW FLOW FLOW VALVE VALVE VALVE
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22:00:30 90.227 46.927 120.845 137.8651674.400 127.191 53.946 50.446 29.831
22:01:00 90.300 50.844 118.050 134.844 1650.930 115.287 53.073 48.694 29.754
22:02:30 90.213 57.188 118.064 135.6191654.930 118.648 53.671 49.415 28.375
22:03:00 89.892 64.094 120.087 135.6761674.690 111.611 53.444 51.123 28.058
22:03:30 89.877 60.719 120.689 139.3451686.760 104.148 54.017 52.448 29.212
22:04:00 90.169 51.375 119.420 136.7471671.950 122.653 53.454 50.092 28.571
22:04:30 90.008 55.385 119.717 135.3851650.100 120.008 53.098 51.525 28.369
22:05:00 90.154 49.448 117.255 136.9721672.130 124.877 53.388 50.215 28.552
22:05:30 89.994 60.604 117.410 136.7051660.130 1l0.947 52.269 51.071 27.042
22:06:00 90.096 62.073 117.251 135.9011642.510 112.835 53.142 51.665 26.860
22:06:30 90.198 55.677 115.782 134.2661636.720 113.236 52.056 49.631 28.917
22:07:30 90.344 53.365 115.328 132.5991613.370 112.794 51.987 48.242 28.117
22:09:00 89.906 56.510 118.323 137.785 1674.690 113.534 53.619 51.350 27.765
22:09:30 90.037 55.531 117.158 135.9771660.250 116.200 53.108 50.575 28.475
22:10:00 90.110 50.146 116.563 134.5201653.140 118.043 52.821 49.525 28885
22:11:30 89.921 59.781 115.771 137.7991666.100111.462 53.979 51.971 27.383
22:12:00 90.140 60.990 115.795 136.7231641.080 107.226 52.810 50.990 27.942
22:12:30 89.935 60.604 116.919 135.211 1644.780 104.563 52.925 51.454 27.550
22:13:00 89.775 60.156 117.770 138.4291727.600 111.455 54.242 50.671 27.329
22:13:30 90.008 50.542 116.470 138.2691696.070 121.896 53.960 50.175 28.515
22:14:00 90.067 50.688 116.418 135.0931675.710 121.885 53.385 49.106 27.454
22:15:00 89.717 58.708116.577140.5571723.180 110.404 54.362 52.431 27.573
22:15:30 89.833 58.333 116.380 142.2621708.730 112.233 53.663 52.729 27.788
22:16:00 89.585 67.125 119.306 141.8111720.190 108.073 54.527 54.450 26.629
22:16:30 89.615 61.656 119.672 145.1521790.170 114.488 55.763 53.206 26.954
22:17:00 90.183 51.063 118.064 141.2901711.530 126.928 53.548 51.452 28.265
22:17:30 90.023 39.823 115.515 130.0201625.730 129.1 13 52.121 46.323 29.917
22:18:00 89.352 54.698 115.411 130.3061611.220 109.408 52.654 47.398 28.942
22:19:00 88.346 60.531 116.736 135.3701643.170 119129 52.069 49.273 26.544
22:19:30 88.069 59.396 116.625 132.8851632.120 116.795 53.154 49.660 27.358
22:20:00 87.704 57.438 116.525 134.9661628.180 106.977 52.600 50.998 28.650
22:23:30 84.729 57.917 118.714 143.0611737.150 114.001 54.900 52.925 27.846
22:24:00 85.065 58.552 118.278 139.3501694.580 111.555 53.767 50.646 27.887
22:24:30 85.035 57.646 118.057 137.4801680.790 113859 53.296 49.948 27.352
22:25:00 84.860 62.688 118.936 137.964 1700.430 117.704 54.071 49.846 25.781
22:25:30 84.656 64.198 120.295 140.3461717.680 106.738 54.431 52.075 26.044
22:26:00 84.904 59.302 119.731 140.3081711.360 117.877 54.381 51.777 26.100
22:26:30 85.473 42.948 115.920 135.8731660.780 130.597 53.404 48.362 26.671
22:27:00 85.429 48.354 115.619 133.6091618.690 119.420 51.088 47.769 26.431
22:29:00 85.021 58.260 116.881 135.7091662.510 109.899 53.321 49.929 25.788
22:29:30 85.021 59.990 117.144 135.572 1632.420 103.252 52.608 50.821 26.531
22:30:30 84.846 58.563 118.593 136.921 1683.350 114.004 54.340 50.848 26.829
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22:31:30 84.904 58.708 117.884 137.9971704.130 106.814 53.775 49.160 26.754
22:32:30 84.933 56.906 118.541 137.9451667.530 114.661 53.490 51.290 25.363
22:33:00 84.700 63.521 120.260 140.3781721.330 107.900 53.773 51.623 25.473
22:33:30 84.729 60.281 120336 141.7221765.210 107.748 55.121 50.913 26385
22:34:00 84.919 54.427 120.602 139.4531736.430 118.655 55.019 50.619 26623
22:35:00 84.671 58.417 121.630 140.9421768.020 118.016 55.727 52.342 25377
22:35:30 84.744 57.656 122.038 144.9641757.330 112.261 55.246 53.479 26.721
22:36:00 85.065 53.969 121.294 142.2341712.430 116.480 54.067 52.298 27.252
22:36:30 85.167 53.531 120326 140.6741719.420 115.159 54.108 50.050 27.417
22:37:00 85.006 59.146 119.814 138.852 1691.050 106.226 52.335 51.538 26.577
22:37:30 84.977 56.604 119.520 138.1661681.920 114.229 54.096 52.827 26.381
22:38:00 84.919 57.969 119.102 139.129 1707300 110.930 54.115 52.306 26.077
22:38:30 85.137 60.667 118.206 139.0541687.230 107.094 54.181 51.727 26165
22:40:00 85.590 53.979 112.842 127.4121533.480 109.674 52.015 48.065 26.017
22:41:00 84.817 70.281 116.501 137.2921675.230 103695 54.177 51.554 24.994
22:41:30 85.210 54.281 116.968 136.1691662.450 119.243 53.779 48.462 26.415
22:42:00 85.400 46.990 115.833 132.881 1599.100 120.419 50.950 47.777 26325
22:47:00 84.773 65.833 115.826 136.8931673.680 103.259 53.733 51.052 24.400
22:47:30 84.919 66.594 116.791 137.113 1711.000 105330 54.804 49.550 24.246
22:48:00 85.138 60.740 117.608 136.3661656.480 115.958 53.587 49.429 25.410
22:48:30 85.210 57.802 118.050 132.4201625.260 117.262 52.773 49.048 25.350
22:49:00 84.875 55.479 118.731 135.0651675350 110.414 53.190 49.060 26.698
22:49:30 84.846 52.708 118.645 136.7521716.550 107.444 54.277 49.165 27.854
22:50:00 84.904 55.250 119.254 138.8051687.770 103.785 54.094 50.446 29.031
22:50:30 84.846 52.927 118.804 138.9551691.410 117.573 53.579 51.237 26785
22.51:00 84.919 61.948 118.725 138.4151712.070 114.139 54.290 50.008 27.427
22:52:00 84.831 56.302 118.538 142.7881731.840 112.966 54.856 52.694 28.200
22:53:00 85.852 43.771 112.852 130.9731615.880 104.379 52.798 47.146 30.017
22:53:30 85.998 48354 110.193 124.481 1527.330 125.340 51.085 45.808 25.521
22:54:00 85.269 62.990 112.845 124.4061533.660 105.977 51.765 47.796 23313
22:54:30 84.744 74.635 115.235 131.9691613.490 83.387 51.806 50.335 26.098
22:55:00 84.700 69.823 118.068 134.9101668.370 115.954 53.885 50.869 23.608
22.58:00 87.252 53.000111.351 138.7111697.860110594 54.158 50.813 27.627
22.58:30 87.617 64.708 111.434 136.1031681.380 101.471 54.117 52.477 25.773
22:59:00 88.054 77.583 112.717 138.3581709.270 84.529 54.415 51.085 24.079
22:59:30 88.944 66.740 111.773 137.982 1657.740 96.128 52.535 50.333 26.931
23:00:00 90.081 45.700 108.640 130.9221578.030 117.289 51.575 49.965 26.727
23:GO:30 90.840 41.531 104.860 128.2671613.430 113.976 52.502 46.560 26.627
23:01:30 91.510 73.854 108.685 137.4421701.500 81.254 54.735 51.402 23.627
23:03:00 93.115 37.354 106.818 121.0891474.910 122.449 49.733 44.996 26940
23:04:00 92.750 38.073 99.275116.2261423.200111.746 48315 42.700 26.794
23:18:30 92.138 46.104 118.787 149.431 1825.700 115.470 56.073 53.685 31.310
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23:19:00 92.867 44.063 113.132 140.491 1692.970 109.059 53.694 52.094 29.896
23:19:30 92.998 45.479 107.751 133.4631624.960 126.250 51.679 48.702 27646
23:20:00 93.188 41.281 102.692 125.5521587.460 109.996 52.069 43.752 28.790
23:21:00 92.852 63.073 99.451 120.821 1473.300 103.536 49.442 43.702 25.302
23:21:30 92.823 63917 98.438 120.2341471.270 93.461 49.498 42.769 25.306
23:22:30 92.196 69.573 104.134 122.1931520.710 113.053 50.490 45.242 21.979
23:23:00 92.254 62.229 104.421 1221651525.070 89.394 51.160 44.254 27.633
23:23:30 92.269 54.135 104.763 121.5591503.210 101.319 50.123 44998 27.077
23:24:00 91.787 60.552 108.028 122.8741552.110 106.178 52.604 46.583 25.340
23:25:00 91.321 58.490 110.698 133.7871645.740 103.273 53.283 51.031 26.400
23:28:30 92.575 44.490 115.228 140.4961691.230 121.087 53.848 52.040 29.523
23:29:00 92.604 48.771 112.005 133.7501679.230 102.993 54.444 49.996 30.567
23:30:00 92.838 71.865 111.711 140.9801713.680 103.747 53.921 52.475 24.979
23:30:30 93.188 68.052 112.679 138.8561680.010 105.842 54.415 50.106 25.413
23:31:00 93.435 54.865 112.631 133.9091611.940 113.703 52.496 50.406 27.525
23:32:00 93.727 53.240 111.137 140.5101687.050 106.375 53.177 53.329 27.571
23:32:30 93.960 55.177 111.490 139.6171683.470 105.863 53.650 51.702 26.967
23:33:00 94.179 54.094 111.338 139.4061718.700 110.238 53.587 50.725 26.004
23:34:00 94.821 62.500 114.288 144.3761744.250 105.123 54.952 53.383 25.631
23:34:30 95.156 60.125 115.107 140.9191714820 111.393 54.444 51.096 26.612
23:35:00 95.317 50.542 114.938 135.075 1633.560 117.327 54.035 51.858 28.208
23:37:30 96.483 48.604 1l1.998 137.6821670.520 118.559 53.840 50.083 27.348
23:38:00 96.629 48.990 109.681 135.7231667.950 110.615 52.513 49.598 27.246
23:40:30 98.204 52.510 105932 136.4371644.540 106.105 53.306 50.233 27.481
23:41:00 98.656 55.740 104.743 130.071 1582.680 104.307 52.790 47.642 27.298
23.42:30 99.269 63.042 105.860 133.9891632.120 95.685 53.123 47.919 27.027
23:43:00 99.750 52.198 104.532 128.3521580.770 113.824 52.104 45.800 25.602
23:43:30 99.779 46.771 102.643 124.4291537.900 112.676 51.404 47.029 27.938
23:44:30 100.173 58.010 101.758 132.721 1607.880 98.639 51.263 46.346 26.802
23:45:30 100.465 57.917 100.503 123.4941526.500 98.891 52.342 46.054 27.248
23:46:00 100.567 57.938 99.849 123.2171534.980 102.491 50.429 43.369 26.148
23:46:30 100.581 50.573 98.690 120.6331455.510 112.327 48.529 45.063 25.671
23:47:00 100.465 52.906 97.705 116.6631461.240 100.890 51.646 45.063 27.398
23:48:00 100.348 57.635 96.636 119.0551471.870 100.067 50.352 44.135 25.740
23:49:00 100.202 59.271 96.992 119.0551480.700 98.922 50.763 43.144 26.225
23:49:30 100.027 59.521 97.411 119.7731507.750 94.295 50.783 43.823 26.733
23:50:30 100.013 59.052 98.161 122.5261514.970 106.067 50.692 44.975 25.467
23:51:30 99.983 57.708 98.998 123.5651518.980 105.891 50.579 45.004 25.531
23:52:30 99.925 56.521 99.002 123.1141529.070 104.746 50.865 45.394 26.406
23:53:00 99.838 56.917 99.220 122.9351503.990 104.238 51.623 47.648 26.273
23:53:30 99.940 58.010 100.046 124.0481512.350 100.886 50.877 46.865 25.642
23:54:00 99.940 59.583 100.319 122.4471527.220 98.262 52.152 45.844 26.758
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23:54:30 99.983 57.167 100.433 123.6961554.320 101.571 50.954 44.131 27.240
23:55:00 99.969 57.240 100.644 122.9021535.460 108.094 51.002 45.202 26.771
23:55:30 99.925 59.750 100.914 124.7341516.950 101.032 51.167 46.119 26.056
23:56:00 99.910 58.344 100.883 125.6031528.410 96.889 50.669 46.287 26.827
23:56:30 99.969 54.240 100.468 125:5141558.980 107.374 51.931 44.615 26.731
23:57:00 99.881 58.573 101.378 125.7261566.380 101.699 51.631 44.677 25.796
23:57:30 99.692 59.438 102.768 128.601 1579.340 99.638 51.494 46.635 26.058
23:59:00 99.823 55.740 103.836 127.1161585.010 104.494 52.306 47.085 27.060
23:59:30 99.896 55.896 102.975 128.1971577.490 106.354 52.313 47.269 27:565
00:00:00 99.925 53.844 102.740 130.278 1588.060 109.238 51.577 46.852 27.238
15:03:00 105.292 51.208 117.099 143.6621735.000 120.724 55.400 53.300 29.719
15:03:30 105.248 46.281 115.699 142:5441720.070 126.018 54.733 52.719 30.513
15:04:00 105.088 50.240 114.229 139.6501689.560 119.385 54.560 54.031 30.008
15:04:30 104.810 56.635 ll3.686 142.7981768:500 116.162 56.125 54.425 29.352
15:05:00 104.737 62.542 114.910 146.3541787.840 115.467 56.042 55.056 27.188
15:05:30 104.883 65.615 ll6.605 147.2281775.000 ll0.369 55.935 54817 26.988
15:06:00 105.000 65.458 ll8.047 145.222 1769.090 117.926 56.096 54.454 27.573
15:06:30 104.971 54.292 118.171 145.Q431766.170 115.802 55.933 54:552 28.765
15:07:00 104.956 54.125 118.462 144.8651757.930 125.935 55.538 55.027 28.846
15:07:30 104.942 49.188 118.175 144.7521767.120 127.702 55.742 55.217 29.775
15:08:00104.665 53.563 118.911 144.7291794.110121.616 56.121 56.892 30.154
15:08:30 104.300 60.604 120.312 151.7661838.120 110.663 56.110 59.625 29.608
15:19:00 104.796 56.865 110.127 133.2381642.930 115.301 53.615 50.742 27.767
15:19:30 104.606 56.719 111.127 137.6161675.470 110.895 53.904 52.092 28:531
15:20:00 104.490 54.927 ll1.555 139.6271699.060 ll8.835 54.587 53.267 27.752
15:20:30 104.490 58.219 112:548 140.9701744.910 ll6.006 55.381 53.485 27.729
15:21:00 104.475 57.417 113.897 143.4271728.730 110.971 54.902 54.931 27.890
15:21:30 104.563 57.604 114.457 144.8561771.780 110.210 56.212 54.640 28.646
15:22:00104.679 61.323 115.875 144.7471763.540 112.711 55.837 54.675 28.200
15:22:30 104.825 57.448 116.082 145.0431760.850 113.890 55.896 54.087 29.219
15:23:30 104.942 52.021 114.167 141.9621708.730 117.338 54.769 53.765 29.381
15:24:00 104.898 54.208 ll4.049 141.3701731.420 120.039 55.544 53.394 28.238
15:24:30 104.956 55:500 113.893 143.3191747.120 111.822 54.758 52.788 29.569
15:25:00 105.015 56.552 ll3.610 141.8681715.770 ll6.165 54.783 52.733 27.858
15:25:30 104.840 56.708 113:534 139.8291709.680 111.604 54.981 54.198 28.623
15:26:00 104.840 60.917 114.059 143.0561749.570 111.583 55.154 54.108 27.960
15:26:30 105.000 57:521 114.623 144.9031725.270 114.395 54.681 53.850 28.048
15:27:00 105.131 53.719 113.769 142.6851712.910 123.919 54:508 52.873 27.529
15:27:30 105088 54.208113:530 139.7021732.910 118.130 55.112 51.781 28.350
15:28:00 105.029 53.719 ll3.388 139.3781703.890 ll8.707 54.288 53.081 28.433
15:28:30 105.044 52.917 112.659 139.321 1716.490 ll5.446 54.821 53.033 29.610
15:29:00 104.985 59.385 112.448 139.9601725.090 ll0:563 54.985 53.429 28.188
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15:29:30 104.956 57.604 112.859 140.9191729.150 118.514 55.067 53.635 27.550
15:30:00105058 58.417112.669 143.2251720.910 115.436 54.696 53.217 27.452
15:30:30 105.\46 59.135 113388 139.8901720.490 117.352 54.846 51.954 28.423
15:31:00 105.088 57.521 113.\12 138.4381685.080 117.348 54.356 52.735 27.985
15:31:30105.073 53.229 112.323 138.4291694.520 115.443 54.573 52.831 28.577
15:32:00 104.985 54.\25 112.043 139.1661712.910 118.631 54.794 52.994 27.908
15:32:30 104.971 56.063 112.368 142.051 1716.670 111.078 54656 52.837 28.694
15:33:00 104.956 61.323 112.624 140.3781720.550 114.450 55.169 52.690 28.142
15:33:30 105.000 61.323 112.963 140.501 1696.430 108.519 54.471 52.894 28.483
15:34:00 104.985 56.969 113.762 141.9761724.190 108.727 54.804 52.377 28.904
15:34:30 104.971 55.833 113.956 139.5561730.040 118.624 55.500 52.156 28.612
15:35:00104.942 55.427113.838 138.9081730.700 114.924 55.375 52.744 28.254
15:37:00 105.000 57.281 113.599 144.8131766.410 112.088 55.554 53.921 28.796
15:37:30 105.073 58.979 114602 144048 1742.520 114.931 55.260 53394 28327
15:38:00 105.160 53.073 113.893 142.2761705.270 116.321 54.085 52.975 30.098
15:38:30105.175 55.990 112.773 140.3171709.210 117.466 54.656 52.427 28.548
15:39:00 105.Q73 54.531 112.500 139.4291694.700 113.451 53.963 52.777 28965
15:39:30 104.971 56.156 112.956 138.828 1703.890 117.068 54865 53.490 28.594
15:40:00104.942 59.698113.171 141.8111724.430 118.140 55.152 53.827 28.052
15:40:30105.015 54.698 113.267 141.8861731.000 112.562 55.054 53.098 29.169
15:41.00 105.102 57.115 112.507 141.2761707.240 118.956 54.144 52.975 28.183
15:41:30 105.088 58.177 112.880 139.7721697.090 113.731 54.773 52.900 28.319
15:42:00104.985 60.271 112.866140.0211717.920111.780 54.915 53.294 28.254
15:42:30 104.942 60.438 113.025 140.4071725.390 111.213 55.308 53.425 27.935
15:43:00 105.073 59.792 113.430 139.7821720.490 107.571 54.944 53.048 28.319
15:43:30 105.088 53.958 113.516 141.5061695.890 116297 54.398 53.002 28.608
15:44:00 105.117 51.542 112.818 1393351685.260 120.115 54.725 52.544 28.462
15:44:30 105.131 52.677 111.638 138.9221691.000 116.089 54.612 51.823 28.394
15:45:00 105.102 54.125 111.313 137.8271671.950 118.770 54.046 52.142 28.462
15:45:30 104.942 57.198 111.638 138.1191701.800 117.282 54163 52.967 27894
15:46:00104.796 58.167111.635142.1871705.210 106.243 54.300 54.015 28.200
15:46:30 104.869 63.833 112.327 141.5671715.360 106.181 54.404 54.327 27.819
15:47:00 105.015 60.844 113.219 142.417 1728.010 109.719 54.948 53.737 28.585
15:47:30 105.131 56.073 113.492 141.7271709.270 110.988 54.642 53.008 28.967
15:48.00 105.233 51.135 113.036 137.8841692.310 121.374 54.492 52.208 28.248
15:48:30 105.190 53.240 112.707 137.1231690.580 114042 54.471 51.992 29.638
15:49:00 105.073 52.188 111.272 138.3581673.080 119.849 54.171 52.454 28.381
15:51:00105.044 61.333 112.313 138.8141705.150112.731 54.494 53.090 27.879
15:52:00 105.131 53.719 112.123 138.5651686.880 121.564 54.331 51.527 28.525
15:52:30 105.029 53.396 112.195 137.0431671.350 116.155 53792 52.\06 29.035
15:53:00 104.942 49.115 110.494 136.2631664.010 114.557 54.179 53.342 28.885
15:53:30 104.942 57.208 110.099 140.642 1686.520 115.899 53.875 53.321 27.879
15:54:00 104.956 61.073 110.936 140.6981699.710 108.951 53.969 53.131 28.102
15:54:30 105.Q73 60.438 111.061 138.6071687.110 113.606 54.313 52.652 27.350
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15:55:30 105.248 58.167 111.116 136.7281650.270 114.803 53.398 51.417 28.477
15:56:00 [05.321 54.052 110.221 134.9851645.980 [12.870 53.592 50.279 28.396
15:56:30 105.233 53.083 109.550 133.6421624.600 117.525 53.577 50.288 27.833
15:57:00 105.000 56.156 [09.221 [34.2901634.150 1[3.271 53.108 51.681 28154
15:57:30 104.840 57.844 109.142 135.3611655.890 117.078 53.852 52.835 27.877
15:58:00 104.738 61.500 [10.027 139.6931712.430 114.862 54.458 52.977 26.244
15:58:30 104.913 63.760 111.822 140.294 17I 1.890 111.431 54.767 52.446 27.385
[5:59:00 104.971 58.573 112.033 137.5881674.400 112.164 54.475 52.767 28.008
15:59:30 104.927 56.7[9 112.085 137.4471676.960 111.140 54.388 53.256 29.035
08:00:30 105.992 56.396 114.457 143.6531750.410 116.425 54.971 54.794 29.290
08:01:00 106.006 59.063 115055 146.4251783.720 118.718 55.771 54.462 27.9[3
08:01:30106.021 57.281 115.557145.3161760.560 116.999 55.721 54.992 28.658
08:02:00 106.021 61.240 116.027 145.8751769.270 115.031 55.885 54.831 28.831
08:02:30 106.079 53.969 115.989 145.7581778.350 120.824 55.777 54.160 29.498
08:03:00 106.035 57.531 116.214145.1051764.560117.397 55.290 53.965 29.404
08:03:30 105.919 56.385 115.723 145.0811754.640 120.315 55.254 55.212 29.633
08:04:00105.860 54.781 116.093145.6171765.270 119.430 55.640 56.219 29.306
08:04:30 105.758 58333 116.470 147.0311803.780 124.483 56.458 56.783 28.781
08:05:30 105.904 57.042 118.147 148.8961822.290 116.985 57.325 56.685 29.615
08:06:00 106.006 57.521 117.895 149.3421804.560 120.018 56.356 56.042 29.604
08:06:30106.065 58.000117.525147.4111788.680124.130 55.621 55.954 28.669
08:07:30 106.006 55.417 117.248 147.6321794.290 115.118 56.465 55.688 29.729
08:08:00 106.094 54.365 116.497 148.0361799.540 123.431 55.815 54.644 29.179
08:08:30 106.065 57.927 116.414 145.992 1792.200 121.761 56.567 54.579 29.490
08:09:00105.977 58.740117.165148.2901779.360121.111 55.385 55.219 28.379
08:09:30 105.831 58.740 118.088 146.7581796.620 116.843 56.021 56.013 29.106
08:10:00 105.904 57.365 117.237 148.1821818.650 122.134 56.344 56.260 29.408
08:10:30105.977 52.344 116.985 150.9061805.280 118.728 55.217 56.098 30.529
08:11:00 106.035 62.063 117.407 148.210 1805.870 116.740 56.319 55.650 28.548
08:12:00 106.021 56.958 116.366 147.7541788680 126.627 55.592 56.021 29.381
08:12:30 106.021 55.010116.390149.4781785.690 113.959 55.431 56.092 29.346
08:13:30 106.313 53000 115.723 1446861753.030 120.775 55.498 53.696 29.540
08:14:00 106.327 58.010 114.191 143.5641739.900 120.730 55.315 52.825 29.585
08:14:30106.167 55.500114.374142.6851739.300 117.320 54.656 52.817 29.883
08:15:00 105.890 56.802 114.305 143.3521771.420 112.738 55.633 53.846 28.694
08:15:30 105.904 60833 115.176 146.0251779.360 117.528 56.108 54.175 28.771
08:16:00 106.035 62.792 116.079 146.1661782.470 120.893 56.469 53.642 27.102
08:18:30 105.831 56.469 116.698 147.073 1802.890 117.365 56.362 55.685 29.758
08:19:00 105.846 58.323 117.227 149.7271807.550 114.322 55.794 56.102 28.858
08:19:30 105.919 61.000 118.064 149.2341827.550 116.698 56.773 55.713 29.058
08:20:00 106.035 57.688 118.444 148.9051818.650 114.976 56.679 54.544 29.748
08:20:30 106.137 54.135 118.109 148.0831795.250 120.907 56.231 53.844 30.308
08:21:00 106.108 50.167 117.365 144.8981770.830 126.724 56.040 53.942 29.975
08:21:30 106.079 49.104 116.556 145.1701780.740 125.869 55.992 53.790 29.444
08:22:00 105.933 55.417116.280 145.8371763.000 117.652 55.610 54.919 28.860
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08:22:30 105.773 59.635 116.280 144.6631801.340 115.920 56.704 55.802 29.479
08:23:00 105.700 59.063 [17.459 149.0461824.320 119.700 56.731 56.985 28.285
08:23:30105.904 64.073 118.233 152.8841832.320 117.199 56.052 56.521 28.558
08:24:00 106.050 60.677 119.261 149.7701820.260 117.331 56.533 55.327 28.873
08:24:30 106.108 52.177 118.728 147.8621800.080 122.411 56.429 54.625 30.190
08:25:00 106.108 53.479 118.534 147.2611781.690 127.142 55.921 54.265 29.613
08:25:30 106.021 52.354 117.459 146.7111794.950 120.464 56.402 54.027 30.531
08:26:00 105.860 56.469 117.320 146.2371777.090 118.808 56.163 55.298 30.163
08:26:30 105.700 58.094 117.231 147.7821802.530 118.514 56.556 57.119 29.025
08:27:00 105.729 61.729 118.078 149.9341841.280 114858 56.996 57.452 29.040
08:27:30 105.933 60.844 118.361 151.8551846.770 120.381 56.619 56.777 28.340
08:28:00 106.021 61.083 119.762 152.0291827.070 115.214 56.602 55.960 28.337
08:28:30 106.050 54.458 119.434 151.4841815.130 121.910 56.335 55.167 30.206
08:29:30 106.065 54.042 117.345 147.5851790.650 126.354 56.010 54.810 29.565
08:30:00 106.006 53.313 116.784 145.9551809.280 124.503 57.098 54.752 29.644
08:31:00105.963 61.250 117.545 148.1821804.800 117.525 56.046 56.179 28.692
08:31:30 106.065 61.573118.531 147.7491838.650 117.410 57.167 54.981 28.658
08:32:00 106.225 57.115 118.486 147.2371788680 126.153 56.200 54.444 29.469
08:32:30 106.152 52.427 117.497 145.9081791.I30 122.882 55.871 53.821 29.660
08:33:00 105.963 54.125 116.677 145.6351774.590 123.297 55.865 55.185 29983
08:34:00 105.860 63.510 118.092 149.0181808.740 112.047 56.002 56.260 29.423
08:35:00 105.817 58.417119.205 151.9681845.340 117.933 56.438 56.923 29.979
08:35:30 105.846 57.760 119.703 150.9961838.120 120.212 56.977 57.142 29.079
08:36:00 105.963 56.469 120.149 153.1901852.210 124.600 56660 55.915 29.400
08:37:30 105.802 53.240 119.046 150.8081849.100 122.868 57.010 57.002 31.046
08:38:00 105.919 59.781 118.977 152.6121843.850 122.847 56.477 57.217 28.652
08:38:30 [06.021 60.031 119.357 151.9451851.550 121.384 56.969 56.271 29.946
08:39:00 106.108 57.521 119.752 151.0241833.940 121.737 56.544 55.417 28.852
08:39:30 106.108 55.188119.274152.3161817.100120.495 55.652 54.960 29.663
08:40:30 105.890 60.760 118.994 149.1491815.130 120.077 56.267 56.854 30.231
08:41:00 105.758 57.281 118.939 153.091 1855.130 119.375 56.471 57.456 29.198
08:41:30 105.890 60.521 119.568 155.501 1854.660 121.754 56.469 57.015 29.694
08:42:00 105.992 59.302 119.420 152.6021863.310 122.581 57.310 56.294 29.337
08:42:30 106.167 60.208 119.472 152.6121828.500 115.536 56.273 55.502 29.165
08:43:00 106.283 54.531 118.527 148.3791793.450 128.612 55.560 55.267 29.371
08:43:30 106.298 56.146 117.694 147.6741784.980 125.247 55.810 54.258 29.577
08:44:00 106.210 49.104 117.487 146.0961784.860 124.248 56.300 53813 30779
08:44:30 106.094 54.448 116.781 146.9981775.660 121.152 56.183 54.173 29.219
08:45:00 105.860 62.625 117.410 147.7451774.830 110.926 55.421 56.042 29.329
08:45:30 105.744 60.760 119.008 150.1271818.470 122.000 56.590 56.606 28.229
08:46:00 105.802 61.083 119.703 151.231 1829.100 117.663 56.546 57.510 29.302
08:46:30 105.846 59.865 119.911 152.3441835.070 122.667 56.487 57.763 29.012
08:48:00 105.919 57.125 120.613 151.8551867.730 123.307 57.165 56.998 29.742
08:48:30 106.123 54.938 118.974 152.3441841.700 125.856 56.508 56.140 29.194
08:49:00 106.152 56.635 118.853 149.8171817.700 122.747 56.373 55.958 29.185
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08:50:30 106.094 54.854118.002 1464761787.600 118.023 56477 55.290 30.146
08:51:00 106.035 54.115 117.227 146.589 1793.280 123.324 56.038 55.925 30.050
08:51:30 106.006 56.563 117.006 1484871803370 116.280 56.333 56.137 29.069
08:52:00 106.065 64.323 117.525 149.9431820.560 116.176 56.160 55.494 28419
08:52:30 106.298 55.656 116.698 1484401812.020 119.150 56.596 53.796 29.688
08:53:00 106.327 54.698 116.753 146.4811769.870 121.495 55.560 52.958 29.340
08:53:30 106.298 55.490 115.612 144.048 1750.940 122.435 55.385 52.544 29.333
08:54:00 106.269 52.188113.437143.2491742.820 115.031 55.060 52.279 29.829
08:54:30 106.167 54.781 113.292 141.5341719.060 118.116 54623 53460 29.319
08:55:30 106.050 59.781 113807 143.986 1757.690 120.025 55.192 54.381 28410
08:56:00 106.035 64406 114.789 145.3211775.660 114.547 55.610 54.033 28.248
08:56:30 106.094 62.135 115.740 145.1191779.300 108.986 55.792 53.331 29.417
08:57:00 106.196 53.635 115.104 143.601 1750.290 117.739 55.483 52.883 29.740
08:57:30 106.196 58.010 114.761 144.423 1739.540 120554 54.898 52.475 29.204
08:58:00 106065 50.406 114.789 141.8071723.360 124.047 54.900 53.219 30.296
08:58:30 105.919 55.667 114.018 140.9281747.120 122.705 55.492 54.140 28.656
08:59:00 105.817 52.354 113.485 144.3391764.020 118.725 55425 55.250 29.392
08:59:30 105.758 63.667 114.128 146.6081791.480 108.395 55.888 56.038 28.300
09:00:00 105.787 61.729 115.913 148.7831801.520 109.812 55877 56.610 27.813
05:00:20 105.992 59.385 114.388 144.0991739.960 113.312 55427 55.044 27.723
05:00:50 105.787 60.927116.183 144.3671792.980 114.976 56.217 55.688 28.231
05:01:20 105.831 61.563 116.899 150.0091780.560 108.305 55.469 56.552 27.215
05:01:50 105.963 58.573 118.258 1458801813.160 118.680 57.217 55.508 28.933
05:02:20 105.963 50490 118.323 148.5111780.260 118.908 55.754 55.819 30.190
05:02:50105.919 53.729 117.307144.2121772.080119.136 56406 56.356 28.738
05:03:20 105.904 51.938 116.781 146.2741774.290 122.038 56.000 57.042 29.054
05:03:50 105.890 58.896 116.103 149.1491807840 120.336 56.269 57.150 28185
05:04:20105.904 57.688116.733145.4851799.430118.216 56.998 57.667 28.758
05:04:50 106.021 60.917 117.020 147.4441817.580 113.783 56.819 56.856 28.621
05:05:20 106.035 60.354 117.611 150.5171803.960 115.660 56.202 56.706 29.175
05:05:50 106.138 55.104 117.729 149.0881805.580 121.592 56.454 55.344 28.083
05:06:20 106225 57.688 118.213 145.142 1775.540 117.652 56.529 54.371 28.438
05:06:50 106.196 48.781 116.795 143.7661733.690 124.348 55.619 54.440 29.752
05:07:20 106.094 51.052 115.311 143.1741740.910 121.432 55.396 54408 29.596
05:07:50 105.948 57.844 114.865 143.3381742.700 120.194 55.581 55.679 28.554
05:08:20 105.831 60.271 115.439 145.9831791.130 111.715 56.631 56.085 28.023
05:08:50 105.773 61.969 117.448 146.6361794.770 114.108 56469 57465 27.969
05:09:20 105.802 62.865 117.822 148.6701827.550 111.002 57.219 57.104 28.215
05:09:50 105.992 65.771 118.707 148.9711830.590 113.962 57.321 56.152 27.831
05:10:20 106.108 54.698 118455 148.0971796.920 126.955 56.633 55.769 28.927
05:10:50 106.283 47.979 117.576 145.908 1765.330 126.347 56.160 54.490 30.238
05:11:20 106.225 48.063 115.906 143.3901735.960 122.591 55.515 54.485 29.560
05:11:50 106.094 52.354115.166 143.2111748080 123.718 55.992 54.404 28865
05:12:20 105.875 57.927 114.986 143.0371748.430 114.457 56.108 56.202 28429
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05:12:50 105.729 65.042 116.812 147.1861804.920 109.207 56.675 56.869 27.823
05:13:20105.744 62.302 117.628 148.9941817.160 112.932 56.754 57.533 28.246
05:13:50 105.948 60604 118.109 148.6091806.830 116.024 56.760 57.181 27.825
05:14:20 106.152 57.688 117.888 148.8771804.620 119.797 56.921 56.031 28.598
05:14:50 106.342 54.448 117.784 145.5651772.440 121.879 56.169 54.554 28.196
05:15:20 106.429 47.979 116.491 143.6811721.450 125.645 55.675 53.5,~ 29.742
05:15:50 106.327 47.740 114.288 140.6651717.450 121.214 55.223 52.723 29.069
05:16:20 106.lOR 51.781 112.769 130.4391698.160 121.114 54.758 54046 29.073
05:16:50 105773 62.375 113.707 142.1641766.110 110.549 55.798 55.265 27.231
05:17:20 105.583 67.479 115.401 145.6171799.600 113.938 56752 56.998 27.758
05:17:50 105.758 61.010 116.964 149.2111811.730 117.639 56.875 57.035 28.175
05:18:20 105.963 62.448 118.147 148.8631807.780 116.176 56.892 56.065 27.775
05:18:50 106.167 55.010 117.729 146.4061773270 116.473 56.133 55.071 29.573
05:19:20 106.269 48.865 116.594 145.4801750.170 123.020 55.837 53.913 30.142
05:19:50 106.269 48.792 115270 1432681733.390 122.712 55.617 52.819 29.304
05:20:20 106.138 54.042 114.198 142.4971727.540 116.065 55.204 52.860 29.231
05:20:50 105.919 57.281 113.841 141.7971722.580 120.523 55.183 54.346 28.527
05:21:20 105.685 61.646 114.488 144.6961765.510 108.270 56210 55.981 28.575
05:21:50 105.613 65.292 116.252 145.8661781.570 118.444 56.477 57.531 27.173
05:22:20 105.773 64.313 117.320 153.4341816.680 109.155 55.465 57.221 28.000
05:22:50 105.977 59.708118.382 149.5351807.490 112.219 56646 56296 28.462
05:23:20 106240 53.240 117.355 146.946 1772.560 122.453 56.256 54.748 29.440
05:23:50 106.313 50000 115723 146.2561737.810 124.030 54.933 54304 28.958
05:24:20 106.240 50646 114.180 142.8541736.790 126.592 55.754 53.004 28.596
05:24:50 105.992 52.177 114.253 143.0611723.830 117.625 55.246 53.946 29.998
05:25:20 105.685 58.729 114.775 143.8741771.300 116.200 56.508 55.525 28.150
05:25:50 105.656 62.219 115.118 147.8901794.050 112.133 56.210 57.208 27.700
05:26:20 105.758 64.969 117238 148.5431815.370 106.952 57.200 57.517 28.204
05:26:50 105.875 63.510 118.669 150.9581821.520 116.660 56.515 57.002 28.242
05:27:20 106.138 59.302 119.164 148.3881808.080 115.889 56.798 55.610 29.060
05:27:50 106.313 48.698117.659142.8781763.000128.273 57.004 54.813 30.006
05:28:20 106.298 46.198 115.660 145.1841742.400 125.641 55.298 54.596 29.760
05:28:50 106.181 52.917 114.699 144.0901760.380 118.811 55.648 53.175 29.017
05:29:20 105.963 59.302 114.948 144.2351761.870 116.494 56.035 53.608 28.379
05:29:50 105860 60.281 115.380 143.8601733:570 115.740 55.515 55.594 27.837
05:30:20 105.802 61.323 115.290 144.7331796.080 120.537 56.685 56.325 27.852
05:30:50 105.875 62.698 116.930 150.0281800.260 110.300 56.162 56.529 28.560
05:31:20 106.006 61.167 117.241 148.9331800.740 115.844 56.175 55.602 28.252
05:31:50 106.138 54.448 116.961 146.4951776.860 123.262 56.244 54.496 29.327

, 05:32:20 106.079 51.625 115.581 144.0571767.660 124.009 56.354 54.602 28.733
05:32:50 106.108 52.990 115.398 145.3911752.440 122.162 55.698 54.319 28.742
05:33:20106.035 57.115115.318143.3011739.480 115.100 55.867 54.629 28.760
05:33:50 106.021 60.271 114.744 144.0051745.390 111.611 55.706 54.879 28.167
05:34:20 105.963 60.198 115.360 144.3201758.410 114.810 56.288 55.129 28.837
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STEAM DRUM STEAM GAS AIR WAlER GAS AIR WAlER
HEADER LEVEL FLOW FLOW FLOW FLOW VALVE VALVE VALVE
PRESSURE OPEN OPEN OPEN

Unit BAR MMH20 TONES NM3 NM3 TONES % % %
PER PER PER PER
HOUR MIN MIN HOUR

TIME
05:34:50 105.933 58.083 116.044 143.7231743.300 114.616 55.873 56.094 28.700
05:35:20 105.933 57.281 116.266 144.1411752.080 117.974 56.023 56.654 28.931
05:35:50 105.890 56.469 116.079 144.696 1762.350 112.327 56.015 57.319 29.063
05:36:20 105.875 55.823 116.183 149.0651777.870 119.894 55460 57.825 28033
05:36:50 106.006 61.250 116.625 146.683 1799.250 118.444 56.721 56.335 28.760
05:37:20 106.108 56.958 116.186 148:5151785.210 114.720 56.167 55.319 28.892
05:37:50 106.167 57438 116.325 143.390 1776.200 119.693 56.667 54.169 29.267
05:38:20 106.108 55.344 115.785 1444091738.700 121.270 55419 54.073 28.517
05:38:50 105.992 56.063 114.343 143.4131740.550 120.042 56.083 54.731 28.390
05:39:20 105.948 60.677 115.021 143.3291740.250 115.138 55.906 55.406 27.519
05:39:50 105.773 57.125 115.768 145.6071786.950 115460 56.069 55.971 29.085
05:40:20 105.787 62.938 117.158 147.3221795.780 113.814 56.640 56.783 28456
05:40:50 105.860 58.260 117.988 149:5351808.680 119.734 56.344 56:567 28.637
05.41:20 105.963 55.906 117.974 146.772 1806.890 122.183 56.952 56.060 29.133
05:41:50 106.050 56.625 117.009 145.8941788.140 115.899 56.548 55:587 28671
05:42:20 106.079 55.917 116.650 147.1011774.350 121.671 55.788 55.417 28.798
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APPENDIX-B
Weights of the Feedforward Network

Weights between Hidden units to Input units:

1.880239 2.763206 0.985821 -4.713161 3.785458 1.212157 -1.369956 -1.328609 -1.928793
3.425219 3.028979 -8.753602 -0.893967 -1.783797 4.215807 -0.621234 0.333328 -5.339055
-1.370833 -1.051854 -3.575195 -2.842655 -3.734456 -2.418285 0.731273 1.937030 -5.201807

Biases o(Hidden Units:

-2.547429 -2.248640 0.799262 -1.286236 -2.043156 1.648581 1.843474 4.057236 -0.535920

Weights between Output Units to Hidden units:

1.794870 2.649074 -1.403950
2.651125 -0.542122 -1.430088
-1.838513 -3.668092 0.388256
1.507106 2.709671 -1.561927
3.310131 1.344991 -0.940774
-1.925971 -3.310776 0.626847
0.479773 0.128336 0.686039
5.840600 -2662455 3.883122
2.181360 -0.185983 3.877370

Biases o(Output Units

-0.511899 -0.970527 -0.973443
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APPENDIX-C

Weights of the Diagonal Recurrent Networks

Weiehts Between hidden units and Input units

-1.6695730.041340 0.216326 -0.947682 0.005933 -0.571288 -0.979237 -0.192803 -0.539198
-1.179941 0.224555 -0.640814 -1.059260 -0446977 0.081150 -0.744381 0.072850 -0.975029
-1.156799 -0.625604 -0.621394 -0.565755 -0.499059 -0.467792 -0.445173 -0.694816 -0.490589

Diagonal Recurrent Weights o(Hidden unit~

0.682956 0.259470 0260337 0.259677 0.260824 0.260224 0269923 0262091 0.261537

Weights Between Output units and hidden units

-1.284855 8325061 -5.022710
1.751932 3.215289 1.387959
-12.767349 1.925872 -0.693107
-1.1391077.381287 -4.601721
1.285997 3.508275 1.681475
-12.23774 1.891842 -0.799903
-3.638592 4312669 -0.677278
1.550705 -6.307288 7.791666
0.786624 0.720946 -1.104216
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APPENDIX-D
1ST SET OF TEST DATA

WATER GAS AIR WATER
FLOW VALVE VALVE VALVE

OPEN OPEN OPEN

TONES % % ~.'O
PER
HOUR

NM3 NM3
PER PER
MIN MIN

TONES MM
PER H20
HOUR

STEAM STEAM DRUM GAS AIR
HEADER FLOW LEVEL FLOW FLOW
PRESSURE
BAR

TIME
05:00:30 105890 118.780 60.760 144.5171791.840 118.479 56.523 72.708 25.569
05:01:00 105.890 119.589 57.688 147.8951791.420 117.829 55.831 73.737 26.067
05:01:30 105.992 120.371 61.323 146.9271802.950 123.034 56.288 72.706 27.102
05:02:00 105.992 119.734 53.396 147.9561785630 125.257 55.760 72.471 27.290
05:02:30 106.006 119.236 53885 147.195 1783.300 123.967 55.633 72.742 27.506
05:03:00 105.992 118.880 55.188 146.2511790.350 121.194 56.027 73.069 26.765
05:03:30105.948 119.406 56.469148.5861793160 119.572 55.913 73.329 26.869
0504:00 105.919 119.340 58.333 147.909 1796.560 123099 55.923 73.498 27.298
05:04:30 105.963 119.596 61.250 148.6231784.260 117.255 55.467 74.010 26.252
05:05:00 106.035 120.039 59.135 146.3121787.660 121.439 56.098 73.806 26.200
05:05:30 106.108 119.416 54.771 147.3641791.310 124.490 56.360 71.977 27.458
05:06:00 105.977 118.448 55177 147.7641791.370 118.462 55.677 71.596 26198
05:06:30 105.992 118.801 56.802 145.8751768.020 123.846 55.558 73.279 26.531
05:07:00 105.948 119.337 54.531 145.8331783.010 123.148 56.021 74.277 27.425
05:07:30 105.977 119.700 60.833 147.4491799.010 120.118 55.969 73.787 26.260
05:08:00 106.021 120.004 56229 148.0171791.900 121.367 55.635 73.010 26.452
05:08.30 106.035119.810 57.292 147.0491786.110 121.972 55.860 73.308 27.065
05:09:00 106.006 119.731 55.583 147.0071776.860 121.910 55.558 73808 26933
05:09:30 105.992 120.142 58.740 148.2151797.160 117.168 55.904 72.465 26.913
05:10:00 106.006 119.980 55.510146.7861786.590 121.903 55.917 72.240 27.085
05:10:30 106.006 119.762 56.719 146.561 1776.680 121.336 55.442 73110 26.498
05:11:00106.050119.070 55.500147.1481777.450123.801 55.702 73.010 27.119
05:11:30 106.035 118.766 52.823 146.9371787.250 128.736 55.681 72.129 27.056
0512:00 105.977 118.213 56.635 144.8561774.890 120.094 55.990 73683 26.375
05:12:30 105.963 118.759 62.458 145.631 1787.600 115.335 56.383 73.421 26.525
05:13:00 105.963 119.347 60.198 147.1761790.770 120385 56.219 73.752 26.300
05:13:30 106.006 119.876 61.646 147.2191781.810 120.979 55.756 73.490 25.877
05:14:00 106.035 120.423 59.302 147.6881781.570 119.164 55.496 73.208 27.533
05:14:30 106.108 119.911 56.313 1468331774.710 124.237 55.563 72.044 26.856
05:15:00 106.123 119.140 50.729 144.4091760.620 123.756 56.079 71.727 27.752
05:15:30 106.094 118662 53802 145.2601761.330 125.963 55.658 70.902 26.852
05:16:00 105977 118.088 59.458 145.6541774.650 123.767 55.548 71.540 26663
05:16:30 105.948 117.870 59.615 1449821772.500 114689 55.552 72.906 26.769
05:17:00 106.035 118.949 61.896147.2611784.380 117.929 55.608 71.'127 26.008
05:17:30 106.021 119.731 62.063 1448791768.800 122.487 55.987 71.856 26248
05:1800 106.094 119.274 56.969 146.3501771.480 118683 55.608 70.721 27.427
05:18:30 106.108 119.285 51.219 145.7861776860 121.806 55.573 69.060 27.887
05:19:00 106.035 117.739 51.865 143.2211739.780 126.368 55.110 71.200 27.558
05:19:30 105.948 117.345 52.427 144.9591764.970 128.280 55.563 71.698 27.006
05:20:00 105.802 117.576 62.781 146.8331773.450 114.502 55.427 73.715 25.535
05:20:30 105.846 119.053 65.458 146.4251784.080 114.844 55.923 74817 25.983
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SlEMI STEA..\1 DRUM GAS AIR WATER GAS AIR WATER
HEADER FLOW LEVEL FLOW FLOW FLOW VALVE VALVE VALVE
PRESSURE OPEN OPi'"J'l OPEN
BAR TONES MM NM3 NM3 TONES % % %

PER H2O PER PER PER
HOUR MIN MIN HOUR

TIME

05:21 :00 105.992 119.956 64.156 147.7021805.750 114.253 56.115 73.640 25.360
05:21:30 106.108 120.945 58.333 147.3131778.410 124.497 55.458 72.833 27.356
05:22:00 106.210 119.748 49.760 147.1201780.680 126.883 55.419 69.748 27.904
05:22:30 106.152 118.130 49.115 143.5031757.270 126.938 55677 68.912 27.913
05:23:00 106050 116.553 50.000 144.4281753.990 127.453 55.348 69.329 27.415
05:23:30 105.904 116.632 53.396 143.841 1753.450 122.539 55.490 71.667 26865
05:2400 105.744 117.798 67.563 147.2941791.250 110.034 55.983 72.998 24.525
05:24:30 105.802 119.686 68.438 147.543 1801.870 110.974 56.015 74.240 25.215
05:25:00 105.977 120.689 61.813 147.9331793.690 122.214 55815 73.052 26.981
05:25:30 106.094 120.661 53.885 146.6081771.360 121.443 55.329 72.688 27.815
05:26:00 106.196 119.651 52.427 144.9871781.100 125.Q43 55.688 70.140 27.363
05:26:30 106.167 117.528 48.708 146.6641757810 129.854 54.992 68.998 26.844
05:27:00 106.021 116.812 53.146 143.3191734.640 125.257 55.069 70.848 27.348
05:27:30 105.948 116591 58740 145.1991765.150 119.309 55.617 71.158 26.050
05:28:00 105890 117.189 60.917 145.969 1771.180 114.460 55.458 72077 25971
05:28:30 105860 118.555 64.646147.2941793.280 115.138 55833 72.563 25.525
05:29:00 105.977 119880 65.135 148.464 1784.980 110.795 55.358 72.454 26.333
05:29:30 106.138 120.281 56229 145.081 1766.290 124.071 55.890 70.542 26.827
05:30:00 106.240 119.012 51.375 144.3341754.760 125.306 55.450 69.046 27.069
05:30:30 106.225 117.345 46.438 143.1271729.570 129.968 55.002 68.069 27.775
05:31:00 106.079 115896 47.573 142.2581729.510 124.884 54.777 68.229 27.833
05:31:30 105.875 115.795 59.063 143.977 1751.780 119.714 55.040 71.298 25.679
05:32:00 105.817 116.847 65.615 146.2701784.320 112.956 55.621 72058 25.608
05:32:30 105817 118.648 68.688 145152 1786.530 109.709 56029 74771 24.940
05:33:00 105.875 120.281 62.542 149.5531817.580 117.974 56.104 72.760 25.900
05:33:30 106.079 120.810 61.167 146.6171782.890 119.613 56.027 71.746 26.981
05:34:00 106.225 119.354 51.781 145.2411761.390 125.952 55.277 69.563 27.365
05:34:30 106.196 117.943 48.625 1440521738.400 128.799 55.004 68752 27.475
05:35:00 106.123 116.473 52.021 142.3471725.450 127.498 54.985 69.075 26.917
05:35:30 105.948 116.010 54.771 143.761 1751.120 123.172 54.467 70.192 26858
05:36:00 105817 117.310 64.490 144.804 1781:930 115.605 56.006 71.590 25.065
05:36:30 105.787 118.123 62.385 1473031781:450 114.419 55.598 73.463 25.848
05:37:00 105.890 119.396 61:740147.4631797.400117.746 55.854 72969 26.081
05:37:30 106.050 120.115 60.760 147.2841778.110 119.662 55.421 71:606 26.900
05:38:00 106108 119.053 52.104 145.7951775.540 126.291 55.798 70.344 27.013
05:38:30 106.108 118.195 51.292 145.809 1756.440 122868 55.350 69.448 27.067
05:39:00 105.963 117.276 49.521 144.5501751:900 126.343 54.950 70.623 26.925
05:39:30 105.904 117.767 56.073 144.978 1757.630 118.984 55.250 72.402 26.208
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TIME

STEAM STEAM DRUM GAS AIR
HEADER FLOW LEVEL FLOW FLOW
PRESSURE
BAR TONES MM NM3 NM3

PER H20 PER PER
HOUR MIN MIN

WATER GAS AIR WATER
FLOW VALVE VALVE VALVE

OPEN OPEN OPEN
TONES % % %
PER
HOUR

05:4000 105.846 118.361 59.063 145.2271781.810 115.176 56165 73.565 26.471
05:40:30 105.948 119.143 61.490 147.1951795.190 117.310 56.060 72.623 25.992
05:41:00 106.035 119.478 62.615 147.2521792.020 115.429 55606 70.856 25.938
05:41:30 106.152 119.281 52.917145.3541769.990 124.375 55.865 69.308 27.358
05:42:00 106.152 117.189 49.917 144.461 1753.510 130.023 55.304 68.440 27.271
05:42:30 106.094 116.065 51.375 143.4461756.080122.764 55.194 67.975 26.819
05:43:00 106.006 115.868 56.875 143.7991752.550 120.070 55.017 68.546 26.483
05:43:30 105890 116.470 61.896 144.2871766.410 111.580 55.433 70.227 25.733
05:44:00 105.860 118.289 63.510 146.0911783.180 119.205 55.913 70.794 25.919
05:44:30 105.977 119.223 60.271 145.3351775.720 116.909 55.606 71.487 26.408
05:45:00 106079 118.904 54.542 146.5981781.570 128.418 55.625 69.633 26.938
05:45:30 106.108 117.414 52.760 143.5821751.180 126.302 55.310 69.983 27.254
05:46:00 106.065 117.310 45948 144.2401750.170 121.823 55.277 70.665 27.860
05:4630 105.904 117.065 58.906 145.5701767.780 119627 55.367 71.113 26.231
05:47:00 105.846 117.670 62.385 146.1191791.190 117.455 55.946 71.867 26.387
05:47:30 105.817 118.974 63.115 147.0401781.570114.336 55.802 73.033 26.375
05:48:00 105.860 119.980 61.083 147.031 1791.130 121.360 55.854 73.575 25.973
05:48:30 105.919 120.582 58.906 146.9561768.850 121.661 55.590 74.525 26.535
05:49:00 105.933 120.111 54.781 147.4111803.840 123.179 56079 73.<165 26.875
05:49:30 106.094 119.351 54.292 146.7961786290 121.39<1 55.954 72.160 26.492
05:50:00 106.123 119.548 52.427146.7111784.920 126.029 55.819 69.996 27.771
05:50:30 106.065 118.607 55.104 145.255 1757.990 119.748 55.333 70.273 26.452
05:51:00 106050 117.542 54.125 145.2031757270 120.509 55.396 70.794 27.413
05:51:30 105.948 117.182 54.542 144.8651780.920 122.339 56.094 70.933 26.171
05:52:00 105.977 117.926 59552 145.6211771.480 114090 55.823 71.552 25983
05:52:30 106.021 119.022 57.125 1<16.6501758.530 122.546 55.192 71.963 26.708
05:53:00106.094118.998 57.844 144.4801759.720 119.956 55.510 70.725 25.975
05:53:30106.006119.102 49.9271<15.2641767.960126.125 55.477 70654 27.119
05:54:00 105.992 118067 52.104 146.4901771.8<10 121.270 55.477 70.438 27.125
05:54:30 105.890 118.036 58.969 145.8231778.590 114.443 55.808 71.583 26.869
05:55:00 105.948 118.406 56.219 145.9501772.740 124.573 55.708 72.127 26.650
05:55:30 106.006 118.230 56.469 146.2131787.300 119.631 55.498 71.577 27.085
05:56:00 106.006 118.538 59.958 146.002 1774.410 121.287 55.294 71.612 26.358
05:56:30 106.035 118.797 57.281 146.2461787.300 118.088 55.715 70.079 26.715
05:57:00 106.123 118.427 54.365 146.415 1765.990 118.998 55.279 69.383 26.929
05:57:30 106.094 117.148 53.323 144.4421763.300 121.623 55.571 68.721 27.800
05:58:00 106.079 117.199 57.448 144.0661748080 122027 55.100 68.960 26.758
05:58:30106.021 116.809 60.125 143.2541756.850 114.775 55.744 69.671 26.196
05:59:00 106.021 117.068 59.635 143.6951741.090 119.437 54.917 70.535 26.015
05:59:30 106.Q79 117.224 54.125145.0341751.720124.746 55.098 69954 27.458
06:00:00 105.948 117.511 57.844 144.5691754.940 116.411 55.271 70.827 25.633
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2ND SET OF TEST DATA
WATER GAS AIR WATER
FLOW VALVE VALVE VALVE

OI'EN OPEN OPEN
TONES % % %
PER
HOUR

NM3 NM3
PER PER
MIN MIN

TONES MM
PER H20
HOUR

STEAM STEAM DRUM GAS AIR
HEADER FLOW LEVEL FLOW FLOW
PRESSURE
BAR

Min 00 0.0 -250.0 00 00 0.0 00 0.0 00
Max 140.0 166.0 250.0 225.50 2866.0 166.0 100.0 100.0 100.0
TIME

17:00:30 89.513 115.256 63.479 132.5891615880 105.500 52.831 50.506 26029
17:01:00 89.658 116.324 60.531 135.7651602.990 102.377 52.025 50.790 27.754
17:01:30 89.950 114.360 46.365 133.1951581.790 119.233 51.908 49.427 28.379
17:02:00 89.877 113.471 50.073 131.4711606.330 114.201 52.473 48.471 27.265
1702:30 89.775 114.436 59.844 134.2761626.210 105.773 52.123 48.994 27.485
17:03:00 89.833 113.689 59.927 133.4821635.350 110369 52.585 48.727 26.454
17:03.30 90.169 112.638 56.063 128.6101550.200 106.285 51.715 49.502 26.642
17:0400 90.548 109.671 50229 126.2331528.650 114.945 51.198 45.894 26.733
17:04:30 90.796 106.160 42.427 1199051495.930 120.015 50385 43.165 26913
17:05:00 90.563 105.759 54.323 114.4321453890 107.115 51.158 43.827 25.794
17:05:30 90.315 105.998 58.406 118.002 1457.120 109.041 49.875 44.998 24.510
17:06:00 90.154 107.153 67.875 122.1511511.630 95.744 49.450 43.723 24.242
17:06:30 90.256 107.416 61.135 122.0801448.940 104.884 49.098 45831 26.379
17:07:00 90.154107.762 59.615118.9791494610 108.571 50.408 43881 25.804
17:07:30 90.008 108.498 56.448 119.8441514.200 102.737 50.552 44.802 26.673
17:08:00 89.804 110.400 64.688 125.8991536.770 97.259 50.165 46.123 25.877
17:08:30 89.979 110.214 56.969 1248101526.380 113.648 51.008 45.969 25.240
17:09:00 89.921 110.362 53.719124.6551546.680 112.690 51.371 44.792 25.844
17:09:30 89.790 111.531 57.354 124.7811565.970 115.865 51.881 45.669 24.954
17:10:00 89.731 112.147 60.906 126.9941558.620 112.590 51.873 47.675 25.500
17:10:30 89.906 111.759 53.563 127.1301575.820 104.805 52.471 45.952 27.419
17:11:00 89.848111.704 55.146 127.7971572.950 118.697 51.996 46.077 26.290
17:11:30 89.760112.399 55.448 129.5871567.640 111.403 52.015 47.823 26.033
17:12:00 89.615 114.243 62.802 130.771 1616.000 103.612 52.765 47.796 26.829
17:12:30 89.498 116.020 62.573 134.6141619.110 105030 52.100 50.840 26.404
17:13:00 89.862 114.066 52.344 131.0341619.820 125.755 53.500 48.252 26.950
17:13:30 90.037 112.949 47.885 131.9361576240 117.241 51.377 47.744 27.235
17:14:00 89.979 112.261 54.542 130.964 1618.090 116.079 51.906 45887 26.215
17:14:30 89.979 111.811 61.208 128.7601559.040 103.549 51.869 48.112 26.131
17:15:00 90.096 111.376 55.833 127.7181542.140 110.099 51.252 48.075 26.404
17:15:30 90.169 110.739 58.865 125.8381536.950 100.617 51.573 46.785 26.871
17:16:00 90.213 110.802 55.979 125.0161516.470 107.807 51.433 47.094 27.063
17:16:30 90.388 109.024 53.563 123.010 1522.200 114.080 50.923 44548 26.581
17:17:00 90.329 107.962 53.948 123.0761510.970 112.548 50.306 44.087 25.496
17:17:30 90.140 109.027 61.979 121.5301522.740 103.038 50.988 45.044 26.200
17:18:00 90.242 107.475 57.646 123.0481504.230 107.222 50.706 44.925 26.385
17:18:30 90.183 108.232 55.229 121.751 1477.000 112.652 50.473 45633 25.890
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STEAM STEAl>..f DRUM: GAS AIR WATER GAS AIR WATER
HEADER FLOW LEVEL FLOW FLOW FLOW VALVE VAL'VE VALVE
PRESSURE OPEN OPEN OPEN

BAR TONES MM NM3 NM3 TONES % % %
PER H2O PER PER PER
HOUR M[N MIN HOUR

T[ME

17:19:00 89.965 1[0.376 66.750 121.789 [471.390 97.487 50.212 47.596 24.808
17:19:30 89863 111.441 62.958 126.2801589.370 107.748 51.919 4.1.340 25.756
17:20:00 90.037110.791 50.375 125.4011518.800 111.960 50.362 46.619 26.862
17:20:30 90096 109.733 50.688 123.6731509.960 122.214 50.421 45.640 25.560
17:21:00 90.008 109.439 49.396 124.8281531.570 120893 50.823 45.200 26.063
17:21:30 89.819 109.397 57.427 125.2751581.910 105.794 52.233 45.021 24.967
17:22:00 89.804110.456 63.552127.1771574.150 98.037 51.496 46.465 26.796
17:22:30 90.096 109.723 55.531 125.1201544.410 1[1.839 51.496 45.338 25.673
17:23:00 90.[69 108.944 59.[67 122.991 1504.290 103.923 49.962 45.431 25.969
17:23:30 90.154 108.758 58.792 125.3121499.150 107.890 49.108 45.004 26.733
17:24:00 90.140 108.308 54.083 121.8401539.750 114.516 51.398 42.775 25.565
17:24:30 90.067 108.543 59.708 120.9901499.630 103.269 50.502 45.081 25.981
17:25:00 90.008 [08.332 54.542 [23.8281538.680 106.887 50.894 44.148 26.756
17:25:30 89.965 109.128 59.688 122.6021505.000 104.044 50.565 46.042 25.325
17:26:00 90.008 [09.557 59.396 [24.1421484.290 106.738 50.148 46.808 26.310
17:26:30 89.877 [10.176 60.240 123889 [517.180 100.188 50896 46.894 26.429
17:2700 89.935 110.182 57.729 1247391584.830 113.703 52.410 43.458 25.[81
17:27:30 89.950 110.231 56.896 125.3171504.290 107.668 50.837 46.931 26.329
17:28:00 90.008 109.487 54.625 124.283 [539.870 109.218 50.425 44.942 26.240
17:28:30 89.950 109.788 55.000 123.8841540.[70 107.959 51294 45.027 25.656
[7:29:00 89.892 110.082 56.135 124.565 1555.220 106.731 51.465 45.354 26050
17:29:30 90.037 109.934 61.438 125.8761528.890 108.941 50.898 45.642 25.212
[7:30:00 89.921 109.875 55.375 126.2191555.100 108.906 50.367 45.067 26.423
17:30:30 90.008 [10.328 54.917 124.232 1527.750 [12.534 50.998 45.479 25.683
17:31:00 89.950110.549 54.396125.1241545.370 [14.782 51.023 45.394 25.660
17:31:30 89.935 1[0.003 57.958 125.4531540.950 109.411 51.165 46.290 25.879
17:32:00 89.979 110.940 57.115 125.261 1549.490 108.934 51.754 45.679 26398
17:32:30 89.833 111.815 58042 127069 [571220 97.359 52.408 45.871 26915
17:33:00 89.790 112.583 57.500 126.97[ [559.040 105.908 52.123 47.313 27.348
17:33:30 89.760 113.119 57.052 129.5871589.310 [03.522 51.523 47.246 26.352
17:34:00 89.819 114.087 56.365 132.9461565.670 115.031 51.085 48.027 26.092
17:34:30 89.688 115.031 58.781 130.0621616.540 110.698 52.790 47.667 25.823
17:35:00 89.702 114.741 59.094 133.8911614.450 113.520 51.890 48.260 26.792
17:35:30 89.848 114.578 50.604 132.7541609970 115.757 52.442 47902 27.006
17:36:00 89.848 [14.170 52.427 1312691579.640 110.466 51.938 49.158 26.283
17:36:30 89.804 114.637 59.083 131.8851599.760 108.405 52.631 48.77[ 26.406
17:37:00 89.819 [14.277 60.302 [31.6451639.350 1[3.561 53.106 47.517 25.704
[7:37:30 89.965 114.384 56.521 134.4681601.790 1[2.90[ 51.271 47.869 26.692
17:38:00 90.023 114.374 52.875 130.391 1551.700 113.935 51229 49.235 26.356
17:38:30 90.052 113.703 54552 131.133 1585.310 116560 51.788 47.333 26.540
17:39:00 89.833 114.198 61292 129.24416[2.420 107.115 52.471 48.108 25.679
17:39:30 89.892 115.149 60.760 131.4481600.840 110286 52.202 49.163 26.740
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STEAM STEAM DRUM GAS AIR WATER GAS AIR WATER
HEADER FLOW LEVEL FLOW FLOW FLOW VALVE VALVE VALVE
PRESSURE OPEN OPEN OPEN

BAR TONES MM NM3 NM3 TONES % ' ' %;0

PER H2O PER PER PER
HOUR MIN MIN HOUR

TIME

17:40:00 89.906 115031 57.656134.1301607.100113.793 51823 48.650 26.750
17:40:30 89.979 115.405 55.906 127.971 1598.390 117.725 52.927 48.013 25.704
17:4100 89.892 115.342 58.177 133.4631615.050 110.736 52.377 47.996 26.779
17:41:30 89892 1I5.142 55.448 133.844 1584.060 115.813 51540 49.890 26.177
17:42:00 89892 115.356 57.417 130.8321621430 117231 53.065 48.350 26.163
17:42:30 89.790 116.584 58.417 132.9891618.810 115.304 52.796 49.894 26.169
17:43:00 89.804 116286 58.865 134.727 1628.360 105.666 53.323 50112 27.467
17.43:30 90.198 113.624 54.167 133.360 1616.240 114.976 52.344 47.206 27.121
17:44:00 90.256 112.565 50.760 1290191620780 113.824 52.692 45265 26.706
17:44:30 90.154 112.610 57.198 128.0281574.090 103.584 52.554 46.696 26.740
17:45:00 90140 112.901 60.229 128.3281550.620 112.766 51975 47.931 25.688
17:45:30 90125 113.478 61281 128.258 1572.590 110.428 52.137 46.596 25219
17:46:00 90154 112.213 54.094127.2951567.760111663 51942 46.865 27.315
17:46:30 90,081 112.413 58.490 127.7361589.910 102.979 52.660 46.263 26.402
17:47:00 89.760 114.938 65.615 132.0441610.330 100.824 52.435 47.985 26.42 I
17:47:30 89.906 114692 53.792 131.7581563.940 115.681 51.410 50.356 26.440
17:48:00 90.008 115.384 50833 129.8,161588.600 110.947 52.271 48.048 27.733
17:48:30 89.833 116.304 57.729134.1731620.840 114.377 52.677 47.865 25.494
17:49:00 89.790 115.930 59.698 133.313 1615.520 106.586 52.625 49.483 27.679
17:49:30 89.775 116.231 56510 133.693 1650.810 115.595 53.017 48733 26.671
17:50:00 89.746 117.262 61052 134891 1688.370 112.569 53.710 48.423 25.650
17:50:30 89.731 117.711 60.990 136.1131660.720 105.310 53.383 50.325 27.715
17:51:00 89.833 118.590 57.875 136.301 1633.730 II 7.867 52.473 50.665 26.294
17:51:30 89.848 119.005 53.031 134.962 1621.550 112.998 53.217 51779 27.815
17:52:00 90.125 116093 50.990132.148 1655.110116881 53.375 47.606 27.719
17:52:30 90.125 115.380 52.573 131.0161604.060 119.254 52.671 48.648 26.771
17:53:00 89.906 116.193 55.458 134.6281633.200 112.652 52.602 48.929 27.058
17:53:30 89.892 116.477 63865 134.229 1625.910 106.454 52.698 49.973 26.915
17:54:00 90.067 116.055 60.688 134093 1614.570 104621 52.288 49269 27.990
17:54:30 90.081 116.387 58.792 133.7121602.690 119.534 51.767 48.962 26.363
17.55:00 89.935 116.750 55.917 133.5951644180 109.252 53.706 48.258 27.677
17:55:30 89.862 116909 58.406 136.0751665.920 114.243 52.460 48.677 25.485
17:56:00 89.994 1I6691 55.677 133.510 1650.570 116.625 53.217 48.487 27.427
17:56:30 90.052 116.024 54.771 134.4781633.020 110.030 52.260 48.813 27.569
17:57:00 90.008 116.369 53.104 132.5241631.760 117.237 52.742 48.810 26.494
17:57:30 89.921 116.788 57.729 134.548 1619.640 114388 52.302 50619 26.383
17:58:00 90.081 115.875 55.156 1333831617.490 111037 52.5l3 49.408 27.492
17:58:30 90.081 115.813 57.344 133.5191620.240 107.495 52.104 48.896 27.319
17:59:00 89.833 117.697 61.365 131.946 1602.450 117.549 52.688 52.002 25.375
17:59:30 89.629 119.160 62.573 137.099 1684.190 113.357 53.558 51.767 25.369
18:00:00 89.921 117.497 53.333 137.499 1673.260 114.381 53.544 50.573 28.487
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3RD SET OF TEST DATA
AIR WATER

VALVE VALVE
OPEN OPEN
% %

WATER GAS
FLOW VALVE

OPEN
NM3 TONES %
PER PER
MIN HOUR

NM3
PER
MIN

STEAM STEAM DRUM GAS AIR
HEADER FLOW LEVEL FLOW FLOW
PRESSURE
BAR TONES MM

PER H2O
HOUR

Min 0.0 0.0 -250.0 0.0 0.0 0.0 0.0 0.0 0.0
Max 1400 166.0 250.0 225.50 2866.0 166.0 100.0 100.0 100.0

TIME
08:00:20 105.963 112.870 51.948 1398951689740 117.874 54.394 53623 28271
08:00:50 105.642 113.648 63833 140.1201748320 110.563 56273 55529 28044
08:01:20 105.554 115.038 67.958 144.4991770.530 110.480 56.194 57.608 26.794
08:01:50 105.715 116.684 63.917 147.3031792.200 105.683 56.563 57.662 28.704
08:02:20 106.050 117.407 58.417 148.2191812.380 118.783 56.758 56.190 28.023
08:02:50 106.269 117.272 55.979 146.2981759.720 117863 55813 54.992 28.696
08:03:20 106371 116.470 50.802 142.8071733.210 120.710 55.475 53.502 29.927
08:03:50 106.356 114.035 44.906 141.4121709.740 125.257 54.996 52285 30.033
08:04:20 106065 112.123 51.042 138.6501708.010 121.917 55.181 52.631 28.4.16
08:04:50 105.700 112.475 60.271 141.1441719000 113.513 54.775 55.531 27.723
08:05:20 105.467 113.935 66.177 146.5371777.510 103.698 55.590 57.240 27.842
08:05:50 105.656 116.836 71.188 147.477 1800.140 100.236 56.673 57.590 27.438
08:06:20 105.992 117.850 61.896 148.5151806.110 118922 56.671 56054 28.242
08:06:50 106.298 116.746 51.938 142.3141767.840 122.079 56.627 54631 29.952
08:07:20 106.400 114.882 46.615 143.9071737090 130.078 55.138 53.525 29.167
08:07:50 106.298 113.170 47.490 141.4261714.520 120.118 54.833 52.410 28.481
08:08:20 106.138 112.565 58.177 139.3071687.410 117.442 54.648 52.777 29.094
08:08:50 105.860 112.427 58.490 139.5331700.730 109.038 54.523 54.706 28.913
08:09:20 105.715 113.561 61.896143.0841736.250 108.011 54.931 56.308 27.333
08:09:50 105.700 114.502 63.188 143.8551778.950 118.974 56.212 56.933 27.517
08:10:20 105787 115.927 61.010145.5561772380 114668 56298 57.746 27.8R7
08:10:50 105.919 116.995 60833 147.2091785.160 113.772 56.142 57.165 28.185
08:11:20 106.035 117.020 54.135 147.0311795.780 121.294 56.560 55.679 27.644
08:11:50 106.269 116.162 55.021 145.7531759.780 116.363 55.737 54.885 29219
08:12:20 106.385 114.343 45.719142.5021731.660 116.518 55.742 53.298 29083
08:12:50 106.269 113.582 46.917 140.468 1704.070 124.548 54.592 52.758 28396
08:13:20 106.079 112.714 57.521 139.4951702.700 112.382 54.558 53.446 28.242
08:13:50105.773112.707 60.198 140.0921707.120 112.199 54.956 55.346 27.940
08:14:20 105.656 114.955 65.125 141.5341756.200 108.280 56.015 56.648 27.604
0814:50 105.729 115.927 60.688 145.377 1788.620 107.959 56.331 56.583 27.440
08:15:20 105.890 116.826 57.115 144.8651771.840 114851 56.469 56.885 28.550
08:15:50 106.079 116.529 55.094 146.4901774.050 120.758 56.054 55250 28.560
08:16:20 106.225 115.273 49.604 143.9111741.630 121.550 55.617 54163 29.790
08:16:50 106.225 114.357 52.750 142.2441735.600 119.804 55.542 53.054 29.010
08:17:20 105977 114.284 55.021 140.3461714.160 126.053 55.063 54.404 28.050
08:17:50 105.729 113.717 59.708 142.9481739.120 113.205 55.548 56.346 28.919
08:18:20 105.700 115.235 64.156145.1371761.210 111.013 55.933 57.392 27.598
08:18:50 105.802 116.733 67.885 146.561 1783.960 111.071 56.550 57.419 26.708
08:19:20 106.035 116.708 61.240 147.9801788.320 105.528 56.279 56.021 29.052
08:19:50 106.313 116.511 55.990 144.7801762.290 120.326 56.104 54.450 28281
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NM3
PER
MIN

STEAM STEAM: DRUM GAS AIR
HEADER FLOW LEVEL FLOW FLOW
PRESSURE
BAR TONES MM NM3

PER H20 PER
HOUR MIN

WATER GAS AIR WATER
I-LOW VALVE VALVE VALVE

OPEN OPEN OPEN
TONES % % %
PER
HOUR

TIME
08:20:20 106.444 115.481 54.125 143.592 1735.900 119.82 I 55.725 53.223 28.385
08:20:50 106.415 114.294 48.375 141.7171714.520 120.782 54.788 51.873 29.529
08:21:20 106.152 113.489 49.917 139.5521689.800 125.309 54.369 51.806 28.746
08:21:50 105.773 112.776 53.323 139.500 1725.980 117.960 54.700 53.535 29.313
08:22:20 105.510 113.471 63.833 143.7661778.770 114.851 55.890 55.415 27.106
08:22:50 105.496115017 69.177 147.4861795.720 116.480 56.244 57365 26.431
08:23:20 105.612 117.348 64.000 147.9661822.650 104.898 56.813 57.852 28.063
08:23:50 105.860 119.212 60.917 151.4001818.770 116.504 56.237 56.823 28.258
08:24:20 106.079 119.036 53.875 147.2281820.680 126.506 57.150 55.046 28.221
08:24:50 106181 117.186 45.063 145.1001766.290 128.546 56.154 54954 29.788
08:25:20 106.152 115.384 49.760 144.3861759.600 121.083 55.987 54.042 29.023
08:25:50 106.079 114.253 52.104 141.6231725.570 123.338 55.629 55.131 28.610
08:26:20 105.919 114.810 61.406 142.577 1739.420 112.098 55362 56.242 27.240
08:26:50 105846115.546 63.188 143.6951820.800 113.292 57.554 55.694 27558
08:27:20 105.904 116.864 63594 146.7161782.890 108.408 56.344 56.531 27.9,18
08:27:50 105.977 117.794 55.906 149.0741784.500 125.793 55.404 55.963 28.188
08:28:20106.079 117.528 50.646 145.9501785.510118.821 56598 55.327 29.281
08:28:50 106.108 116580 54.125 1456541762.530 120.364 56.046 54535 28598
08:29:20 106.065 115.543 53.156 144.8791764.680 122.792 55.667 54.300 28.456
08:29:50106.021 115.218 54.448 144.0571743.180 117.915 55.679 54.550 28.475
08:30:20 lO5919 115.481 57.688 143.0371753.150 115.142 55.875 55.362 27.615
08:30:50105.890 116.203 62302 1445171753.750 116.515 55.552 56523 27.679
08:31.20 105.875 116.964 55.823 146.6881784.320 118.154 56.263 56.642 28.258
08:31:50 105.890 117.158 60.104 146.2271783.960 111.026 56.508 56.660 28.210
08:32:20 105.904 117.151 55.104 145.5181782.350 124.476 56.856 57.119 28.194
08:32:50 106.021 116.854 58.740 146.0911792020 117.760 57.054 56.569 28.929
08:33:20 106.079 116.529 52.427 143.0941798.230 121.602 57.144 55.406 29.096
08:33:50 106.225 116574 56.802 144.062 1771.240 117.701 56.410 54.235 28.681
08:34:20 106.196 115.560 53.792 143.366 1737.690 121.235 55.663 54.290 28.821
08:34:50 106.181 114.855 55.2601435211735.120 117.082 55.602 53.456 28.748
08:35:20 106.167 114.540 56.073 142.723 1731.780 114.481 55.500 52.996 28.954
08:35:50106.138 114.512 59.708 142.1451745.270 117.040 55.133 52.438 27.444
08:36:20 106.021 112.922 53.958 139.6411696.970 113.053 55.098 54.283 29.152
08:36:50 105.846 113.288 58823 141.2051730.880 112572 55.454 55598 27.600
08:37:20 105.831 115.124 60.677 144.4991759.120 110.750 56.156 56.021 27.433
08:37:50 105.904 115.989 60.438 145.6641773.270 117.231 55.962 55.490 27.692
08:38:20 106.006 116.670 58.177 147.7121766.770 109.646 55.431 55.108 29.050
08:38:50106.050116.764 55.583 146.1331760.440 115.702 55.969 54.517 28.448
08:39:20 106.196 115.916 51302 144.2591754.580 120.468 55877 53.252 29.904
08:39:50 106.167 114.329 48.375 141.5951712.610 123.196 55.044 53.581 29.069
08:40:20 106006 112.548 51.135 140.7031709.210 118.745 54.950 54.625 28.998
08:40:50 105.875 112.593 56.885 142.0651744.550 111.863 55438 55.381 27.819
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TIME

STEMI STEAM DRUM GAS AIR
HEADER FLOW LEVEL FLOW FLOW
PRESSURE

BAR TONES MM NM3 NM3
PER H20 PER PER
HOUR MIN MIN

WATER GAS AIR WA1T::R
FLOW VALVE VAL\I""E VALVE

OPEN OPEN OPEN

TONES % % %
PER
HOUR

08:41:20 105.656 114.308 67.719 147.8531807.780 110487 56.179 56.046 26.900
08:41:50 105.787 117.400 70.948144.8741804.080 112.538 57.625 56.208 25.862
08:42:20 105.948 118.406 60.917 144.748 1790.530 115.315 56.481 55.681 28.275
08:42:50 106.225 117.269 50.333 146.8661762.230 129321 55.475 54.346 28.721
08:43:20106.298 115.671 47.813 1435971719.180 128.159 55.429 53.513 29.363
08:43:50 106.210 113.931 48:948 14U72 1719.540 124.908 54.971 52.883 28.142
08:44:20 105.919 113.122 56.396 140.8251715.300 121.384 55.083 54.494 28.000
08:44:50 105.773 114.336 58.344 143.4701774.590 111.358 55.983 55.092 27.646
08:45:20 105.715 115.622 68.198 144.3111809.640 109083 57.202 56.071 27150
08:45:50 105.758 116.501 63.844 1480601826.530 115934 57.323 55.742 26.977
08:46:20 106.021 117.255 59.146 144.480 1792.560 125050 57.242 55.337 27.633
08:46:50 106.152 116.864 52.990 144.9591774.590 120.973 56.023 54529 28.602
08:47:20 106.210 115.927 53.979 145.2271746.110 117.881 55.617 53.692 29.094
08:47:50 106.210 114.561 54.125 142.3521718.160 127.616 55.010 53.098 28:017
08:48:20 106.108 114.118 52.510 142.0041729.690 116.093 55.179 52.590 29.042
08:48:50 105.875 113392 55.094 141.2571731.300 115.3.12 55.421 54.252 28517
08:49:20 105.773 114.557 63823143.1501755.660 110.902 55.777 55.631 27.000
08:49:50 105.758 115.135 63.510 144.6821763.420 112.527 55.990 57.123 27.867
08:50:20105.831 116.646 61.896146.5751796.380111.898 56.519 56985 28.102
08:50:50 106.065 117.303 57.042 144.1741813.460 124.372 57.258 55.450 28.185
08:51:20 106210 116.255 55.750147.0591751.420 115.965 54.938 55.444 29.167
08:51:50106.240 115.705 57.115143.7661750.760 121.654 55.888 53.748 27.919
08:52:20 106.210 115.045 52.750 141.4681736.430 121.215 55.606 53.067 28.596
08:52:50 106.181 114.201 51.052 141.872 1715120 121.657 54.833 53.348 28.506
08:53:20 105.860 114.512 55.104 1412011721210 116.031 55.073 54.396 28760
08:53:50 105.758 114.312 59.219 143.9021751.060 112.074 55.542 56.071 28:467
08:54:20 105.715 115.595 64.406 144.4751764260 113.094 55865 57.229 27.346
08:54:50 105.787 116.584 63.271 147.5711794650 108.723 56.150 57.133 28.533
08:55:20 106.021 117.002 57.198 148.0081792.440 117.822 56.406 55.973 28.621
08:55:50 106.181 116.307 51.375 142.6851768.970 121.823 56.827 54.662 28.521
08:56:20 106.254 115.304 49.844 144.466173U80 122.657 54754 54.442 28.796
08:56:50106.138113.893 54.938141.5011728:070 124.514 54.935 54.273 27.933
08:57:20 106065 113.499 55.823141.3561711.770 118.707 55071 55.123 27.767
08:57:50 105.992 113.655 58.573 143.3291737.510 117.538 55.008 55.190 28.379
08:58:20 105.860 114.654 60.833 142.798 1751.720 116.363 55.742 56.219 26.900
08:58:50 105.831 115.664 64.802 144.672 1765570 109.726 56.150 56.904 27.315
08:5920 105.963 116.774 62.052 146:580 1777270 119.029 55.879 56510 27.610
08:59:50 106.050 116.663 56.396 146.993 1771.600 119.693 55.767 55.708 28.215
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4TH SET OF TEST DATA
STEAM DRlnvl GAS AIR

FLOW LEVEL FLOW FLOW
STEAM

HEADER
PRESSURE
BAR TONES MM

PER H20
HOUR

NM3 NM3
PER PER
MIN MIN

WATER GAS ALR WATER
FLOW VALVE VALVE VALVE

OPEN OPEN OPEN
TONES % ~'o %
PER
HOUR

22:04:00 106.048 124.537 56.753 1541061877.160 127.332 57.171 82.728 27.524
22:08:00 105.921 123.129 57.930 151.7881847.000 123.988 56614 80.851 27.195
22:12:00 106.065 124038 55.828 153.1461863.160 126828 57.013 79.987 27.173
22:16:00 105.840 124397 57.120 154.8471877.070 124.585 56.866 85.231 27.406
22:20:00 106.203 124.870 55.773 1559651885.460 127.569 56898 85.216 27.643
22:24:00 106.061 121.083 58275 148.3421808800 122.976 56.045 75.800 26.951
22:28:00 106.063 121.995 54.947 150.5741831.890 125.390 56.484 77.159 27.391
22:32:00 105.917 121.805 58.172 150.1681827.250 122.432 56.273 77.729 27.033
22:36:00 105.900 123.028 57.616 152.241 1843.240 124886 56.398 80.676 27.183
22:40:00 105.979 123.582 56.492 153.4371865.380 126.200 56.824 81.839 27.435
22:4400 106.076 122.487 57.393 149.8941838.770 124.864 56738 78.151 27109
22:48:00 105.968 122.826 57.112 151.431 1853.280 125.175 56.781 81.019 27.348
22:52:00 106.015 122.146 58.111 150.696 1835.770 124.259 56.433 77971 27.166
22:56:00 106.063 122.436 56.604 150.9631832140 123.772 56.384 77.574 27.295
23:00:00 105.957 122.552 57.374 151.2971846.260 125.277 56.660 78699 27.120
23:04:00 106.061 121.682 56.542 150.2691824.580 123.414 56209 76.434 27.302
23:08:00 105.977 121.658 56827 150364 1826.130 123.567 56299 77.762 27.230
23:12:00 106.032 122.193 57.027 151.7401837.170 124.302 56.333 78.552 26.989
23: 16:00 105.990 121.488 57.543 149.6951825.340 122.172 56.314 77.121 27.096
23:20:00 105.995 120.881 57.746 149.2401811.840 122.692 56.056 75.820 26865
23:24:00 105.997 121.595 56.503 150.5751825.390 123.169 56.136 77121 27.224
23:28:00 106.006 121.524 56.050 150.5681827.430 124.255 56.337 77.290 27.122
23:32:00 105.973 121.023 57.864 149.2091818.930 121.537 56.294 76.698 26.987
23:36:00 106017 121.120 57.663 149.8361819.850 122.289 56.114 76.187 26.912
23:40:00 106.004 121.270 56.560 1501601827740 124635 56.259 76.470 26967
23:4..1:00 106.015 120.773 56.037 149.1061806.300 122.982 55.861 75.845 27.177
23:48:00 106.030 120917 56757 149.1671814.040 123829 56.066 75984 26.603
23:52:00 105.966 121.026 57.478 148.992 1816.630 122.871 56.191 75.751 26.957
23:56:00 106.046 120.790 56.749 149.428 1806.590 122.285 55891 76321 27.018
0000:00 105.946 120.159 57.606 148.2491803.470 120.444 55.875 74.739 26.818
00:04:00 105.986 122.148 56.475 1512661834780 124.789 56.469 77.863 27.312
00:08:00 105.964 121.738 57393 149.7531819.800 122.712 56.263 80.450 27.025
00:12:00 106042 120.561 58.021 148.9641806240 122.299 55.888 75.206 26.827
00:16:00 105.999 121.031 56.401 149.761 1819.940 124097 56.289 76.025 27.082
00:20:00 106.036 120.920 56.703 149.1141812.550 124158 56.118 76.249 27.008
00:24:00 105.992 120.855 58.020 149.1581813.040 122.370 56062 76.472 26.813
00:28:00 105.990 120.936 57.900 1488671810.330 122.360 56.191 76.823 26.633
00:32:00 106.026 120.515 57.991 148.2791801.100 122.385 55.885 75.582 26.779
00:36:00 105.937 120.663 57.313 1486581807.150 122.238 56.032 75.997 26.762
00:40:00 106.085 120.463 56.999 148.0621801.880 123.958 55.996 75.112 26.961
00:44:00 106.003 120.359 56.897 147.9341799.320 122711 56033 75077 26.925
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STEAM DRUM GAS AIR
FLOW LEVEL FLOW FLOW

ST£At',.f
HEADER
PRESSURE
BAR TONES MM

PER H20
HOUR

NM3
PER
MIN

NM3
PER
MIN

WATER GAS AIR WAlliR
FLOW VALVE VALVE VALVE

OPEN OPEN OPEN
TONES % % %
PER
HOUR

00:48:00 105.990 120.547 57.253 148301 1803.300 123.198 55.907 75740 20.680
00:52:00 100.025 120.111 56.755 148.0831799.500 121.372 55.924 74.453 26797
00:50:00 105.968 120.685 57.542 148.5951802.580 122.108 55.928 70.512 26.697
01:00:00 106.012 120.412 55.960 147.151 1794.170 122.573 56.010 75.030 26.921
01:04:00 105.997 119.930 56.581 147.2961789610 122.204 55.807 74.711 26.733
01:08:00 106.035 120.195 55.885 147.0961789.430 122.509 55.949 74:451 26.815
01:12:00 105.982 120.606 56.917 147.781 1794.900 123.628 55.906 75.178 26.932
01:16:00106.019 119.962 57.159 147.0281786.Q70 122.359 55.810 74.345 26.913
01:20:00 100.003 120.159 56.465 147.3321791.870 123.291 55.895 74.046 20.802
01:24:00 106.037 119.730 57.514 146.4291782.980 12l.416 55.823 72.966 26.583
01:28:00 105.957 120.498 57.193 147.5431795350 122.054 56.031 75.481 26.884
01:32:00 105.973 120.374 56.432 147.1591794.700 123.166 56.005 75.393 26.752
01:36:00 105.994 120310 57.029 147.3321790.970 121.803 55.919 76.124 26.757
01:40:00 106043 119.758 57:449 146.2551781.600 122.613 55.779 73.510 26.929
01:44:00 106.013 119.994 56.371 147.5581786690 121.712 55.685 74.587 26.807
01:48:00 106.013 119.643 56.928 145.6501772.690 121.054 55.661 73.697 27.014
01:52:00 106.000 119.892 57.958 146.8641790640 120.186 55.941 74.499 26.826
01:56:00 105.950 119.139 57.521 146.3671775:400 121.927 55.530 73.913 26.557
02:00:00 106.030 119.125 56.089 145.7161773.900 121.101 55.615 72.723 26.764
02:04:00 105.981 119.620 57.382 146.695178l.320 121.931 55.771 73.729 26.793
02:08:00 105.966 119.755 57.7171466311785.380 120.907 55.884 74.260 26.868
02:12:00 106010 119.667 57.604 146.3951777.490 121.293 55.620 73.817 26.921
02:16:00 106.014 120.014 56362 147.1791786.760 122.188 55.790 74.310 26.881
02:20:00 105.997 119.294 57.466 145.7921770.020 121:334 55.430 73.307 26.933
02:24:00 105.977 119.830 56.359 146.4661783.440 122.646 55.785 74.122 26774
02:28:00 106.043 119.061 57.385 145.646 1770.800 120.859 55.452 72606 26.528
02:32:00 105.930 119.989 56.556 147.0471785.860 121.638 55.756 74.479 26.812
02:36:00 106.035 119.115 57.534 145.903 1772.380 120.820 55.652 72.882 26.737
02:40:00 105.999 119.772 56.329 146.486 1783.800 121.830 55872 73.396 26.800
02:44:00 105.946 119.907 57.695146.8741786070 120.767 55.798 74653 26.712
02:48:00 105.953 119.723 56.637 146.6641779.570 122.068 55.633 74.010 26.518
02:52:00106.019 121.110 55.732 148.4171803.640 124.060 56.205 75.925 26.988
02:56:00 105.977 121.094 57.717 148.0581802.200 121.551 56.180 76.1,18 26.844
03:00:00 105.986 120.529 58359 147.5861796.670 121.686 55942 75.727 26.741
03:04:00 105.994 121.647 56.199 148.7221810.790 123.196 56.263 76.960 26.996
03:08:00 106.005 121.210 57.505 148.3251801.610 123.045 55997 75.939 26.822
03:12:00 105.995 120165 56.525 147.6321794.830 122.670 55.919 74.979 26.798
03:16:00 106.027 120.575 57.507 147.3151795.990 121.786 55.941 75.051 26808
03:20:00 105.972 120.073 58.372 147.6221791.1 70 122.723 55.865 74.956 26.594
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STEAl\t STEAM DRUM GAS AIR WATER GAS AIR WATER

i HEADER FLOW LEVEL FLOW FLOW FLOW VALVE VALVE VALVE
PRESSURE OPEN OPEN OPEN
BAR TONES MM NM3 NM3 TONES % % %

PER H2O PER PER PER
HOUR MIN MIN HOUR

03:24:00 106.065 120.282 56.455 146.8811781.250 122.871 55.659 73.713 26883
03:28:00 105.986 120.566 56.471 147.836 1798.380 123.758 55.998 75308 26.559
03:32:00 106.035 119.766 57.162 146.3701781.390 122.812 55.881 73.330 26.598
03:36:00 105.986 119.887 57.169 146.8321782.300 122.194 55.799 73.935 26.515
03:40:00 106.013 119.566 57.353 146.1941780.050 121.344 55817 73.224 26.695
03:44:00 106.001 119368 57.232 1461671776.220 122.398 55.712 72878 26.577
03:48:00 105.948 120.438 56227 147.8911800.890 122.417 56.145 75.029 26725
03:52:00 105.962 119.898 57.240 147.2891790.130 121.754 55.852 74.280 26.619
03:56:00 106.050 119.993 56.865 147.321 1787.910 121.114 55.813 73.554 27.008
04:00:00 105.995 119.542 58.232 146.910 1787.200 121.975 55.857 73874 26.376
04:04:00 105.983 119.688 56.786 1467451783.800 122.885 55.850 73.512 26.823
04:08:00 106.076 120.002 55.927 147.2381791.380 123.564 55.979 74.056 26.690
04:12:00 105.979 119.043 57.575 1,16.3281777.190 120890 55.612 73.157 26.553
04:16:00 \05884 120.377 57.829 147.541 1797.800 121.337 56062 75.551 26.694
04:20:00 105.997 120.723 56.697 148.6401802.130 122.108 56.068 76.086 26724
04:24:00 106.063 119.118 56.512 145.5181774.720 121.923 55.772 72.578 26.784
04:28:00 105977 119.654 57.088 146.9331785.610 121.552 55.840 74.255 26791
04:32:00 105.992 120.125 55997 147.4211788700 121.367 55.851 74.599 26.825
04:36:00 106019 119.157 58.589 146.0611777.780 121.622 55.675 72.863 26.480
04:40:00 105.977 119.'118 57.303 146.079 1779.880 122.384 55.652 73.310 26.661
04:44:00 106.076 119.094 56.038 146.1601772.540 120.988 55.572 72.714 26.779
04:48:00 105.935 119.198 57.898 145.852 1778.250 120.995 55.763 73.304 26:405
04:52:00 105.990 119.828 56949 146.7161784.870 122.754 55.908 73714 26.870
04.56:00 106.019 119.416 56.466 1463521785.020 121.615 55.761 72.829 26.776
05:00:00105.995119.190 58.145 146.0641781.920 121.357 55.830 72.969 26.514
05:04:00 106.034 118.773 57.574 145.4751768630 121.354 55.544 72.027 26.601
05:08:00 106.004 118.946 56.280 145.7551772120 120.580 55.638 72.767 26.818
05:12:00 105.944 119.413 56.512 146.5001788.210 121.650 55.906 73.378 26.570
05:16:00 106.030 119.123 56.929 146.394 1779.420 120.999 55.780 72.307 26.545
05:20:00 105.970 119.165 56.698 146.5201788.790 122.209 55949 73.089 26.741
05:24:00 106012 118.945 57.214 146.7911781.080 121.819 55.713 72.338 26.495
05:28:00 105.957 119.730 57.505 147.8391800.450 121.644 56.198 73.588 26.687
05:32:00 106.061 118.398 56.797 146.3211780.170 121.466 55.777 70.523 26548
05:36:00 105.953 119.139 57.443 147.070 1794670 122.033 56.068 72564 26.4cG
05:40:00 105.990 120.079 57.091 147.7281802.360 121.876 5:;.997 73.601 26.759
05:44:00 105.984 119.507 57.486 147.7991795.560 120.497 56.071 73.803 26.616
05:48.~0 106.004 119.233 56688 146.6421782.700 121.942 55.761 73.019 26.446
05:52:00 106070 119437 56.491 147.191 1784.150 123.495 55.727 72462 26.453
05:56:00 105.970 118.970 56.768 147.422 1791.690 121.896 55.943 72.330 26.320
06:00:00 106.008 118.434 57.636 146.1321780.230 121.897 55.749 72.000 26433
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