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Introduction

The models developed in this report are for overall response
evaluation of 1large scale fossil fueled boiler-turbine-alternator
power generation units. As such the models can be used for control
studies as well as macro design simulations. All the models considered
use the three inputs of fuel, feedwater and steam flow to predict the
three major outputs of drum steam pressure, electrical output and drum
water level. Earlier work by Astrdm and Eklund [1972, 19751 had
produced simple non-linear models to predict drum steam pressure and
electrical output. This was extended by Bell and Astrdém {1979] to
improve electrical output prediction and to include drum watér level.
It was felt that the complexity of the models in this last work should
be able to be reduced, and the work of MHorton and Price [1977] allowed
this to ocecur.

They had proposed very simple models for drum pressure and drum water
level. This work was extended and has led to models which have very
good prediction of drum water level. This extended work has been
combined with the Astrdm, Eklund, Bell work to form what is considered
the least complex models that can be obtained to adequately capture

the major dynamic characteristics of these plants.

The methods used to estimate parameters in these models for a 160 My
unit are given, and then a detailed comparison to data collected from

this plant is presented.

The models and data, as well as support documentation for this work

have been made available cn an IBM formatted floppy disk.




Section A - General model development
1. Basis of models

A1l the models presented in this report have bheen developed from the
basic conservation laws of mass, energy and momentum; and hence have a
firm physical basis related to physical characteristics of the plant.
There have been two major sources for these models. They are:-
{i} The work done by Astrdm and Eklund [1972, 1975] and extended
by Bell and Astrdm [1979].

{ii) The developments of Morton and Price [1977].

In both these studies the emphasis was on developing non-linear models
with as simple a structure as possible. However this structure had to
be complex enough to capture the major characteristics of the dynamic

properties of the plant.

In {i} Astrom and Ekxlund [1972, 1975] produced non-linear models of
first and second order, and showed for a 160 Mw o0il fired drum boiler
that very good predictions could he ohtained for drum pressure and
electrical output. This work was then extended by Bell and Astrdm
[1979] to include drum water level, but the order of the non-linear

model increased to 7.

In (ii)} Morton and Price {1977] developed 1linear models for drum
pressure and drum water level. If the parameters in their equations
are expressed as functions of operating conditions, then their models
become non-linear. The two nmodels developed by Morton and Price are
2nd order, and only predict drum steam pressure and drum water level,
Although parameters are estimated for a particular drum boiler no
detailed comparison to plant data is made. However, in their results,
the drum water level prediction seems particularly good considering

the low order of their models.

It is therefore c¢lear that a combination of these two paths of work,
could be used to produce a very good model of approximately 3rd order.
The final result is a model composed of the drum steam pressure and
electrical output from the Astrdém, Eklund, Bell work, and the drum
water level with enhancements from the Morton and Price work. This has
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resulted in a 3rd order model which captures most of plant's dynamic
performance (as can be seen in Section B), a result which was only

available with the 7th order model in previous studies.

There are other factors which may influence the selection of a model
for a particular application. Two such factors are the form of the
inputs to the model, and the data needed to estimate any unknown

parameters.

In this report a variety of models are given and these models can be
ciassified according to these factors. The inputs to the models will
consist of either the measured mass flow rates (i.e. fuel, feedwater
and steam) or the position of actuators that drive the valves that
control the mass flow rates. Although there is in general a simple
mathématical relationship  between these forms of inputs, the
historical development has either been in one group or the other, and
this has been maintained in this report. The models based on the
Astrdém et al work tend to use actuator position, whereas the Morton

and Price models use flows.

Similarly the parameter estimates for most of the models considered
were made from dynamic data measured from the plant. This required a
plant to be in existence and operational before reasonable models
could be evaluated. Both sources of models used this form of parameter
estimation, however the work presented in Section B of this report
relates the parametersrin the Morton and Price models back to physical
characteristics of the plant (e.g. volume of drum). Hence plant
drawings or design specifications can be used to develop models

suitable for simulation of the dynamic performance of such plant.
2. Derivation of models

The details of the derivation of the base models will not be given in
this report. Those details are available in the publications by Astrém
and Eklund [1972, 1975], Bell and Astrdm [1979], Morton and Price
[1977], and Bell and Astrdém [1987]. In this rebort the equations from
those publications that form the basis of the models will be repeated,
and details of extensions given. Finally in Section B the parameter

estimation details for a 160 Mw plant are given.




The models used in this investigation have been restricted to relating
the three inputs of fuel, feedwater and steam flow to the three

outputs drum pressure, electrical output and drum water level.
2.1 Astrdm, Eklund and Bell group

The basic egquations used from the Astrdédm and Eklund work are

dp
dt

H

- 0.0018 uz P®/% + 0.02 w1 - 4.4 x 104 us ... (1)

Po = 0.6 uz pe/s ... {2)

where u: and us are the fuel and feedwater flows in T/hr respectively
Uz is the control valve position
P and Po are the output variables of drum pressure and

electrical output.

This work was extended by Bell and Astrdm [1979] and resulted in the

following model

4 - - 0.0018 ws P9/5 4 0.9 wi - 0.15 us cee(3)
at
490 _ {(0.73 ue - 0.16)P%/8 - Po}/10 el (4)
at

where ui and us are the fuel and feedwater actuator positions.
uz 1is the control valve position

P and Po are the drum pressure and electrical output.

Note that the differences between the model in egns.(3) and (4), and
that in (1) and (2) are:-

a}) The fuel and feedwater flows have been changed to actuator
positions, so that all controls are of the same type.

b) A differential equation has been used instead of the
algebraic equation for the electrical output. This is to
include the time lag associated with the steam capacity and

inertia of the turbine and alternator.




¢) An extra constant {(0.16) has been included in eqn. {4) to
allow for the heat energy passing to the condensers and
feedheaters.

d) A small change in the parameters to give an average fit to
the 160 Mw plant data rather than a specific curve as used in
Astrém and Eklund [1972].

Equations (3) and (4) form the model c¢alled Btl

A further extension by Bell and Astrém [1979] included equations for
predicting drum water level. This model had two forms, the simplest

being
4P . . 0.0018 uz P9/® + 0.9 w - 0.15 ua ... (5)
at
4P0 _ 1(0.73 uz - 0.16)P9/8 - Po}/10 ... (6)
at
we = (1.1 uz - 0.19)P L 1
9 (141 us - we)/Va e (8)
dt
ps = Cs1 P + Caz e {9)
dcs = (I/Qf - Vw)/(l/ps - Vw) ...(10)
Xw = 50 (vw Vi p + 60 dcs + 0.05 ws - 65.5) ... {11)

Where u:, us and us are the inputs namely fuel, control and feedwater
actuator positions respectively.

P, Po and xw are the outputs, namely drum pressure, electrical
output and drum water level respectively.

Ws, pf, ps, and acs are the intermediate variablez steam £flow,
density of fluid in system, density of steam, and guality of
gteam respectively.

Vi, Cs1, Csz and vw are constants representing total volume of
the drum and risers, Cs: and Csz are from least squares

fitting of steam tables, vw is the specific volume of water.

Equations (5) to (11) form the model called Bt2.




Model Bt2 is of 3rd order and does not predict good drum. water level
shrink/swell for changes in fuel flow. To include this phenomenon it
is necessary to include both circulation flow rate changes and a water
displacement mechanism proportional to the second derivative of des.

This is outlined in Bell and Astroém [1979]. The following eguations

dP _ _ 0018 uz P/® + 0.9 uy - 0.15 us + 0.4 &5 ... (12)
dt dt
dPo _ {(0.73 uz - 0.16)P%/8 - Pa}/10 ... (13)
dt

ws = (1.1 uz - 0.19}P , U ¥ B
Wf - (141 us - ws) /W1 ... (15)
dt

ps = Cs1 P+ Caz ... {18)
Ues = (1/pf - Vw)/(l/ps - Vw) .. {1
dxi
2 = {des - Xl)/Tcl ...(18)
at
4%z . (1000 (acs - Xi) - Xe}/Toz ... (19)
dt

4% _ (4o - xa)/20 ... (20)
at
d%4 . 13,55 ws - %4)/20 ... 21
dt

Vw=Vthp+20d—:iz+60005+203§-§3

dt dt
+ 0.5 %o + 0.03 x4 ... (22)

%w = 50{Vy - 65.5) ... (23)

Where inputs, outputs, intermediate variables and constants are as
defined in model Bt2. The extra state variables xi, Xz, Xs and X4 are
needed to include the changes in circulation rate and the displacement
mechanism - see Bell and Astrém [1979]. Constants Te: and Tez are to

limit high frequencies in the second derivative term.

Equations (12) to (23) form the model called Bt3.




_'7_

2.2 Morton and Price group

The key concept that Morton and Price [1977] introduce is an equation
for evaporation rate. If this quantity can be predicted accurately
then a measure of the steam being produced in the risers is available,
and this is the major cause of drum water level variations. Horton and
Price's work does not model the electrical output, and their other
equations are based on mass flow rates for the input variables.
Eqn.{4) from the Bell and Astrdm work uses control valve position for
its input, and hence is not readily applicable. A simpler model based
on the difference between the energy content of the steam entering the
turbine and that leaving it is used to predict electrical output. The

first model for this series becomes:-

P _ ke {kn ef - r Qfw — qs! oo {24)
dt 1+K

Sﬁ“‘:q;:w“qe'i"rs -dge ) .ap(25)
dt dt

PO _ (ker qe (P + kiz) - Po)/te: ... (26)
dt

er = kfy gr + kez ... {27)
e = s ... (28)
Xw =

{(Mw - Mae)Ve/a ... (29)

Where qs, s and gsfw are the inputs of fuel flow r&te, stean flow rate

and feedwater flow rate respectively.

P, Po and %xw are the outputs of drum steanm pressure, electrical
output and drum water level respectively.

es is the heat energy flow rate of the fuel.

ge is the evaporation rate

Mw is the mass of water in the system.

ko, K, ko, T, Ts, kt1, kez, to:r, kez, kez, Mne, Ve, and a are
constants. (See section B for details of estimated values and

notation for summary.)

Note eqn.(26) is the simplified electrical output equation mentioned
in the text, and eqn.(28) equates the evaporation flow rate as being
equal to the steam mass flow rate out of the systen. This is the
simplest way of expressing evaporation flow rate, but as will be seen
in the comparison to plant data in section B gives poor results for

drum water response when the fuel input is changed.
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Equations (24} to (29) form the model called Bt4.

A more realistic expression for evaporation flow rate is derived by

Morton and Price [1977] and is given by

e = 2 (kv ef ~ v grw) + x s .. 130)
{1+K) {1+K)

Note this expression approaches eqn. (28} as K>>1.
2.3 Combinations and Extensions of the Basic Models

One factor which is not captured by the Morton and Price models is the
drum water level variation due to a steady build-up of steam in the
system. This can occur when an inbalance between ¢e {evaporation rate)
and ¢s {steam flow leaving the system), while both are under steady
state conditions. Such a characterisitic is observed 1in the 160 Mw
plant data in section B under fuel changes. It can be included in the

model by modifying eqn.{25) to
d—H-w = qfw - Qe + Ts EE + K2 {ge - Q=) ... (31)
dt dt

where Kz is a constant dependent on the distribution of steam between

risers and drum under normal operating conditions.

Equations (24), (31), (26), (27), (30) and (29) form the model called
Bt5.

The model assumed by Morton and Price is based on a linear
relationship with -distance for the mass of steam built up in the
risers. Under steady state conditions this is valid, and the mass of
water displaced during the transition from one steady state condition
to the next will also be proportional to the rate of change of
evaporation rate. However during this transient period the
distribution of steam in the risers will not be 1linear. In fact a
bulging of steam mass will occur in the region where evaporation is
first occurring. This will cause an initial displacement of mass of
water which is not accounted for in the Morton and Price equations.
This characteristic can be seen very clearly in the drum water level
responses for fuel changes in the 160 Mw unit in section B. The model
Bt3 does account for this although that model required seven
differential equations. Some initial studies have been undertaken to

model this phenomena. The first of these uses a term proportional to




d2 e

dtz
it is necessary to include an extra differential equation bringing the

in eqn.(25). To limit the high frequency response of such a term

total to four. This addition forms the basis of model Bté.

Two other paths are also being investigated.

They are:-
(i) HMass and energy balance equations for the system treating
the steam and water as one fluid. Evaporation rate eguation,
water mass balance equation for drum, and a separate steam

mass balance equation for risers. This leads to 6

differential equations and is called model Bt7.

(ii) Full mass, energy and momentum balance equations for drum
and risers. Separate mass and energy balance egquations for
the steam and water, and an algebraic equation for the
momentum balance equation. The energy balance equations to
include a term to capture the change in energy content of
the water and steam during pressure transients, and thus

predict more accurately the evaporation rate.

A preliminary model for (i) is included in the appendix with the
program listings, but a lot of work is still needed before these

models are producing meaningful results.

Two other models are also included. The first is a combination of the
best features of the main sources of models in this work. They are the
drum pressure, electrical output, and quality of steam calculations
from the Astrdm, Eklund, Bell work, coupled with the evaporation rate
equation of the Morton and Price work. The equations for this model
are eqns.(S) to (10}, coupled with eqn.{30) and eqn.(11) changed to

xv = 50 {vw Vi p + 60 des + Ta Qe - 65.5) ...{32)

This model has been called Bta.

The second model in this group replaces the evaporation rate equation
with one dependent on the physical characteristics of the riser loop.

The derivation follows.
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. Mass balance equation for system

d (QH Vu)
dt

Drum level

= (fw ~ (s

A Xw = Vw'l'EI.Vr ...(33)

wet surface area of water in drum

where A

a

quality of steam in risers

volume of risers

Vr

Momentum balance equation for downconer/riser loop gives

{pw - ps) @ Vr = % K¢ qo? ... (34)
and, e ¥r = (s
where Xr is the mass guality of steam.
3= 3 (k) 22 &
2 ps
after substituting intc momentum balance eqn. {34} and

some algebraic manipulation

2
3 = Kt ww qs? ... {35)
8 ps2 {pw — ps)
Eqn.{35) gives the quality of steam (volume ratio) for the steam in
the risers, and this can be combined with the basic Astrém, Eklund,
Bell model {egns. ({5) to (9)} noting that gz = Wws, to form a

particularly simple model for the systen.

This model has been called BiS.

3. Linear Models

Two approaches have been used to produce linear models from the

general non-linear ones presented in section 2. They are

(i) By doing a Taylor's series approximation to the non-linear
equations. i.e. the general form of all the models in section 2
is

Truncated
flx,z,u) Taylor's series

—

hix,u} z

x +Biu+ Ciz + ea

F
1}

ol
1]

Box + Bzu + ez

4]
1l

g(x,z,u) Azx + Baz + Cau + es

3
I}
o
n
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On substituting for z in both the state and output equations the
standard form of
% AX + Bu + e

y = Cx+Du+f

H

is obtained.
Note matricies A, B, C, and D as well as the vectors e and f will
be functions of the operating conditioms that have been used in

the linearisation.

e.g.A=A1+C1A2=§-¥ +§E—i §Ei
| 1 [

iy Py I o

Zo Zo Zo

o o Uo

Yo. Yo Yo

(ii) By wusing the symbolic manipulation program MACSYMA and

special macro routines outlined in Holmberg [1986].

The advantage of (i) is that the elements in the A, B, C and D
matricies are analytic functions of operating conditions and hence
some ingight into their behaviour can be gained as these conditions
are changed. The method in {ii)} on the other hand is particularly easy
for the user. It is relatively expensive as far as computer time is
concerned (approximately 1 hr for the Morton simple model on a VAX 11/
780) but can save days of work for the analyser. At the time of
writing this report, only the Morton simple model had heen linearised

by method (ii), however the method does lock very promising.

The only models available in linearised form are the 3rd and 7th order
ones (models Bt2 and Bt3) from the Bell and Astrdm [1979] work. These
are called LBt2 and LBt3 respectively.
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Section B - Modelling a 160 Mw Unit.

The boiler-turbine-alternator unit used to evaluate the models in this
report is a 160 Mw oil fired natural circulation drum unit operated by
Sydkraft AB in Malmo, Sweden. Full details of the unit are available
in Eklund [1968] and Eklund [1971]. The main specifications of this

plant are:-

Rated power 160 Mw - oil fired
Steam flow at rated load 140 Kg/sec
Drum steam presgsure 140 Kg/cm2
Superheated steam temperature 535°C
Volume of drum 40 n?
Volume of downcomers 11 m8
Volume of risers : 38 md

Mass of water in system at

normal operating conditions 40,000 Kg
Mass of steam in system at

normal operating conditions 2,000 Kg

Feedwater temperature 3090°C.

The plant is currently only used for peak load operation. It has been
selected for evaluation of the models in this report because of the
extensive dynamic data that was collected from it in 196%. This data
is described in this section under plant response comparison (section
B3).

The language used to obtain all the responses in this report was the
simulation language SIMNON, see Elmquist, Astrém and Schénthal [1986].
Appendix B contains the SIMNON program listings for all models,
connect systems and figure macros that have been used toc generate the
responses in this report. These listings are documented with

information about their function and allocation of variable names.
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1. Parameter Estimation.

Three methods have been used to evaluate parameters in the models in
this study. They are:-

(i) Using the test data recorded from the plant, and then-
select a particular feature of that data to evaluate a
parameter. Astrdm and Eklund {1972, 1975], and Morton and
Price [1977] have in general used this approach to estimate
the parameters in the basic models.

(ii) Use the plant physical characteristics e.g. volume of drum
(etc). If an analysis is made of most of the parameters in
the modelg in this work, then it is possible to relate them
back to static physical characteristics of this form.

(iii) Use the plant dynamic data to automatically do parameter
estimation. 1i.e. fit the model’'s responses to the plant's
responses for all or a subset of the parameters in the
model.

There are advantages and disadvantages of all the above methods.
Method (ii} is particularly valuable if models are to be developed for
plants at the pre-design or design stage. Method (iii) is only just
starting to appear in simulation languages such as SIMNON. It has been
available in specialised form or for linear models for many years,
however availability of an automated algorithm within a non-linear

simulation language would be an asset for the model builder.

In this work the approach has been to use either (i} or (ii} to
evaluate reasonable parameter estimates. Method (iii) has only just
started to be evaluated with the recent dinclusion of automated

parameter estimation algorithms in SIMNON.

Parameter estimates and the methods used to calculate them for basic
models from the Astrém, Eklund [1972, 19751 and the Bell, Astrdm
[1979] are available in those publications. Those steps will not be
repeated here, but the models in section A have the estimated values
in them, and the notation section at the end of this report summarises

the values with the symbolic name used in the programs.

The parameter estimates for the Morton and Price [1977] work have been
caleulated below for the 160 Mw unit, since the parameters given in
their paper were for a smaller unit. Also the parameters used in these
models have been derived in terms of physical characteristics of the
plant, and operating conditions, so that more realistic models can be

obtained.
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The parameters to be estimated for the Morton and Price models as well
as extensions are {see eqn.{24) to (31))
ke, K, ko, ¥, Ta, ke1, kiz, ter, kei, kez, Mor, Vi, &, and Kz
Note K = Ka kb Ke (see Morton and Price [1977]).

Parameter Ka.

ka = A energy stored {see Morton and Price [1977])
A pressure '
I Ahf
AP
= mw Ahw i ms Ahs ... (36)
AP AP
Equation (36) could be used as a more realistic expression for ka in
the nodel. 2™ and Ahs i11 be function of drum pressure P and can be

AP AP
evaluated from steam tables. mw and 1ms will come from the mass

balance equations in the model.
For the models considered in this report and the 160 Mw plant

(average value of ah at
AP

Ka = Mw EE = 4.15 mw
AP normal operating conditions)

and mw = 40,000 Kg at normal operating conditions
So ke = 166,000 XJ/Kg/cm?.

Parameter kb

kv = _E_ (see Morton and Price [1977]) .. 137
htg

where hfg is the latent heat of vaporisation.

For the 160 Mw plant heg varies from 1319.4 KJ/Kg to 1066.6 KJ/Xg over
the normal operating conditions. Equation (36) could be used with a
steam table look-up procedure to give good estimates for kn. However

for the initial studies ko has been assumed constant at 0.0008.

So, k» = 0.0008 Kg/KJ.
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Parameter Xe

ke = AP {see Morton and Price [19771)

As

Assuming that the volume occupied by the steam at normal operating

constant is approximately constant, then

Ams = Vss Aps
and ko = 2 ... {38)
Vss Aps

The quantity AP can be evaluated from steam tables, and Vss would be
Aps

available from the mass balance equation for steam in the system.

However for initial studies it has been assumed that Vss is half the

AP
Aps

total volume of the drum, downcomers and risers, and is evaluated

from the steam tables at 140 Kg/cm?.

Then ke = 0.0261 Kg/cm? /Kg.

Parameter K

K = ka kb ke {see Morton and Price [19771)

Using the constant values for ka, ks and k. above, gives

-]
"

166,000 x 0.0008 x 0.0261

3.466

Parameter r

- D - hw {see Morton and Price [19771) ... {39)

hsg
The enthalpy of the feedwater hw depends on its temperature, and the
enthalpy of saturated water hs depends on the drum steam pressure. The
latent heat of vaporisation also depends on the drum steam pressure.
Again the initial studies in this work have assumed these are constant
and have been evaluated at a feedwater temperature of 300°C and a drum

pressure of 140 Kg/cm2.

r = 0.08912.
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Parameter Ts

. . v
Water displaced from risers = (msrz - Der1) —
Vw
mass of steam in risers for evaporation rate ez

I

where NMsrz

ms r 1 - 111 " n " n L1} 1] " qe 1
Vs = specific volume of steam
Vv = specific volume of water

volume accupied by stean

ml

Now msr = Vsr ps , Var

i

Ps density of stean
Assuming a linear relationship for steam volume along the risers,

gives after some algebraic manipulation

At 1 pw Qe

Rsr =
dc
where A: is total area at the outlet of riser - assumed constant for
length of riser.
1 is the length of the risers.
pw is the density of water.
ge is the evaporation rate, and

gc is the circulation flow rate.

Water displaced from risers = 53~3—31 {qez - Qet) ALE
Jc Vw
But water displaced = Ts Ade
2
Ts = Atr 1 Pw v_ﬂ- = Vr pwe Vs . (40)

Jc Vy Jec

At normal operating conditions gqc = 2000, vs = 0.015
Ts = 126.

Again for a more accurate model eqn. (40) should be used to calculate

Ts with pw, vs and gc being functions of plant operating conditions.

General note about parameters ke, kb, ko, t and Ts. If eqns. (35} to
(40) are used to calculate these parameters then only plant physical
characteristics e.g. volume of risers {etc) are uéed, the other
variables in these expression are calculated from the other model
equations. This allows such a model to be used for simulating the

dynamic response of a plant at the pre-design or design stage.
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Parameters kii, ktz, tei

These have been estimated from steam tables and the response time of
the turbine alternator. No data was readily available for the weight
and physical size of the turbine alternator section so dynanic

responses were used.

kts = 0.0063
ktz = 0.5
ter = 10.0 seconds.

Parameters kri and ez

These relate the fuel mass flow rate to heat energy released to the
risers. This relationship depends on furnace heat distribution and
characteristics of the burning process. No data was available for
these so a linear relationship was assumed and the plant data fitted
for both high and low load.

ke 20200

Kez

1

-11700

Parameter Mns

This parameter gives the mass of water in the system when the drum is
half full. The nornal zero point for drum water level is the centre of
the drum.

Mx¢ = 40,000 Kg.

Parameters Vi and a

V¢ = 0.0015 This is the specific volume of saturated water -
assumed constant and obtained from steam tables at
322°C.

a = 27 mn? The free surface area of water in drum {Eklund
[1978]).
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Parameter Kz

This parameter gives a measure of the amount of water displaced £from
the risers as a steady build-up of steam occurs in the system. It is
proportional to the ratio of the steam in the risers to the steam in
the drum, and also the difference in specific volume of the water and
the steam. At normal operating conditions if it is assumed
approximately one third of the steanm exists in the risers and the

specific volume ratio is 10, then

See the notation section for a complete summary of all the parameters
and their values. Included in this summary are the parameters used in
the Bell Astrém models against the symbolic representation used in the

program.
2. Step response Analysis

Appendix A contains a summary of all the models under investigation in
this work. Appendix C figures 1 to 9 show the step responses at low

load for each of the models listed in Appendix A.

These step responses give a good initial indication of a model's
potential. Figure 3 for the 7th order Bell Astrém model is
representative of what should be obtained. When comparing these step
responses take into account that there are two groups of nodels.
Models Btl, Bt2, Bt3, Bt8 and Bt9 all use control valve position as

inputs, whereas Bt4, Bt5, Bté and Bt7 use steam flow rate as an input.

A set of step responses at high load would also be useful especially
to gain a measure of the degree of non-linea:ity in the plant. This

work is one of the items listed under future directions.
3. Plant response comparison

Brief details of the plant were given at the start of thisg section. R
very extensive data log was carried out on the plant in 1969.
Basically the aim was to gain as mnuch information about the plant
dynamics, over as vwide an operating range as possible. Part of the

data from that data log are included in this report. Table 1 gives
details of this data.
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Data run Data log name Control varied Operating conditions
ASCII binary Name Range  Pressure Load
(Kg/sec) (Kg/cm2) (Mws)
D1074.T BDI1O7A.DAT Fuel + 0.56 110 63 low
2 D108A.T BD10BA.DAT Feedwater * 5.56 110 68 low
D111A.T BD111A.DAT Control + 3% 110 70 low
valve
4 D201A.T BD201A.DAT  Fuel + 0.56 125 140 high
D102A.T BD102A.DAT TFeedwater % 5.56 125 140 high
6 D105A.T BD105A.DAT Control + 3% 135 135 high
valve
Table 1 - Summary of data logs from 160 Mw unit

The variations in controls were in the form of pseudo-random noise,
and during each run only the control indicated was varied. The
controls and their variations with time for each run are shown in
Appendix D figs.7 to 12. The plant was operated under open loop
conditions when the data was collected. More details of the variables
logged from the plant, sampling times, and units for the variables are
given in Appendix D figs.l to 6 where the header page of each of the

data logs is given.

This data can be used to find linear models about a certain load
operating condition, since the input or control variations are small.
It can also be used to verify non-linear models since there are two
groups of data and these are at the limits of the normal load

operating conditions of the plant.

Not all the model responses are included in this report. Some of the
models are still in their development phase and hence including

responses at this stage would be meaningless.
The approaches used to estimate parameters in the models has been:

(i) use either plant specifications or analysis of dynamic data
to obtain initial estimates. The Morton and Price [1977] based
models use plant specifications, whereas the Astrdm and Eklund
[1972, 1975] based models use dynamic data.




Five

(i1) improve parameter estimates by fitting model

plant data.

This was
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initially done by

responses to

changing individual

parameters to see the effect on model response, and in the latest

version of the simulation language being used an automatic

non-

linear parameter estimation procedure has been used.

of the developed models are compared to plant data and to each

other, At the stage of writing this report, these were the models that

had shown most promise. All of them have

deficiencies

and they all

have their individual strengths. In selecting a model for a particular

application a compromise 1is

normally made between complexity and

accuracy of response - in general the more complex the better the

model performance.

Model
name

Bt2

Bt3

Bt4

Bt5

Bta

Basis

Bell and

Astrom[1979]

Bell and

Astrém({1979]

Morton and
Price{1977]

Morton and
Price{1977]

Bell and

Astrdm[1979]
Morton and
Pricef1977]

Form of
inputs

Actuator
position

Actuator

position

Mass flow

rates

Mass flow
rates

Actuator
position

Paranmeter
estimates

Dynanic
data

Dynamic
data

Plant
specifi~
cations

Plant
specifi-
cations

Dynamic
data and
Plant
specifi-
cations

General comments
$lightly more complex than
Bt4d. No fast drum water
level response for fuel
changes, but better
response than Btd4.

The best overall response,

but also the most complex.
Some problems with drum
pressure and electrical
output at high 1load for
control valve changes. A
small spike in drum water
level for feedwater change
may cause some problems.

The simplest model.
Assumes evaporation rate
equals steam flow. Poor

drum water response for
fuel changes.

evaporation rate
Extra term to
water level
fast drum
response for

Separate
equation.
enhance drum
response. No
water level

fuel changes.

Combines best features of
both sources of model. No
fast drum water level
response for fuel change.

Table 2 - Summary of nmodels in comparison
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A comparison of responses of the models in table 2 to those recorded
from the plant are given in Appendix D, figures 13 to 43. These
figures are in groups of six, representing the data for the six data
logs given in table 1. Each of these figures contains the three
outputs drum pressure, electrical output, and drum water level. In
each case the curve marked 1 is the model, and 2 is the plant. Each
group of six figures for the models in table 2 contain responses for
the data in the order given in table 1 i.e. low load fuel, feedwater
and the control changes followed by the high load data with same

input sequence.

From these figures it can be seen that model Bt3 gives the best drum
water level responses - see figures 19 to 24. Note the fast drum water
level swell shrink with fuel changes in figures 19 (low load) and 22
(high load). As mentioned in table 2 in the general comments there are
some'prohlems in predicting drum pressure and electrical output for
high load conditions and control valve changes (figure 24). One
deficiency of the data logged from the plant  was the lack of
information about control valve position, this data was only recorded
by hand. It is thought that this could be the major problem with this

result.

A comparison of the drum water level response for the two Morton and
Price based models Bt4 and Bt5 (figs.25 to 36) shows the effect of
assuming evaporation rate is just equal to the steam mass flow.rate.
The major difference is in the drum water level response for fuel
changes (compare f£ig.25 to fig.31) where it is seen that the initial
swell/shrink due to change in steam in the risers when the fuel is
stopped is not predicted with simple approximation. Drum water level
shrink/swell is predicted well for steam mass flow rate changes
(figs.27 and 36) in both models.

4. Actuator dynamics and co-ordinated control

If control studies are to be undertaken with the models presented in
this report, then actuator dynamics will be needed. Figure 1 gives a
block diagram for the realisation of such dynamics. The constants for
these dynamics are,

i) Fuel flow

dus i < 0.007 / second 0¢w <1
t

<%
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{ii) Feedwater flow

o

Uz
t

(iii} Control valve

< 0.05 / second 0 Cus <1

£

i
|
i
I
[

duz

1 |

' 222} € 0.2 / second {opening or upper rate)

| dt |

1

! duz ! < 2 / second {closing or lower rate limit)
dt |

0 <u (1

A basic co-ordinated controller has also been implemented. Its
structure is shown in figure 2, only PI controllers have been used,
and reset wind-up in the integration terms are removed by limiting as
outlined in Bell [1970]. '

Upfgr.rate Upger control
imity ound g
Unbounded Bounded
control + 1 | 1 ] control
_— ¥ — > » — -——
u - Te | s ALz } us
Loyer rate Lower control
1 limit bound
s
Fig. 1 - Representation of actuator dynamics.
Drum
. Fuel {steanm
Desired - + c¢ntrly pressure
steam-———3——2T Ctl —e— »
pressure + T+ BOILER - P
, H K + T/V )
Degired T + cntrly TURBINE - Electrical
Mws » G- H2T Ctl ¥
l - ALTERNATOR output
. + K ——b——l F/¥ } Po
Desired + +lentrly MODEL
drum———— 27 Ctl —eo——
water level | - + Drum
- water
£ level
+ - -Kw
Fig. 2 - Co-ordinated controller structure.

In appendix E figures 1 to 5 show step responses of model Bt2 for
set point change in electrical output, drum steam pressure, and drum

water level.

Actuator limiting and dynamics for this simulation have been included
in the controllers vrather than developing separate modules. This
structure has been used to reduce the number of program modules in the

simulation. See program listings in Appendix E.
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Section C. — Model and data availability

To gain easy access to the simulation programs and plant data used in
this report, an IBH formatted £loppy disk containing this information
has been produced. A directory listing of the contents of this disk is
given in Appendix F. To minimise the amount of cross referencing
required to gain access to the information on this disk, file nanes
have been made the same as model names. e.g. file Bt2.t contains the
SIMNON program listing for model Bt2. Similarly any connect systems or
figure macros will have a file name and actual name that contains a
reference to the model that is used. e.g. f1bd1Bt3.t contains SIMNON
code for a macro to produce a figure (f1)} from boiler data 1 {bdl) for
model Bt3. The name of this figure macro is fibd1Bt3 to agree with the

file name.

Because the PC version of GSIHNON uses a different procedure to
interface plant data to a model, it 1is necessary to modify the
figure macros. A listing of one of these modified programs is included
in Appendix F so that a comparison to the VAX simnon macro given in
Appendix B can be made. It is also necessary to include a discrete
system, in this case called ifile. A listing of this system 1is given
in Appendix F. Refer to the latest PC SIMNON ugers manual for details

of these procedures.

The plant data logs are given as both ASCII files and binary files on
the floppy disk. Table 1 in section B3 gives the file names used to
jdentify the different data logs.

\
A demonstration macro, called demo, has been included on the floppy

disk; This macro allows a user to select, via menus, a mnodel, type of
response, and plant data so that a quick appreciation of the different
models capabilities can be obtained. Note that some of the models have
not been fully developed and as such will give meaningless results for

some plant data.
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Conclusions.

This report summarises the results of developing a range of non linear
models suitable for predicting the major dynamic behaviour of large
fossil fueled drum-turbine-alternator power generation units. The
nodels realised range in complexity from three to seven differential
equations. Even with this low order it has been shown by comparison to
plant data that good prediction is obtained for drum pressure,
electrical output and drum water level. In particular the phenomenon

of drum water level swell shrink has been well modelled.

One of the aims of this work was to produce models which could be used
by other researchers as easily as possible. To satisfy this need we
have produced an IBM formatted floppy disk containing the models as
well as the data logged from a 160 Mw oil fired power station. It is
hoped this information can be used as a starting point for more
ambitious model development or as a start to the accumulation of a
number of data sets from different size power statioms. The
development of practical realisable controllers depends greatly on

realistic models and it is hoped that this work will aid that process.
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Notation.

P Drum steam pressure Kg/cm?

Po Electrical output Mu's

Xw Drum water level mm

s Fuel mass flow rate Kg/s or T/hr

qfw "Feedwater mass flow rate Kg/s or T/hr
Ws Or (s Steam nass flow rate ' Kg/=

ef Rate of heat supplied from fuel kw

Ui Fuel actuator position (0-1)

Uz Control valve pesition (0-1)

us Feedwater actuator positioﬁ (0-1)

Vi Total volume of drum, downcomer and risers m®

Vw Specific volume of water md /Kg

of Density of fluid (mixture of stean Kg/m?

and water) in the system

ps Density of steam in the system Kg/nsd

Kes Quality of steam in the systen -
X1 ,X2 . %5, Intermediate state variables in -

and x4 Bell/Astrdm model
Vw Volume of water in system 3
Xa Increase in boiler energy storage’ KJ/Kg/cm?
per unit rise in pressure
kp The reciprocal of latent heat {1/hfg) Kg/RJ
ke The increase in pressure per unit mass of Kg/cm? /Kg

steam accumulated in the drum and
associated parts
K = Kakbke Additional mass of steam evaporated -
per unit mass lost. from the system
r The loss of fuel energy that would be -
used for evaporation per unit mass of

feedwater enteting {(hf-hw) /htg)




heg
hr
hw
kt1,kt2
tei

ki, Kez

Mw
Mbt

Je
Ts
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Latent heat of evaporisation

Enthalphy of saturﬁted water

Enthalphy of feedwater

Constants for electrical output eqn.

Time constant of turbine alternator

Constants to convert fuel flow rate
to heat content

Mass of water in the systen

Hass of water in the system when the drunm
is half full and undér rated operating
conditions

Surface are of water in the drum at
normal operating level

Evaporation mass flow rate

The fall of mass of water in boiler

per unit increase in evaporation rate

at normal operating point

Specific density of water

Quality of steam in risers (volume ratio)

Volume of risers

Quality of steam in risers (mass ratio)

Mass of steam in risers

Total internal area of risers

length of risers

KJ/Xg
KJ/Kg
KJ/Kg

Kg
Kg

Kg/s
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Appendix A. ~ Summary of all models.

Name No. of General comments

differential eqns

Btl 2 Bell/Astrém model, no drum water level,

based on the original Astrdom/Eklund

model.

Bt2 3 Bell/Asirdm simple model with drum water
level.

Bt3 7 Bell/Astrdm model with full drum water

level equations.

Btd 3 Morton/Price simple model, with simple

electrical output equation.

Bt5 3 Horton/Price advanced model with
extensions and electrical output
equation.

Bt6 4 Ezxpanded version of Bt5 with fast drum

water level shrink/swell.

Bt7 6 Mass and energy balance equations for
complete system + evaporation rate egn

and steanm mass balance.

Bt8 3 Model Bt2 with quality of steam derived

fron evaporation rate.

Bta 3 Hodel Bt2 + drum water level equations
' from Bt5.
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Appendix B. - SIMNON programs for all models, connect systems, and

figure macros.
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Appendix C, - Step responses of all models.
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CONTINUOQUS SYSTEHM btl

"2 nd order boiler-turbine model from Bell Astrom TFRT7162.
"This model does not give drum water level.

"author Bell 29/5/87

INPUT ul u2 u3 PDP POP
CUTPUT P PO gs

STATE x1 x2

DER 41 42

“States and outputs are:-
“P,x1 - Drum steam pressure (Kg/cm2)
"PO,x2 - Electrical output (MW)

"Controls are:-

"ul - normalised fuel flow (0-1 corresponds to 0-14 Kg/s)

"u2 ~ normalised control valve position {0-1)

"3 - normalised feedwater flow rate (0-1 corresponds to 0-140 Xg/s)

"Constants

cpl:0.0018 "]

cp2:0.9 "*I1Pressure eqn constants.

cp3:0.15 "]

cel:0.73 "}Electrical output eqn constants,
ce2:0.16 ")

tce:10.0 * Time constant of turbine/alternator

"Initial conditions
x1:108
®2:67

"auxiliary equations
gs={1.1*u2-0.19)*x1 "Steam flow eqn. not needed in main equs.

"Dynamics

dil=-cpl*u2*p~ (9/8)+cp2*ul-cp3*ul
d2=({cel*u2-ce2}*P" (9/8)-x2})/tce
"Qutputs

P=x1

PO=x2

END
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CONTINUOUS SYSTEM ht2
"3 rd order boiler-turbine model from Bell Astrom TFRT7162

“Author Bell 10/5/87 updated 29/5/87

INPUT ul u2 w3 PDP POP xwP
QUTPUT P PO xw rhi gs
STATE x1 x2 x3

DER d1 42 43

"States , outputs and other variables are:-
"p,x1 - Drum steam pressure (Kg/cm2)

"pO,x2 - Electrical output (MW)

"yxw - Drum water level deviation about mean {mm)
"vhf,x3 - Drum/riser fluid density (Kg/m3)

"qgs - Steanm mass flow rate (kg/s)

31 - Steam quality ({(vol. ratio)

"ywd - Volume of water in drum (m3)

"Controls are:-

"4l - normalised fuel flow (0-1 corresponds to 0-14 Kg/s)

"y2 - normalised control valve position ({(0-1)

"u3 - normalised feedwater flow rate (0-1 corresponds to 0-140 Kg/s)

"Constants

vt:85.0 "Total volume of drum, downcomers and risers
yw:0.001538 "specific volume of water at 320 C

cgsl:l.l

cgs2:0.19

cs1:0.8 "constant from fitting data to steam tables
Csz:_zs.s 11} m" 1" " i " 1" 1"
cvwdl:100.0

cvwd2:0.056

cpl:0.0018

cp2:0.9

¢p3:0.15

cel:0.73

ce2:0.16

tcl1:10.0

culd; 14l

c9d8:1.125 "Constant 9/8 for dp/dt and dpo/dt eqns
cxwl:50.0

cxXw2:65.6

"Initial conditions
x1:108

X2:67

®3:440.66

"Auxiliary equations
gs=(cqsl*u2-cqs2) *P
rhs=csl*P+cs2
al={(1/rh€)-vw)/{{1/rhs)-vw)
ywd=vyw*vt*rhf+evwdl*al+cvwd2*gs

"Dynamics

dl=~cpl*u2*P" (¢9d8)+cp2*ul-cp3*ul
d2=((cel*u2-ce2}*P" (c9d8)-P0) ftel
d3={culd*uld-qgs) /vt
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YOutputs

P=x1

PO=x2

rhf=x3

xw=cxwl* {ywd-cxw2)

END

CONTINUOUS SYSTEM bt3 :
"7 th order boiler-turbine model from Bell Astrom TFRT7162
"Data from 160 MW oil fired natural circulation unit

wAuthor Bell 10/5/87 updated 29/5/87

INPUT ul u2 u3l PFDP xwP POP
QUTPUT P PO xw rhf

STATE x1 =2 %3 x4 xb =6 x7
DER d1 d2 43 d4 45 de 47

“States, outputs and other variables are:-
"p,x1 - Drum steam pressure (Kg/cm2)

"PO,x2 - Electrical output (MW)

"wyw - Drum water level deviation about mean {mm}
"rhf,x3 - Drum/riser fluid density (Kg/m3)

"4 - state x1 in report

"x5 - state %2 in report
nxs - [ xa n 1]
el - " x4 " "

"qs - Steam mass flow rate (kg/s)

"rhs - Specific density of steam ({(kg/m3)
"al - Steam quality {vol. ratio)

"ywd - Volume of water in drum (m3)

*Controls are:-

"ul - normalised fuel flow (0-1 corresponds to 0-14 Kg/s)

"32 - normalised control valve position (0-1) :

"33 - normalised feedwater flow rate (0-1 corresponds to 0-140 Kg/s)

"Constants

vt:85.0

vw:0.001538

cs1:0.8

cs2:-25.6

tc1:10.0 "Turbine/alternator time constant
tc2:10.0 "Time constant to limit high frequency
t£tc3:10.0

ted:20.0

c9d8:1.125 "Constant 9/8 for P and PO eqns.
cgsl:l.1

cqs2:0.19

cvwdl:60.0

cvwd2:20.0

cevwd3:208.0

cvwd4:0.5

cvwdh:0.03

cf51:1000.0

¢epl:0.0618

cp2:0.9

cp3:0.15

cel:0.73

ce2:0.16

" cu3:l41.0
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cqs:3.55
cxwl:5h0.0
CXWZ2:66.0

"Initial conditions
x1:108

X2:67

x3:428

x4:0.054

x5:-0.385

X6:0.44

xT:220

"Auxiliary equations

gs=(cqsl*u2-cqs2) *P

rhs=csl*P+ecs2

al={{1/rhf)-vw)/({1/rhs)-vw)
vud=vw*vit*rhf+tcvwdi*al+cywd2*£5+cvwdI*£6+cvwdd*R6+cvwd5*xT
fh={cfh1*{al-x4}-x5)/tc3 "Eqn to allow derivative in o/p
f6=(u3‘_x6) /tc4 11 n n ¥F H n n

"Dynamics
dl=-cpl*u2*P" (c9d8) +cp2*ul-cpi*u3
d2={{cel*u2-ce2) *P" {c9d8) -P0}/tcl
d3=(cui*u3-gs) /vt

d4=(al-x4) /te2

d5=£5

dé6=£f6

d7={cgs*qs-xT) /tcd

"Qutputs

P=x1

PO=x2

rhf=x3

xw=cxwl* (vwd-cxw2)

END
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CONTINUOUS SYSTEM bt4

* 3rd order model based on the paper:-

* wphae Controllability of Steam Qutput, Pressure and
" Water Level in Drum Boilers",

" Morton and Price, I.Mech.E, 1977

"author : R.D.Bell 17/5/87

INPUT qf gqs gqfw pdp pop XWp
QUTPUT » po XV¥

STATE x1 x2 x3

DER d1 42 43

“"Inputs

" qf - Fuel flow (0~10 kg/s)

" gs - Steam flow (0-140 kg¢/s)

" qfw - Feedwater mass flow rate {(0-140 kg/s)
" of - energy flow rate of fuel (kws)

"States and outputs

"p,x1 - Drum steam pressure (bar)
"yxw,x2 - Drum water level (mm)
“po,x3 - Electrical power o/p (MWs)

"Constants

dhdp:4.15 "Change in enthalpy of water per unit
"pressure change. Calculated from steam
"tables at p=120 bar.

dpdvs:1.2 "Change in pressure per unit change in
"specific volume. Calculated from steam
"tables at p=120 bar.

ves:40.0 "Volume in system occupied by steam at
"normal operating conditions.

r:0.08912 "{(hf-hw)/hfg loss of evaporation per
"unit mass of feed entering boiler.

vE:0.0015 "Specific vol. of saturated water at
"normal operating conditions {(m3/kg).

v8:0.015 "Specific vol. of saturated steam at
"normal operating conditions (m3/kg).

vr:38 "yolupe of risers {m3).
qc:2000  “"Circulation flow rate (kg/s).
a:27 "Free surface area of water in drum (m2)

tc2:10.0 "Time constant for dynamics of turbines
*and alternator.

cel:0.0063 “"Constant for electrical o/p eqn.

cez : 0 . 5 11 1"t " " n [1] .

cull:20200.0 "Constant for converting fuel flow

"to energy.
cul2:-11700.0 "Constant for converting fuel flow
' "to energy.
dwl0:2900 "zaoro reference for drum water level.

kb:0.0008 “"1/hfg reciprocal of latent heat at
"normal operating conditions (kg/kj).

"Initial conditions
x1:108
x2:2.5
%3:67.0
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"Auxiliary equations
mfd=a*x2/vf "Mass of fluid in drum.
ka=mfd*dhdp "Increasge in boiler energy storage
"per unit rise in pressure (kj/bar}.
kc=dpdvs/vss "Increase in pressure per unit mass
"of steam accumulated in drum and
"agsociated parts (bar/kg).
vatvf=vs/vE "Ratio of specific volume of steanm
"to water at normal operating
"eonditions.
ts=vstvfsvr/{qc*vE) "Increase in mass of water in
"drum per unit increase in
"evaporation rate at normal
"working level {s).
ef=cull*qf+cul2
K=ka*kb*kc "additional mass of steam evaporated
"per unit mass lost from systenm
" (=ka*kb*kc).
mnsd = gs "Rate of evaporation is equal to stean
“flow (kg/s).

"Dynanics
4l = (kb*ef-r*qfw - gs)*kc/{1+K)

d2 = {gqfw ~ msd)*vi/a

d3 = (gs*{cel*p+ce2) - po)/tc2
"Outputs

p = x1

po= X3

xw = {(x2 + ts*msd*vi/a)*leld-dwll

END

CONTINUOQUS SYSTEM bt5

* 3rd order model based on paper by
" Morton and Price 1977

“Author : R.D.Bell 15/5/87 updated 4/6/87

INPUT qf qfw gs PDP POP xwP
QUTPUT P PO xvW

STATE x1 x2 x3

DER d1 d2 d3

"Inputs

" qf - Fuel flow {0-10 kg/s)

v qfw - Feedwater mass flow rate (0-140 kg/s)
" gs - Steam mass flow rate (0-140 kg/s)

" of - Energy flow rate of fuel (kws)}

"States and outputs

"p,x1 - Drun steam pressure (bar)
"xw,x2 - Drum water level (mm)
"PO,x3 - Electrical ofp (M¥s)
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"Constants -
ka:166000 "Increase in boiler energy storage per
"unit rise in pressure (kj/bar)
kb:0.0008 "1/hfg reciprocal of latent heat (kg/kj)
ke:0.0261 "Increase in pressure per unit mass of
"gteam accunulated in drum and
"asgociated parts (bar/kg).
r:0.08912 " {(hf-hw)/hfg loss of evaporation
"per unit mass of feed entering boiler.
v£:0.0015 "Specific vol. of saturated water {(m3/kg)
a:27 "Free surface area of water in drumn (m2)
ts:126 "Fall in mass of water in boiler
"per unit increase in evaporation rate
"ast normal working level (s).
cel:0.0063 "Constant for electrical o/p eqn
cez:o's n 1 1] It n 11}
tc2:10.0 “Tine constant for dynamics of turbines
"and alternator.
culi:20200.0 "Constant for converting fuel flow

"to energy.

cul2:-11700.0 "Constant for converting fuel flow
"to energy.

sfl:leld "scale factor for state eqn.

mhf 40000 "Mass of water in system at normal
"working level.

dwl0:310 "Drum water level correction for
"water displaced from risers.

k1:2.0

"Initial conditioms

x1:110

®2:40.0 "40.0e3/sfl

x3:67

“Auxiliary equations
ef=cull*qf+cul2
K=ka*kb*kc "additional mass of steam evaporated
"per unit mass lost from system
" {=ka*kb*ke). ,
msd={kb*ef-r*qfw) / (1+K) + gs*K/(1+K) "Rate of

"evaporation
' "{kg/s).
disp=ki* (msd-gs)
"Dynanics
dl = (kxb*ef - r*qfw - qs)*ke/(1+K)
d2 = (gfw - nsd + disp)/sfl
d3 = (gs*(cel*P + ce2) - PQ)/tc2
"Qutputs
P = x1
v = ({x2*sfl-mhf + ts*msd)*vf/a)*1le3-dwl0
PO = %3
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CONTINUOQUS SYSTEM bté

" Ath order model based on paper by Morton and Price 1977
“author : R.D.Bell 15/5/87 updated 5/6/87 |

INPUT gqf qfw u2 PDP POP xwP
QUTPUT P PO xw gs

STATE x1 x2 x3 x4

DER 41 42 43 44

"Inputs

" gf - Fuel flow (0-10 kg/s)

" gfw - Feedwater mass flow rate (0-140 kg/s)
" g5 ~ Steam mass flow rate (0-140 kg/s)

" of - Energy flow rate of fuel (kws)

"States and outputs
"p,x1 - Drum steam pressure {(bar)
“gxw,x2 - Drum water level (mnm)

"p0,x4 - Electrical o/p (lM¥s)

"Constants
ka:166000 "Increase in boiler energy storage per
"unit rise in pressure {(kj/bar)
kb:0.0008 "1/hfg reciprocal of latent heat {(kg/kj}
kc:0.0261"Increase in pressure per unit mass of steam
"accumulated in drum and associated parts (bar/kg)
r:0.08912 "(hf-hw)/hfg loss of evaporation per unit mass
"of feed entering boiler
vf:0.0015 "Specific vol. of saturated water (m3/kg)

al:217 "Free surface area of water in drum (m2)
a2:27 tpree surface area of water in drum and risers (m2)
t5:126 "Fall in mass of water in boiler per unit increase

"in evaporation rate at normal working level (s)
cel:0.0063 "Constant for electrical o/p eqn
cez:o.s % " L} i1} 1t 113 )
te2:10.0 "Time constant for dynamics of turbines and alternator
cull:20200.0 “Constant for converting fuel flow to energy
culz:_11700.0 1F i1 ” 1l i (44 2] 11}
sfl:lel "Scale factor for state egqn
mhf: 40000 "Mass of water in system at normal working level
dwl0:310 "Drum water level correction for water displaced from risers
k1:3.0
tcl:5.0
k2:0.0
cgsl:1.1
cqs2:0.19

"Initial conditions
x1:110
x2:40.0 "40.0e3/sfl
%3:60.0
x4:67

"auxiliary equations
ef=cull*qf+cull
gs={cqsli*u2-cqs2) *P
K=ka*kb*kc "additional mass of steam evaporated per unit
"mass lost from system (=ka*kb*kc)
nsd=(kb*ef-r*qfw) / (1+K) + gs*K/(1+K) "Rate of evaporation (kg/s)
disp=k1* {msd—gs)
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"Dynamics
d1 = {(kb*ef - r*qfw - gs)*ke/(1+K)
d2 = {qfw - gs + disp)/sfl
d3 = (msd - x3)/tcl
d4 = (gs*(cel*P + ce2) - PO)/tc2
"Outputs
P =xl
xw = {(x2%sfl - nhf)*vf/a2 + {ts*msd + k2*d3})*vi/al)*le3-dwll
PO = x4
END

CONTINUQUS SYSTEM bt7

6th order model based on separate energy and mass balance

" equations for the drum . Energy and mass

balance eqns are written for the total fluid.

" The physical characteristics {e.g. pressure, density) of the

" steam is found from assuming a saturated state for the fluid.

" Separate mass balance eqns for the steam in the drum and rigers.
The energy absorbed or released from the stored energy during
transients is assumed to all occur in the risers steam mass
balance equation.

* Author R.D.Bell 23/5/87

INPUT ul u2 u3 pdp pop XWp

QUTPUT xw P PO "mfs msd msr mwd mwdc vss
STATE x1 x2 x%x3 x4 x5 x6

DER di 42 43 d4 &5 dé

"Qutputs

"p - DPrum steam pressure (kg/cm2)
"PO - Electrical output (MWs)

"xw - Drum water level {m)

"Inputs

"yl - Fuel control (0-1 corresponds to 0-10 kg/s)

"y2 - Control valve position (0-1 corresponds to 0-160 HMWs)
"u3 - Feedwater control (0-1 corresponds to 0-140 kg/s)

"af - Energy flow rate for fuel (KWs)

"qfw - Feedwater mass flow rate (kg/sec)

"qs - Steam mass flow rate (kg/sec)

"States

w1l - Energy of fluid in system (kj*sfl)

"y3 - Mags of fluid in system (kgs*sif2)

"x3 - Mass of water in drum {(kgs*sf2)

"w4 - Mass of steam in risers (kgs*sf2)

"y5 — Qutput electrical energy flow rate (HMWs)

"Constants
vd:29 "Volume of drum {(m3)
vdd:11 "Volume of downcomers {m3)
vr:37 "Volume of visers (m3)
adc:27 "Area of drum at centre {m2)
hfw:1200 "Enthalpy of feedwater (kj/kg)
mhf:12000.0 "Hass of water in half full drum (kg)
"oz:29 "Height of downcomers or risers (m)
' g:9.81 "Gravitation constant {m/s2)
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" kfi:0.4 "
kf£2:150 " ka*kb in Mortons paper
r:0.202 " Joss of evaporation per unit mass of

" faed entering boiler. Should be a function
¥ of feedwater temp and hl.
tc2:1.0 "Time constant to limit dpdt factor
qir:2800 "Circulation flow rate (kg/sec). Constant for
“initial test. Guess assuming 20x steam flow
cle:0.664 "Constant in electrical output state
cze:0.034 [} n n "t 11} - [1]
tcl:10 "Time constant for turbine/alternator section
vw:0.0015 "Specific volume of water at 320 C (m3/kg)

cl:-0.00016 "coefficients from fitting data from steam tables
c2:0.0357 13 11 L1 1t 11 11} i [1]
c3:0.000004118 1t 1 113 1 " 1n [ 1} 10
04:0.001043207 n 11 11 " n " 1 1]
c5:_2.24 L] n H 113 n L1} 11 "
c6:2947'265 "% n n n L1} i1 1n "
c7:4-039 11 n 1t n " 1t n 1}
cs:ggl.l " " 1 11} 1} 11} H n
¢21:1.125 “Constant 9/8 for electrical o/p state eqn
sfl:leb "Seale factor for energy d.e.s
sf2:1e3 "Scale factor for mass d.e.s
h1:1259 "Specific heat of evaporation-constant for this test {(kj/kg)
cull:l.6eb "Conversion constant for fuel control
cu12:38000 3} n [1] [£] 1 it
cul:143 "Conversion constant for feedwater control
cuzl:1.1 "Conversion constant for control valve
cu22:0.19 [1] 1" it 1] 1] "

“Initial conditions

C x1:60.0 "=60.0eb/sfl

%2:40.0 "=40.0e3/sf2
x3:11.838 "=14.,e3/sf2 mass of steam in drum
x4:0.4275 "=(,614e3/sf2 mass of steam in risers
x5:67
%6:108.0

"auxiliary equations

" Conversion eqns for controls
ef=cull*ul+cull
gfw=cul*ul
gs={cu2l*ul2-cu22)*p

" Complete system

mfs=x2*s{2 "mis=total mass of fluid in system
ufs=xli*sfl/mfs "ufs=internal energy of fluid in system
vi=vd+vdd+vr *yt=total volume of systen

rfs=mfs/vt "rfs=gpecific density of fluid in systen
vis=1/rfs Myfs=gpecific volume of fluid in system

" Calculate system steam pressure
as=mfs*cl*c’]
be=0.5*vt* (¢5-cT)-mfs*{cl*ufs-cl*c8-c2*c7)
¢a=0,5*yt* (c6-c8) —mfs* {c2*ufs-c2*c8)
bss=bs*bs
facs=4*as*cs
srfs=if bss<{facs then 0.0 else sqrt(bss-facs)
Pis={-bs+srfs)/{2*as)
P2s=({-bs-srfs)/(2*as)
Ptg=if P1s<0.0 then (if P2s<0.0 then 0.0001 else P2s}) else Pls
P=if Pts>222.0 then 222.0 else Pts
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Calculate other properties from linearised steam tables

vsa=cl*Pic2 "yss=specific volume of steam in system
yws=c3*P+cd "yws=specific volume of water in system
hss={c5*P+ch) "hss=specific enthalpy of steam in system
hws={c7*P+¢8) "hws=specific enthalpy of water in system

Mass of water in drum
nwd=x3*3f2 "mwd=mass of water in drum

Riser Section (steam mass only calculated)

msr=x4*sf2 "msr=mass of steam in risers

Vsr=vss*msr "Ygr=volume occupied by steam in risers
Vwr=vr-Vsr "Yyr=volume occupied by water in risers
nwr=vwr/vw "mwr=mass of water in risers

amr=msr/mvr "amr=quality of steam in risers (mass ratio)}

v did=(z*g*{1/vw-rfr)-(Pr-P))/(vw*2)

v grfde=if 4id>0.0 then did else 0.001

v gir=kfl*sqrt{sride)
qor=gir "qor=mass flow rate out of risers
dpdt={P-x6)/tc2 "dpdt=rate of change of steam pressure

"output equations
PO=x5
xw=vw* ({mwd-mhf) /fadc*le3

"Dynamics
dl={ef+qfw*hfw-qs*hss) /sfl
d2={(qfw-qs)/sf2
d3={qfw-qir+{1i-anr) *qor+(vss/vws) *d4*sf2) /sf2
dd={ef/hl-anr*qor-r*qfw-kf2*dpdt)/sf2
a5={{cle*qs/P-c2e) *P ¢21-x5) /tcl
dé=dpdt "dpdt=(P-x6)/tc2

CONTINUQUS SYSTEM bht8
"3 rd order boiler-turbine model from Karl Astrom
"pata from 160 MW oil fired natural circulation unit

"Author Bell 30/5/87

INPUT ul u2 u3 PDP POP =xwP
OUTPUT P PQ xv

STATE x1 x2 x3

DER 41 d2 d3

"States, outputs and other variables are:-
#p,xl - Drum steam pressure (Kg/cm2)

"po,x2 - Electrical output (MW)

"xw - Drum water level deviation about mean (mm)
“yhf,x3 - Drum/riser fluid density (Kg/m3)

"gs - Steam mass flow rate (kg/s)

"az - Quality of steam in risers (vol ratio)

tywd - volume of water in drum (m3)

“"Controls ares:-
"yl - normalised fuel flow {(0-1 corresponds to 0-14 Kg/s)
"y2 - normalised control valve position {0-1)

"y3 - normalised feedwater flow rate (0~1 corresponds to 0-140 Kg/s)
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"Constants
vit:85.0
vw:0.001538
csl:0.8
cs2:-25.6
vr:371
egsl:i.1l
cqs2:0.198
c9d48:1.1256
cpl:0.0018
cp2:0.9
¢p3:0.15
kf:0.02
kdr:300
kp:1.0
cel:0.73
ce2:0.16
teisl0
cu3:141.90
cxwl:50.0
cxw2:59.1
dwl0:120

"Initial conditions
x1:108
x2:67
x3:428

"puxiliary equations

gs=({cgsl*u2-cqs2)*Pp

rhs=csl*P+esl

vwd=vw*vt*rhi "This assumes mass of water in drumd>’mass of steam
a3={0.5*%kf*qs"2) /(kdr*vr}

a=kp*al” (1/3)

"Dynamics

dl=-cpl*u2*P" (c9d8)+cp2*ul-cp3*ul
d2=( (cel*u2-ce2) *P" (c9d8}-PO}/tcl
d3={cu3*uld-qs} /vt

"Ouiputs

P=x1

PO=x2

rhf=x3

xw=cxwl* (vwd+a*vr-cxwd) ~-dwll

END
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CONTINUQUS SYSTEM bta
"3 rd order boiler-turbine model from Bell Astrom TFRT7162
"with Morton's evaporation rate eqn.

"Author Bell 10/5/87 updated 19/6/87

INPUT ul u2 u3 PDP POP xwP
QUTPUT P PO xw rhif gs
STATE x1 x2 x3

DER di d2 43

"States , outputs and other variables are:-
"p,x1 - Drum steam pressure (Kg/cm2}

"pO,x2 - Electrical output (MW)

“xw — Drum water level deviation about mean {(mm)
"yhf,x3 - Drum/riser fluid density (Kg/m3)

"qs - Steam mass flow rate (kg/s)

"3l - Steam quality (vol. ratio)

"ywd - Volume of water in drum (m3)

"Controls are:-

"ul - normalised fuel flow {0-1 corresponds to 0-14 Xg/s}

"2 - normalised control valve position (0-1)

"u3 - normalised feedwater flow rate {0-1 corresponds to 0-140 Kg/s)

"Constants

vt:85.0 “potal volume of drum, downcomers and risers
vw:0.001538 "Specific volume of water at 320 C
cgqsl:l.1

cqs2:0.19

cs1:0.8 "Constant from fitting data to steam tables
CSZ:—25.6 11 H n 11} 113 n " "
cvwdl:100.0

cvwd2:0.05

cpl:0.0018

¢p2:0.9

¢p3:0.15

cel:0.73

ce2:0.16

£ci:10.0

cul:141

c9d48:1.125 *Constant 9/8 for dp/dt and dpo/dt eqns
exwl:50.0

cxw2:68.3

ka:166000

kb:0.0008

kec:0.0261

r:0.08912

ts:2000

vE:0.0015

a:27

qfcf:12.6 "50%0.252

gqfwef:126 "500%0.252

cull:20200.0

cul2:-11700.0

"Initial conditions
x1:108
X2:66
x3:431
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"Auxiliary equations
qs={cqsl*u2-cqs2) *P

rhs=csl*P+cs2
al=({1/rhf)-vw)/{{(1/rhs)-vw)
gf=qfci*ul

ef=culi*qf+cull

K=ka*kb*kc

qfw=qfwcE*ul3

msd= {kb*ef~r*qfw)/ {1+K) + qs*K/(1+K)
vud=vw*vt*rhf+cvwdl*al+ts*nsd*vi/a

"Dynamics
di=-cpl*u2+*P" {c9d8) +cp2*ul-cp3*ul
d2=({cel*u2-ce2) *P" {¢9d8)-P0) /tcl
d3={culd*u3-gqs) /vt

"Outputs

P=x1

PO=x2

rhf=x3

xw=cxwl* (vwd-cxvw2)

END

CONTINUQUS SYSTEM 1bt2

A linear version of the Bell/Astrom boiler model
" Author R.D.Bell 11/5/87

" Form of model:-
" xdot=Ax+Bute x{0}=x0
" y=Cx+Du+f

¥ gtate x=[x1,x2,x3]"'
where zl=p=drum pressure
x2=po=electrical output
x3=rho=density of fluid in complete system

" controls u=[{ul,u2,u3]"’

where ul=normalised fuel flow (0-1)

" u2= " control valve position (0-1)
" ud= " feedwater flow (0-1)

outputs y=[p,po,.xw]’

" where xw=drum water level
" yectors e and f are vectors from linearisation
INPUT ul u2 u3 pdp pop XWD

OUTPUT p po ZEW

STATE x1 x2 x3

DER d1 42 d3
¥ Constants
vi:8h " Total volume
vw:0.001538 " Specific volume of water
¢31:0.8 " constant from L.S. fitting of steam tables

csz:_zs.s n 1] 1" 1] " 1" it 1]
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Linearisation point

120:0.69 ™ half load point
p0:108 " half load point
rho0:428 " " " "

" Initial caleulations

ws0={1.1*u20-0.19) *p0
alp0=(rho0" (-1)-vw)/ ({csl*p0+cs2) " (-1)-vw)}"
dwedp=1.1*w20-0.19

dwsdu2=1.1*p0
dalpdrho=-{(rho@) " {-2}}* ({(esi*pO+cs2} " (-1)-vw) " (-1)}}

t2=( (cs1*p0+cs2) " {-2})
dalpdp=csi*{rho0" (-1} -vw) *{{{cs1*p0+cs2) " (-1) -vw) " (~2) } *t2

e vector

el=0,002025*%u20*p0"~ (9/8)
e2=-0.082125%u20*p0" (9/8)+0.002*p0" (9/8)
e3={dwsdu2*u20+dwsdp*p0-wsQ) /vt

" A matrix

all=-0.002025*%u20*p0" {1/8)

al2:0.0

al3:0.0
a21={9/8)*{0.073*u20-0,016)*p0" (1/8}
a22:-0.1

a23:0.0

a3i=-dwsdp/vt

al32:0.0

a33:0.0

" B matrix
b11:0.9
b12=-0.0018*p0" (9/8)
b13:-0.13
b21:0.0
b22=0.073*p0" (9/8)
b23:0.0
b31:0.0
b3i2=-dwsdu2/vt
b33=141/vt

" ¢ matrix

c32:0.0
c33=0.05% {vw*vyt+(60) *dalpdrho)
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" D matrix

" f yector

£1:0.0

£2:0.0

£3=3* (alp0-dalpdrho*rho0-dalpdp*p0)-3.175
£3=t3

" fnitial conditions

x1:108
x2:67
x3:428

" gtep state equations
" dynamic section

dl=all*xl+al2*x2+al3*x3+bll*ul+b12#%u2+hb13*ul+el
d2=321*x1+a22*x2+a23*x3+b21*ul+b22*u2+h23*ud+el
d3=a3l*xl+a32*x2+a33*x3+b31*ul+b32*u2+b33*ul+el

" gutput section

p=c11*x1+c12*x2+c13*x3+d11*u1+d12*u2+dl3*u3+f1
po=c21*x1+c22*x2+c23*x3+d21*u1+d22*u2+d23*u3+f2
xw={c31*x1+c32*x2+c33*x3+d31*u1+632*u2+d33*u3+f3}*1e3
END :

CONTINUOUS SYSTEM 1bt3
" A linear version of the Bell/Astrom boiler model

"  author R.D.Bell 11/5/87

Form of model:-
" xdot=Ax+Bute, x{0)=x0
" y=Cx+Dutf

" state z=[p,po,rho,x1,x2,x3,x4]"
where p=drum pressure
po=electrical output
rho=density of fluid in complete systen

controls u=[ul,u2,ull"’

" where ul=normalised fuel flow (0-1)

u2= " control valve position (0-1)
" ul3= " feedwater £low (0-1)

" outputs y=[p,po,xw]'
Y where zw=drum water level

vectors e and f are vectors from linearisation
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INPUT ul u2 ul3 pdp pop xwp
QUTPUT p po XW

STATE x1 x2 x3 x4 x5 x6 x7
DER d1 d2 43 44 45 d6 d7

Constants

dt:1.0 " Step size (secs)

vt:85 " Total volume

vw:0.001538 " gpecific volume of water

tcl:10 " Time constant to remove high frequency

tcz : 10 H 11 1] n " " n

csl:0.8 " constant from L.S. fitting of steam tables
CSZ:-zs.s i n EL ir 113 1 1 "

Linearisation point

u20:0.69 " half load point
p0:108 " half load point
rho0:428 " " " "

Initial calculations

ws0=(1.1*u20-0.19) *p0
alp0=(rho0" (-1)-vw) / {{csl*pO+ecs2) " (-1} -vw)
dwsdp=1.1*u20-0.19

dwsdu2=1.,1*p0
dalpdrho=-{{rho0) " (-2))* ({{csl*p0+cs2) " {-1)-vw) " (-1))
t2=((csi*pO+cs2) " (-2}))
dalpdp=csi*(rh00‘(—1)“vw)*(((csl*p0+csz)'(—1)—vw)“(—2))*t2

vector

21=0.002025%u20*p0" (9/8}
e2=-0.082125*u20*p0" (9/8)+0.002*p0" (9/8)
e3=(dwsdu2*u20+dwsdp*p0-ws0) /vt
ed={alp0-dalpdrho*rho0-dalpdp*p0)}/tcl
e5=1000* {alp0-dalpdrho*rho0-dalpdp*pQ}/tc2
e7=3.55* (ws0-dwsdu2*u20~dwsdp*p0) /20

matrix

all=-0.002025*%u20*p0" {1/8)}
al6:-0.02
a21=(9/8)*(0.073#%u20-0.016)*p0~" (1/8)
a22:-9.1

a3l=-dwsdp/vt
adl=dalpdp/tcl
ad3=dalpdrho/tcl
add=-1/tcl
a51=1000*dalpdp/tc2
a53=1000*dalpdrho/tc2
a54=-1000/tc2

abb=-1/tc2

ab6=-1/20
a71=3.55*%3wsdp/20
a7T=-1/20
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B matrix

b11:0.9
b12=-0.0018*p0" {(9/8)
b13:-0.13
b22=0.,073*p0" (9/8)
b32=-dwsdu2/vt
b33=141/vt

b63=1/20
b72=3.55*dwsdu2/20

* ¢ matrix

cl1:1.0

£22:1.0

c31=0,05*% {20000/ tc2+60) *dalpdp
¢33=0.056* {ywkvt+(20000/tc2+60) *dalpdrho)
034=-20000%0.05/tc2

c35=-20*0.05/tc2

c36=~198*0.05/20

¢37=0.03%0.05

* D matrix
d33:0.52
" f vector

t3=3*(alp0-dalpdrho*rho0-dalpdp*p0)-3.275
£3=1000*{alp0-dalpdrho*rho0-dalpdp*p0) /tc2+t3

Initial conditions

x1: 108
x2: 67
®3: 428
x4d: 0.004
x5: -0.3856
x6: 0.44
x7: 220
" gtep state equations
" dynamic section
dl=all*xl+ale*xz6+bll*ul+bl2*u2+bi3*ui+el
d2=a21*x1+a22*x2+b22%u2+e2
d3=a31*x1+b32*u2+h33*u3+el
dd=adl*xl+tad3*x3+add*x4ted
db=abl*x1+ab3*x3+abd*x4+adb5*xb+eb
dé=ab6*x6+b63*ul
d7=a7i*x1+aT7T*x7+b72*u2+e?

" Qutput section
p=cli*xl
po=c22*X2
xw—(c31*x1+c33*x3+c34*x4+c35*x5+c36*x5+c37*x7+d33*u3+f3)*1e3

END




connecting system clbtl

time t

ul[btl]=1if t<ts then ulll else ullu
u2{btil=if t<ts then u2ll else u2lu
u3[btll=1if t<ts then u3ll else uldlu
pdp[bt1]=120

pop{btl1]=80

ts:100

ulll:0.34
n1lu:0.34
u211:0.69
u2lu:0.69
u3ll:0.44
u3lu: 0,44

connecting systen clbt2

time t

ul[bt2]=if t<ts then ulll else uwllu
u2[bt2]=if t<ts then u2ll else u2lu
wilbt2]=if t<ts then u3ll else u3lu
pdp[bt2]=120

pop[bt2]1=80

zwpibt2]=0.0

ts:100

uill:0.34
ullu:0.34
u211:0.68
u2in:0.69
u311:0.44
u3iu:0.44

connecting systen clbt3

time t

ul[bt3]1=if t<¢ts then ulll else ullu
w2[bt3]=if t<ts then u2ll else u2lu
u3[bt3]=if t<ts then u3ll else u3lu
pdp[bt3]=120

pop[bt31=80

%xwp(bt31=0.0

t5:100

ulll:0.34
ullu:0.34
u21l:0.69
u2lu:0.69
u3ll:0.44
u3lu:0.44
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connecting system clbt4d

time t A

qf [btd]=if t<ts then qfll else qflu
qs[bt4]=if t<ts then gsll else gslu
qfwibtd]=1if t(ts then gfwll else gfwlu
pdp{bt4]=120

pop[bhtd]=80

xwp[btd]=0.0

£5:100
gfll:4.36
gflu:4.36
gell:56.5
gslu:b6.5
qfwll:56.5
qfwlu:566.5

end

connecting system clbth

time t

gf [bt5]=if t<ts then qfll else gflu
gs[bt5]=if t<ts then qsll else gslu
qfw[bts]=if t(ts then gfwll else qfwlu
pdpbt51=120

pop[bt51=80

xwplbt5]=0.0

ts:100
qfll:4.36
qfiuv:4.36
qsll:h6.b5
gslu:’6.5
qfwll:56.5
gfwlu:56.5

end

connecting system clbhté

time t

qf [bt6]=1f t<(ts then gqfll else qflu
u2[bt6]l=if t<(ts then u2ll else ullu
qfw[bt6l=if t<(ts then qfwll else qfwlu
pdp[bt6]1=120

pop bt6]=80

xwp[bt6]=0.0

ts:100
gfll:4.36
gflu:4.36
u211:0.69
u2lu:0.69
qfwll:56.5
gqfwlu:56.5

end
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connecting system clbt?

time t

ul{bt7i=1if t<ts then ulll else ullu
u2{bt7i=1if t<ts then ul2ll else u2lu
u3[bt7]=1f t<ts then ulll else ulilu
pdp[bt7]=120

pop{bt71=80

xup[bt7]}=0.0

t5:100

ulll:0.34
ullu:¢.34
u211:0.69
12lu:0.69
u3ll:0.44
u3lu:0.44

end

connecting system clbt8

time t

0l [bt8]=1if t<ts then ulll else ullu
u2[bt8]=1if t<ts then ul2ll else u2lu
n3[bt8]l=1if t<ts then ulll else ullu
pdp[bt8]=120

pop (bt 8]=80

xwpibt8]=0.0

t5:100

u111:6.34
ullu:0.34
u211:0.69
u2lu:0.69
u3ll:0.44
u3lu:0.44

end

connecting system clbta

time t

ul{btal=if t<ts then ulll else ullu
u2{btal=1if t{(ts then u2ll else u2lu
u3[bta]=if t<{ts then u3ll else ullu
pdp[btal=120

poplbtal=80

xwp{btal=0.0

ts:100

ulll:0.34
ullu:0.34
u211:0.68
w2lu:0.69
u3li:0.44
u3lu:0.44
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CONNECTING SYSTEM cilbt2

“Connecting system for open loop simulation of B-T models
TIME ¢t

ul[ilbt2]=if t<tl then ulll else ullu

u2[1bt2]=1if t<tl then u2ll else u2lu

u3flbt2]=1if £<tl then u3ll else u3dlu

pdp{1bt21=120

pop [1bt2]=80

xwp[lbt2]1=0.0

£1:100.0
ulll:0.33
ullu:0.33
u211:0.69
u2lu:0.69
u31l:0.4
u3iu:0.5

CONNECTING SYSTEM cllbt3

"Connecting system for open loop simulation of B-T nodels
TIME t

ul{lbt3]=1if t<t1 then ulll else ullu

w2 [1bt3]=1if t<tl then u2ll else ullu

u3[1bt3]=if t<tl then u3ll else u3lu

pdp[1bt3]1=120

pop{1bt3]=80

xwp{1bt3]=0.0

£1:100.0
ull1:0.33
ullu:0.33
u211:0.69
u2lu:0.69
u3li: 0.4
u3lu:0.5

END




CONNECTING SYSTEM c¢2btl
TIME T

ul{bt13=CY9[IFILE]/U1SC

u2{btl]=if ClO[IFILE]>wssw then u2m+ulr else uZ2m-ulr
u3[bt1]=C2[IFILE]}/U3SC

POP{btl1]}=1if C13[IFILE]<50.0 then c4[ifile] else cl3[ifile]
POP[bt1}=C8[IFILE]

UisC:50.0
u2m:0.693
u2r:0
wssw:220
U35C:500.0

END

CONNECTING SYSTEM c2bt2-
TIME T

ul[bt2]=C9[IFILE}/U1SC

u2[bt2]=1if C1O[IFILE])wssw then ulmtulr else ulZm-ulr
ud[bt2]=C2[IFILE]/U35C

PoP{bt2]=if C13[IFILE]¢50.0 then cd4[ifile] else cl3[ifile]
POF{bt2]=C8[IFILE]

xwP[bt2l=c3[ifile]

Ul1sC:50.0
u2m:0.693
u2r:0
wssw:i220
U38C:500.0

END
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CONNECTING SYSTEM c2bt3
TIME T

ul {bt31=C9[IFILE]/U1SC

u2[bt3]=if ClO[IFILE]>wssw then u2m+ulr else u2m-ulr
u3{bt3]=C2[IFILE]/U3SC

PDP{bt3}=if C13[IFILE]<50.0 then cd4[ifile] else cl3[ifile]
POP{bt3}=C8[IFILE]

xwP{bt3]=c3[ifilel

UisC:50.,0
u2m:0.693
uZr:0
wssw:220
U3sC:500.0

END
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CONNECTING SYSTEM c2bt4
TIME T

qf[bt4}=C9{IFILE]*qfcf
gs[btd]=(cl0[ifilel+cllfifile]) *qsct
qfwlbt4]=C2[IFILE] *qfwcf

PDP[btd]=if C13[IFILE]<50.0 then c4{ifile] else cl3[ifile]
POP[bt4]=C8[IFILE]

xwP [btdl=c3[ifile]

qfcf:0.252
qsef:0.231
qfwcf:0.252

CONNECTING SYSTEM c2btd
TIME T

qf {bt51=CI[IFILE] *qfef
qs[bt5]=(c10[ifile]+c11[ifile})*qscf

qfw[bt5]1=C2[IFILE] *qfwct ‘
PDP[bt5]=if C13[IFILE}<50.0 then c4[ifile] else c¢l3[ifile]
POP[ht5]=C8 [IFILE]

xwP[bt5]=c3[ifile]

qfcf:0.252
gsef:0.231
qfwcf:0.252

CONNECTING SYSTEM c2bté
TIME T

qf [bt6]=CI[IFILE] *qfcf

w2 [bt6]=1if cl10[ifile]>wssw then ulm+ulr else u2m-u2r
qfw[bt6]=C2[IFILE]} *qfwct

PDP[bt6]=1f C13[IFILE](50.0 then cA[ifile] else cl3[ifilel
POP[bt6]=C3[IFILE] ‘
xwP[bt6]=c3[ifile]

gfcf:0.252
wssw:220
u2m:0.693
uw2r:0.0
qfwecf:0.252
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CONNECTING SYSTEM c¢2bt7?
TIME T

ul[bt71=C9[IFILE] /Ul1SC

u2[bt7]=if C1O{IFILE}>wssw then u2m+ulr else u2m-ulr
u3[bt7]1=C2[IFILE]/U3SC

PDP[bt7]=1if C13[IFILE]<50.0 then c4[ifile] else cl3[ifile]
POP[bt7}=C8{IFILE]

xwP[btT]=c3[ifile]

U18C:50.0
uZm:0.693
u2r:Q
wssw: 220
U38C:500.0

CONNECTING SYSTEM c2bt8
TIME T

ul{bt81=C9[IFILE]/U1SC

w2 [bt8]=if C10[IFILE]>wssw then u2m+ulr else u2m-uir
u3[bt8}=C2[IFILE]/U3SC

PDP{bt8]=if C13[IFILE]<50.0 then cd4[ifile] else c13fifile]
POP{bt8]=C8[IFILE]

xwP [bt8]=c3[ifile]

Uis8C:50.0
u2m:0.693
u2r:0
wssw: 220
U38C:500.0
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CONNECTING SYSTEM c¢2bta
TIME T

ul[bta}=C9[IFILE]/U15C ’

w2{btal=if C10[IFILE]>wssw then u2m+ulr else u2m-uZr
u3[btal=C2[IFILE]/U35C

PDP [bta]=if C13[IFILE]<50.0 then c4[ifile] else e13fifile]
POP[bta]=C8[IFILE]

xwP[bta]l=c3[ifile]

U1s¢:50.0
u2m:0.693
u2r:0
wssw:220
U38C:500.0

END




MACRO f2s11btl

"Generates fig comparing step responses for fuel,control valve and feedwater
mat low load for btl model i.e. 2nd order Bell/Astrom model (no dwl eqn)
write 'Has data been generated for this fig? (yes or no)’
read ans YESNO

if ans EQ YES goto start

f2fslbtl

f2cslbtl

f2wslbtl

label start

split 2 2

axes h 0 400 v 90 120

show p -mark/bl

show p -mark/b2

show p -mark/b3

text 'Drum pressure (kg/cm2}'

axes h 0 400 v 55 80

show po -mark/bl

show po -mark/b2

show po -mark/b3

text 'Electrical output (MwWs}'

axes h 0 400 v 50 100

show qs -mark/bl

show gs -mark/b2

show gs -mark/b3

text 'Steam flow (kg/s)’

macro f£2fslbtl

" Macro to obtain fuel step response for btl model
syst btl cibtl

store p po qs

par ullu:0.44

par u2lu:0.69

par u3lu:0.44

axes h 0 400 v 100 130

plot p

simu 0 400/b1

end

macro f2wslbtl

" Macro to obtain feedwater step response for btl model
syst btl cibtl

store p DO gs

par ullu:0.29

par u2lu:0.69

par u3lu:0.54

axes h 0 400 v 100 130

plot p

simu 0 400/b3

end
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macro f£2cslbtl

" Macro to obtain control valve step response for btl model
syst btl cibtl

store p po 4s

par ullu:0.29

par uz2lu:0.79

par u3lu:0.44

axes h 0 400 v 100 130

plot p

simu 0 400/b2

Figure macros for models bt2, bt3, bt7, bt8, and bta are the same
as f2s1ibtl, f2fslbtl, f2wslbtl, and f2cslbtl except that all
references to btl are replaced by bt2, bt3, bt7, bt8, or bta for
the respective model.

MACRO £2s1lbt4d

“Generates fig comparing step responses for fuel,control valve
wand feedwater at low load for bt4 model i.e. 3rd order Morton
"simpie model.

write 'Has data been generated for this fig? (yes or no)'
read ans YESNO

if ans EQ YES goto start
f2fs1bt4d

f2cslbtd

f2wslbt4

label start

split 2 2

axes h 0 400 v 90 120

show p -mark/bl

" show p -mark/b2

show p -mark/b3

text 'Drum pressure (kg/cm2)'
axes h 0 400 v 55 80

show po -mark/bl

show po -mark/b2

show po -mark/bh3

text 'Electrical output (MWs)'
axes h 0 400 v -80 200

show xw -mark/bl

show xw -mark/b2

show xw -mark/b3

text 'Drum water level (m)'
axes h 0 400 v 55 80

show ¢s -mark/bl

show gs -mark/b2

show gs -mark/b3

text 'Steam flow (kg/s)'
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macro f2fsibt4d

" Macro to obtain fuel step response for btd model
syst btd clbhtd

store p po XW (s

par qflu:5.36

par qslu:56.5

par qfwlu:56.5

axes h 0 400 v -200 200

plot xw

simu 0 400/bl

macro f2wslbtd

" Macro to obtain feedwater step response for bt4d wmodel
syst btd clbt4

store p po XW ¢S

par qflu:4.36

par gslu:56.5

par gqfwlu:66.5

axes h 0 400 v -200 200

plot xw

simu 0 400/b3

macro f2cslbtd

" Macro to obtain control valve step response for btd model
syst btd clbt4d

store p po XW (s

par qflu:4.36

par gslu:66.5

par qfwlu:56.5

axes h 0 400 v -200 200

plot xw

simu 0 400/b2

end

...__...___......._______....___.____.,____...___...___......___...____....____.____._..,...____...___.

MACRO £2s51lhté

vgenerates fig comparing step responses for fuel,control valve and feedwater
vat low load for bté model i.e. 4th order extension of Morton's model.
write 'Has data been generated for this fig? (yes or no}'

read ans YESNO

if ans EQ YES goto start

£2fs1bté

f2cs1bt6

f2wslbtb

label start

gplit 2 2

axes h 0 400 v 90 120

show p -mark/bl

show p -mark/b2

show p -mark/b3

text 'Drum pressure {(kg/cm2}'

axes h 0 400 v 55 80

show po -mark/bi

show po -mark/b2

show po -mark/b3
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text 'Electrical output {M¥s)'
axes h 0 400 v -80 200
show xw -mark/bl

show xw -mark/b2

show xw -mark/b3

text 'Drum water level (m}'
axes h O 400 v 55 80

show gs -mark/bl

show qs -mark/b2

show s -mark/b3

text 'Steam flow (kg/s)'

macro £2fs1btb

" Maecro to obtain fuel step response for bté model
syst bt6 clbté

store p po XvW ds

par_qflu:5.36

par u2lu:0.69

par qfwlu:56.5

axes h 0 400 v -200 200

plot xvw

simu 0 400/bl1

macro f2wslbté

" Macro to obtain feedwater step response for bté model
syst bt6 clbté

store p PO XW ds

par qflu:d.36

par u2lu:0.69

par qfwlu:66.5

axes h 0 400 v -200 200

plot xw C

simu O 400/b3

macro f2cslbté

" Macro to obtain control valve step response for bt6 model
syst bt6 clbté

store p pc XW ({S

par qflu:4.36

par u2lu:0.79

par gfwlu:56.5

axes h 0 400 v -200 200

plot zw

simu 0 400/b2
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MACRO £2s111b2
“"Generates fig comparing step responses for fuel,control valve
nand feedwater at low load for 1bt2 model i.e. 3rd order
"Bell/Astrom linear model. i
write 'Hag data been generated for this fig? (ves or no}!
read ang YESNO
if ans EQ YES goto start
f2fs11ib2
f2es811h2
f2wsllb2
label start
split 2 2
axes h 0 400 v 90 120
show p -mark/bl
show p -mark/b2
show p -mark/b3
text 'Drum pressure (kg/cm2)’
axes h 0 400 v 55 75
show po -mark/bl
show po -mark/b2
show po -mark/b3
text 'Electrical output (MWs)'
axes h 0 400 v -80 200
show xw -mark/bl
show xw -mark/h2
show xw -mark/b3
text 'Drum water level (m)'

macro f£2fsllb2

" Macro to obtain fuel step response for 1lbtl nodel
syst 1bt2 cllbt2

store p po X¥

par ullu:0.44

par u2lu:0.69

par u3lu:0.44

axes h 0 400 v -200 200

plot xw

simu O 400/bl

macro f£2wsllb2

" Macro to obtain feedwater step response for 1ht2 model
syst 1bt2 cllbt2

store p po X¥

par ullu:0.29

par u2lu:0.69

par ulliu:0.54

axes h 0 400 v -200 200

plot =w

simu 0 400/b3

macro f2csllb2

" Macro to obtain control valve step response for 1bt2 model
syst 1bt2 cllbt2

store p po Xvw

par ullu:0.29

par u2lu:0.79

par u3lu:0.44

axes h 0 400 v -200 200

plot xw

simu 0 400/b2
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MACRO f2s111b3
"Generates fig comparing step responses for fuel,control valve
"and feedwater at low load for 1bt3 model i.e, 7th order
"Bell/Astrom linear model.
write 'Has data been generated for this fig? {(ves or no)'
read ans YESHNO
if ans EQ YES goto start
f2fs11b3
f2csllh3
f2ws11b3
label start
split 2 2
axes h 0 400 v 90 120
show p -mark/bl
show p -mark/b2
show p —-mark/b3
text 'Drum pressure (kg/cm2)'
axes h 0 400 v 55 75
show po -mark/bl
show po -mark/b2
show po -mark/b3
text 'Electrical output (MWs)'
axes h 0 400 v -80 200
" show xw -mark/bl
show xw -mark/b2
show xw -mark/b3
text 'Drum water level (m)'

macro £2£s1lb3

" Macro to obtain fuel step response for 1bt3 model
syst 1bt3 ¢llbt3

store p po XW

par ullu:0.44

par uzlu:0.69

par u3dlu:0.44

axes h 0 400 v -200 200
plot xw

simu 0 400/bl

end

macro f£2wsllb3

" Macro to obtain feedwater step response for 1bt3 model
syst 1bt3 clilbt3

store p po XW

par uliu:0.29

par u2lu:0.69

par u3dlu:0.54

axes h 0 400 v -200 200
plot xnw

simu O 400/h3

macro £2csllb3

" Macro to obtain control valve step response for 1bt3 model
syst 1bt3 clibt3

store p po XW

par ullu:0.29

par u2lu:0.79

par u3lu:0.44

axes h 0 400 v -200 200
plot xw

simu 0 400/b2

end
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macro f£1bdlbtl

“"Generates fig comparing model and plant data.

" Uses plant data 4107a low load fuel change.

" Uses btl model i.e. 2nd order Astrom/Bell model without dwl.

let n.ifile=13

,fname.ifile=bdl07a

syst btl ifile c2btl

par dt[ifile]:10.0

store p pdp po pop

split 1 1

axes h 0 3000 v 90 120

plot p pdp

simu 0 3000 /bl

split 2 1

ashow p pdp -mark/bl

text 'Drum pressure. l=model, 2=plant’
ashow po pop -mark/bl

text 'Electrical output. i=model, 2=plant’

Figure macros for models bt2, bt3, btd, bt5, bté, bt8, and bta
are the same ag f1lbdlbtl except that all references to btl are
replaced by bt2, bt3, btd, bt5, bt6, bt7, bt8, or bta for the
respective model.

nmacro f£lbd2btl

"Generates fig comparing model and plant data.

" Uses plant data d108a low load feedwater change.

" Jses btl model i.e. 2nd order Astrom/Bell model without dwl.

let n.ifile=13

,fname.ifile=hd108a

syst btl ifile c2btl

par dt([ifilel:10.0

init x1:110 "Steam pressure initial condition
store p pdp po pop

split 1 1

axes h 0 3000 v 107 112

plot p pdp

simu 0 3000 /bl

split 2 1

ashow p pdp -mark/bl

text 'Drum pressure. l=model, 2=plant’
ashow po pop -mark/bl

text 'Electrical output. l=model, 2=plant’

Figure macros for models bt2, bt3, bt4, btd, bté, bt8, and bta
are the same as flbd2btl except that all references to btl are
replaced by bt2, bt3, btd, bt5, bté, bt7, bt8, or bta for the
respective model.
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macro f£1bd3btl

"Generates fig comparing model and plant data.

" Uses plant data dllla low load control valve change.

" Uses bt1l model i.e. 2nd order Astrom/Bell model without dwl.
let n.ifile=13

,fname.ifile=hdl1la

syst btl ifile c2btl

par dt{ifile}:10.0

init x1:110 "Steam pressure initial condition

init x2:69 "Electrical o/p " "

par wsaw:125 "Mean value of steam flow for low load
par u2m:0.71 "Mean position of control valve

par u2r:0.07 "Step on each side of mean. Step size=2*u2r
store p pdp po pop

split 1 1

axes h 0 3000 v 100 115

plot p pdp

gsimu 0 3000 /bl

split 2 1

ashow p pdp -mark/bl

text ‘Drum pressure. l=model, 2=plant’
ashow po pop -mark/bl

text 'Electrical output. l=model, 2=plant’

Figure macros for models bt2, bt3, bt4, bt5, bté, bt8, and bta
are the same as f1lbd2btl except that all references to btl are
replaced by bt2, bt3, bt4, bt5, bté, bt7, bt8, or bta for the
respective model.

macro flbddbtl

"Generates fig comparing model and plant data.

" Uses plant data d201la high load fuel valve change.

" Uses btl model i.e. 2nd order Astrom/Bell model without dwl.
let n.ifile=13

,fname.ifile=bd201a

syst btl ifile c2btl

par dt{ifile]:10.0

init x1:127 "Steam pressure initial condition

init x%2:140 "Electrical o/p " "

par wssw:220 "Mean value of steam flow for high load
par u2m:1.06 "Hean position of control valve

par u2r:0.0 "Step on each side of mean. Step size=2%u2r
store p pdp po pop

split 1 1

axes h 0 3000 v 115 140

plot p pdp

simu 0 3000 /bl

split 2 1

ashow p pdp -mark/bl '

text 'Drum pressure. l=model, 2=plant’
ashow po pop -mark/bl

text 'Electrical output. l=mcdel, 2=plant’

Figure macros for models bt2, bt3, btd4, bt5, bté, bt8, and bhta
are the same as £f1bd2btl except that all references to btl are
replaced by bt2, bt3, bt4, bt5, bt6, bt7, bt8, or bta for the

respective model.
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macro f£lbdbbtl
"Generates fig comparing model and plant data.
" Uses plant data d102a high load feedwater valve change.
" Uses btl model i.e. 2nd order Astrom/Bell model without dwl.
let n.ifile=13
(Ename.ifile=bd102a
syst btl ifile c2btl
par dt[ifilel:10.0

init x1:126 "Steam pressure initial condition

init x2:140 "Electrical o/p " "

par wssw:220 "Mean value of steam flow for high load
par u2m:1.06 "Mean position of control valve

par u2r:0.0 "Step on each side of mean. Step size=2*ulr
store p pdp po pop

split 1 1

axes h 0 3000 v 123 128

plot p pdp

simu 0 3000 /bl

split 2 1

ashow p pdp -mark/bl

text 'Drum pressure. l=model, 2=plant'
ashow po pop -mark/bil

text 'Electrical output. l=model, 2=plant’
end .

Figure macros for models bt2, bt3, bt4, bt5, bt6, bt8, and bta
are the same as fibd2btl except that all references to btl are
replaced by bt2, bt3, bhtd, bi5, bté, bt7, bt8, or bta for the
respective model.

macro flbdébtl

"Generates fig comparing model and plant data.

" Uses plant data d105a high load control valve change.

" Uses btl model i.e. 2nd order Astrom/Bell model without dwl.
let n.ifile=13

;Iname.ifile=hd105a

syst btl ifile c2bti

par dt[ifilel:10.0

init x1:134 "Steam pressure initial condition

init x2:138 "Electrical ofp " "

par wssw:220 "Hean value of steam flow for high load
par u2m:0.99 "Mean position of contrel valve

par u2r:0.03 "Step on each side of mean. Step size=2*ulr
store p pdp po pop

split 1 1

axes h 0 3000 v 125 140

plot p pdp

simu 0 3000 /bl

split.2 1

ashow p pdp -mark/bl ,

text 'Drum pressure. 1l=model, 2=plant’
ashow po pop -mark/bl

text 'Electrical output. l=model, 2=plant’
end

Figure macros for models bt2, bt3, bt4, bt5, bt6, bt8, and bta
are the same as fibd2btl except that all references to btl are
replaced by bt2, bt3, btd4, bth, bt6, bt7, bt8, or bta for the
respective model. :
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Figure 1. - Step response of model Btl.
1=fuel flow step (increase), 2=control valve step {increase},

3=feedwater flow step {increase).
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Figure 2. - Step response of model Bt2.
i=fuel flow step (increase), 2=control valve step {increase),

J=feedwater flow step {increase).
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Figure 3. - Step response of model Bt3.

1=fuel flow step (increase), 2=control valve step {increase),

3=feedwater flow step (increase).
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Figure 4. - Step response of model Bt4.

1=fuel flow step {increase), 2=steam flow step ({increase),

87.06.02 - 17:24:44
hcopy

3=feedwater flow step {increase).
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Figure 5. - Step response of .model Btb.
1=fuel flow step (increase), 2=steam flow step {increase),

j=feedwater flow step {increase).
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Figure 6. - Step response of model Bté6.

1=fuel flow step {increase), 2=steam flow step {(increase),

j=feedwater flow step {increase).
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Figure 7. - Step response of model Bt7.
1=fuel flow step (increase), 2=control valve step {increase),

3=feedwater flow step (increase).
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Figure 8. - Step response of model Bt8.
1=fuel flow step (increase), 2=control valve step (increase),

3=feedwater flow step {increase).
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Figure 9. - Step response of model Bta.
1=fuel flow step (increase}, 2=control valve step {increase),

87.06.19 - 10:53:55
hcopy

3=feedwater flow step (increase).
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Appendix D. - Comparison of plant and model responseé.

Conversion factors used for all the following input figures

i.e. fig. 7 to 12.

1

qs 0.252 qf measured (Qf measured iR T/hr).

ds 0.231 qs messured (s measured in T/hr).
Jfw = 0.252 Qtw measured (wa measured 1in T/hr).

giving units of Kg/sec for fuel flow (gf), steam flow {¢s}), and

feedwater flow (qew).
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Figure 1. - Data D107A.DAT header page. Low load fuel variations.

{ THE STANDARD DOCUMENTATION FILr.
. PARAMETERS DEFINIHG THE EXPERIMENT.
¢ N = 359
NVAR = 2%
r'\ TSF\MP= 101;\{}‘}(1
c |
NBUFF1= &5
P MBUFRZ= )
L . oo .
© IDEXPERIMEMT 1 97 16 1500 DATE JUME 1949
o REFFRENCE: KARL EKLUND. '

DESCRIPTION QF THE EXPERIMENT (SCE HEDDFLANQE FRaN
PROGRAMBIBLIOTEKET NR 3 OM DOKUMENTATION AV DATA).
(A' 1) IDEXPERIMENT 1 07 16 1500 DATE JUNE 1969
o~ KADE ON THE BUILER P14 AND THE TURBIME G16 AT
GRESUNDSVERKET OF SYDSVEMNSKA KRAFT AR.

¢ 2) WUMBER OF SAMPLING FVENTS: 359
3) KMUMRBER OF MEASUREMENT vaalaaLEs NYAR=25,
C SAMPLING PERIDD TS&MP 10,0
C . NOTATIONS« (FOR DETAILS SEF PROCESSORSCRIPTION)
VAR 1= TInME SEK
VAR 2= FLOL OF FEEDRWATER T/d
C VAR 3= pRiHt LEVEL . . MM
~ VAR 4= PRESSURE IN DRUN &00HM . KG/CMZ
. " VAR 5= PRESSURE BEFORE YALVE HT KG/CM2
¢ VAR A= PRESSURE AFTER CONTROL VALVE KG/CM2
YAR 7= PRESSURE REFJRE Yalve VT KG/EM2
VAR B= ACTIVE FOuER
C " VAR 9= FUEL FLOW T/
VARTIC= STEaM FLUW L " T/H
VART1= STEA# FLOW R T/H
C VART2= TE4PE. AFTER ATTEMPERATOR 1 - GRAD €
VART3= DRUP PRTSSURE _ LG/ CM2
YARTA4= TEuR, AFTER ATTEMPERATOR 2 ' GRAD C
(- VARTS= TEXP. AFTER 4130 PRESSURE REHELATER R. GRAD ¢
“ VART6= TEMP. AFTER REHEATER R GRAD C
VART7= FLOL OF ATTEMPERATOR 1 L T/H
{ YARTE= FLOL GF ATTEMRPERATOR 2 L T/H
VART19= FLOW GF ATTEMDPERATOR 1 R T/
YARZO0= FLAW OF ATTEMPERATOR 2 7 T/H
{ﬂl YARZT= STEAKTE®P. RBEFORE ATTEMPERATOR 1 R FE=~XQNST
VARZ2= STEAHATEMP. FEFORE ACHEATER R FE~-KONST
YARZ3= FEEPYATFRATEMPL. AFTER ECO L FE~KONST
¢ _ VARZ24= FEELUATEATENP. AFTER ECC R . FE~KONST
VARZS= STERMTE 'P. LFEFGRE ATTEMDERATCR 2 B FE-KONST
4) PATA ARE PuChE® (SEE RARL EXLUND REPGRT 7117)
C ©5) STATIOVARY COATITIONS ARE ACHIVED WHEN THE . [NPUT

. STomal IS AFPLIED (SEE EPORT 71170
6) PATA ARE AVAIL2ALE ON HHLVaC 1108 TAPE 19,F1LE - 12

( TO MEAL TAF IHFORMATION USE THE SUBRQUTINME
IMPETALCUAT, (e T, Mo NVAR, {d, IN, KA IHS#, Ii=14.
7Y SEE MNOTIgES 0 7
A ) FATA ARE BLOTY®n, ‘ .
- 9) RATA Awe LISTED T THES PROGRAM OJTPUT.

USE 53 MR PRESSURE= van 13
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Figure 2. - Data D108A.DAT header page. Low load feedwater variations.

THE STAMDARD DOCUMENTATIGH FILE.

PARAMETERS DEFINING THE EXPERIMENT.

N = 359
NVaR = 25
TsaMp= 10.0090

NBULUFF1= 45
NBUFF?2= 2

IDEXPERIMENT 1 08 14 1640 DATE JURE 1949
REFERENCE, KARL EXLUMD _
DESCRIPTION OF. THE EXPERTHMENT (SFE HFONELANDE FRAN
PROGRAMBIBLIOTEKET MR 3 0t DOKUMENTATICN AV DATA).
1y IOGEXPERIMENT 1 086 14 1640 BATE JUKNE 1969
MADEZ OM THE BOILER P14 AND THE TURSINE 616 AT
ORESUNDSVERKET OF SYDSVENSKA KEpAFRT Ap.
2) WJMBER OF SAMPLING EVEHTS: 3259
3) K:UMBER OF MEASHREHENTY VARIABLES NVAR=2S,
SAMPLING PERIOR TSAMP 10.0
NOTATICHS. (FOR DETRILS SEE PROCESSDESCRIPTION)
VAR 1= TIAF
VAR 2= FLOW OF FEEPMMATER
VAR 3= DRUM LEYEL
~ VAR 4= PRESSURE IN DRUM ADQMM
VAR 5= PRESSULRF BEFORSE VALVE HT
VAR 6= PRESSURE AFTFR CONTROI VALJE
VAR 7= PRESSUARE ZEFOFE vALVE VT
VAR R= ACTIVE POKER
- VAR 9= FJUEL FLOW
VARTU= STEAx FLOW L
VART1= STEAN FLiw p
VARTZ= TEAP. AFTER ATTEMPERATOP 1
VAR13= Dmus pPRESSUPF
VARTL= TgP, AFTER ATTEHPERATOR 2
VARTS= TEMP. AFTEF HIGIE PRESSURS REHFATER R
VIR14= Te¥Mp., AFTER REJEATER '
VARYIT= FLOL OF ATTEMPERATOR
VARTE= FLOUL OF ATTF4RERATON
VARTS= FLOW OF ATTEMPERATOR R
VARZO= FLJW OF ATTFHPFERATOR R
V§R21= STEAUTE P, PFFORE ATTEMPERATOR 1 R
VaR22= STEAMTE "P. BEFORE RFHCATER R
VARZ3= FEFDWATERTEND. BETER ECO L '
VARZ4= FEELAATFRTEND, AFTER ECO R
VARZS= STEATEN P, BEFGAE ATTEMPERATOP 2B
4) DATA ARE YUCHES (S0F WMRL ERLUED REPURT 7117)

L
L

DAL A R v ]

SEK
T/ Vv
MM
KG/CM2
KG/CHM2
KG/CH2
KG/CH2

T/H v
T/

T/H
GRAD ¢
KGLICH2
GEAR ¢
GRAD ¢
GRAD C
T/8

T/4

T/H

T/4
FE=KONST
FE=-KOHST
FE=KOMNST
FE=~KONST
FE=KJREST

5) STATIOMARY COHSTIFIUNS ARE ACHIVED WHFN THE INPUT

SIGhal IS AvPLIEDR (SE¥ REPGART 71171
6) DATA ARE AVAILS3LE O8 UHIVAC 1108 TAPE 40, FILE
' TY REAT THE UHFOREATION USE THE SUBRGUT(HE
DEOATACUAT (Ths Te, 5 HVARG T, 1, KA) TH=g, Tysid,
7Y SFEE KGTICES 10 4
8) RATA ARE 2LATTV R, .
) PATA ARE LISTES 1. T8 PRCBRa: OuTPILT.

GSE PS5 DRUNPRESILATS v, 313

14

-




. Figure 3. - Data Dill1A.DAT header page. Low 1load control valve

variations. «
o THE STAMDARD DOCUMEATATION FILE.
“ PARAMETERS DEFIALAG THE EXDERIMEUT.
) N = 350
NVAR = 25
F-‘ TsaMp= 10.0009
NBUFF1= 45
4 )
‘ IOE%PERIMENT t 11 17 ¢804 DATE JUNE 1969
- v REFERENCE, KarlL EXLUND
g, -3 DESCRIPTION GF THE EXPERIMEHT (SEE WEDDELANDE FRaN
: PROGRAMBISLIGTEXKET HR 3 OM DOKUMFHMTATION AV DATA).
S 1) INEXPERIMENT 1 11 17 0800 DATE JUKE 1969
kf:; MADE O THE BUILER P16 AND THE TURBINE G16 AT
A GRESUNDSVERKET OF SYDSVENSKA XRAFT AR,
(\ 2) MUMBER OF SAMPLING EVENTS: 3259
3) HUMBER OF HMEASUREMENT VARIABLES NVAR=25,
i: SAMPLIMG PERIOD TSAMP 10G.0
¢ KOTATIOMS. (FUR DETAILS SEE PROCESSDESCRIPTION)
4 VAR 1= TiHg : ' SEK
ViR 2= FLOV OF FEEDMATER ‘ T/H
S VAR 3= UROM LEVEL M
s VAR 4= PRESSURE I DRUM 40IMM ~ KG/LM2
VAR 5= PRafFESSuURF BEFORE YALVE HT N KG/CM2
{\ VAR 6= PRESSURE AFTER COHTROL VALVE KG/CH2
VAR 7= PRESSURE BEFORE YALVE YT KG/CH2
AR E=TRCTIVE POUER - -
0 - VAR 9= FURL FLUW T/H
VARTO=S STEA4 FLOW L ' T/H
- VARTY= ST=AA FLOW R ' T/H
¢ VARTZ= TEYP, ATTER ATTEMEERATOR 1 _ GRAD ¢
YART3= rJr PRESSURE KG/CH42
ViRté= TEXP., AFTER ATTEHDERATOR 2 GRAD ¢
(\, VARTS= TgE4p. AFTER HIGH PRESSURE REHEATER R GRAD ¢
« Yar16= Tgip., AFTER REHEATFR R ‘ GRAD ¢
VARI7= FLOW OF ATTEMPERATOR 1 L T/H
( U VARTB= FLON OF ATTEMPERATHR 2 L T/H4
VART9= FLQL OF ATTEMPERATOR 1 P T/
Yan?0= FLou OF ATTEMPERATCOR 2 ” T/H
C(:' VAR21= STEAUTENP. BEFIRE ATTEMPERATOR 1 R FE~KONST
S YARZZE= STEAMATEFR,. FFEFORE REHFATER R FE~KONST
" VARDZ= FerRDYATERTENP. AFTER ECO L | FE~KONST
;. YiR24= FEEPYATERTEIP. AFVER £CO R FE~KONST
~ YARES= STERMTENP. FEFURE ATTEMPERATOR 2- 'R FE~KORST
) DATE WnE DUCHER (SFE NARL EKLULD REPDORT “7117)
= 5) STATINUARY CONDITINKS ARE ACHIVED WHEN THE INPUT
~ SIGHAL IS APPLIED (SFE REPORT 7117)
3) DATa ARE AVAILABLE o8 UwIVAC 1108 TAPE 19,FILE 20
. T RE.S THE [HFOQRMATI i USE THE SHBROUTINE
. I-‘I;)AT.'.(.’);,T,{A.IB,N.?!E},\R,H',p..;,}qg) Pz, I;J=1,¢.,
7Y SEE MOGTICES 0 e
Sy AY 9NTS aPE PLITTAD. :
~ 9) DATL AnE LISTED IMN TUIR prgssat 045TPUT.
. USE. A3 DRUr PRESSURE= VAl 13
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Figure 4. - Data D201A.DAT header page. High load fuel variatioms.

THE STAMDARD DOCUMFNTATION FILE.

PARAMETERS DBEFTIHING THE EXFFERINENT.

N = 259
NVAR = 25
Tsamp= 10.0000

NBUFF1= 45

NBUFrZ= P

IDEXPERIMENT 2 91 12 131¢ DATE JUNE 1969

REFERENCE, XARL EXKLuyND ,

DESCRIPTION OF THE EXPERJHENT (SEE WEQDELANDE FRaN

PROGRAMBIBLIOTEKET NR 3 04 DOXUYFNTATION AV DaTA).

1) IDEXPERIMENT 2 01 12 1310 - DATE JUNE 1969
MADE ON THE BROILER P1d AND THE TURBINE G146 AT
ARESUNNSYERKET OF SYDSVENSKA XRAFT Ap.

2) PUMBER OF SAMPLING EVENTS: 3250

3) NUMRER OF MEASUREMENT YARIARLES KVAR=2S.
FEAMPLIMG PERTII TSAMP 10,0
MOTATIOHS. (FUP DETAJLS SEF PRLCESSDESCRIPTION)

VAR 1= TI™Eg _ SEK
VAR &= FLW 0OF FEEDWATER T/H
VAR %= drus LEVEL MM
VAR 4= DPRESSHRE I DRUN 400 M ' KG/CM2Z
VAR £= PRESSURY BEFNRE -VALVE HT ) KG/CHp
VAR 6= PRESSUAT AFTER COMTRAL VALYE KG/CM2
VAR 7= PRESIURE BEFQRE VALYE VY Ke/cH2
VAR 8= ACTIYE FQWER '

- TWAR 9% FUEL FLCW T/74
VARTCG= 8TEAn FLOW L : T/

na11~ ATEA] FLOW R T/4
ART2= TEAP. ASTER ATTEMPERATOR 1 . GRAD ¢

vaR13= PRUM PRESSURE KG/ (M2
VARTAS TEXR. AFTER ATTEMPERATOR 2 GRAD €
YARTS= TEMPL ARTER HIGH PRESSUNE AEHEATER R GPAD ¢
VARTAR TEXAD, AFTEN REULEATER R GRAD ¢
WAaRT7= Fraw OF ATTEMDPERATNR 1 L T/4

CVARTA= FIOY UF ATTEMPERATOR 2 L T/4
VARTO= F{OU 0F ATTEMPFERATAR 1 1 T/
VARZG= FLOY OF ATTEMPERATOD 2 p T/4
VARAT= 3TE49TE! P, BEFGRE ATTEHPERATOR 1 R FE-KONST
\,fq;QZ”-' 3TRAATEYD, BEEQRE BEAFATER R FE=YAINST
VARZ3Z= FEENMYATYRTEMP. AFTER FOD L , FF=KONST
VARZAS FEEFJIATVRTEMP, AFTER ECO R ) FE-KOWNST
VARZS= STZ#4TE P, BEF)2FE ATTEMPERATOR 2R - FE=-KONST

) DATA ARE TUQHET (SEE LARL BEYptrp REPORT 7117)

5) STATIGFARY CONOITIOUS ARE ACHIVED YWHEN TiHe INPUT
SIGHAL T8 APPLIED (SEE REPORT 7117)

H) BATA APE AWWATLIARLE 04 GHIVAC 1103 TAPE 19,FILE 30
THOREAD THE IHTORMATION USE THE SUBRAUTINE
1IDATACOAT, E»""Tar"'-'r-“\v’-"'""\t I8, TUs%4) 'Igi:}: [:.f:'w-

7)Y GEE H3VICES 0 g

BY DATA ARE SLATT 0,

GY EATA APE LISTE T OTHIS 2MO50A0 GUTPIT.

USE a5 DRUPRESGUST= VAR 4
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Figure 5.- Data D102A.DAT header page. High load feedwater variations.

THE STANDARD DOCUMENTATION FILE.

PARAMETERS QEFINING THE EXPERTHMENT.

M = 3573
NyaR = 25
Tsarp= 10.9000
HayrFrl= 45

HRUFFZ= 2

T9R¥PERIMENT 102 12 1519
- REFFRENCE, XARL EXLUND |
. DESCRIPTION OF THE EXPERIMENT (SEE HEﬂnELAHDE FREBN

DATE JUHE 1969

. PROGRAMATBLIOTEKET NR 3°0# DOXUMENTATION AY DATA).

N
i

1y TOUEXOPERTMENT 162 12 1519 DATE JUME 1@49
MADE ON THE BOILER P1o AND THE TURBINE G184 AT
ORESUNDSVERKET OF SYDSVENSKA KRAFT ABa.

NUMTBER OF SAMPLING FYEHTS: 359
MUMBER OF MEASUREMENT VARIABLES
SAMPLING PERIOD TSAMP 10.9
MATATIONS (FOR DETATILS SCE oRNACESSDESCRIPTION)
VAR 1= TIME .

¥al 2= FLUW OQF FEEDWATER:

VAR 3= JR4JM LEVEL

YR ORESSURE IN DRUM S20wu
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Figure 6.- Data D105A.DAT header page. High load control valve
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Figure 7. - Input data. Low load fuel variations {D10O7A.DAT)
(all flows in Kg/sec, time axis in seconds),
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Figure 8. - Input data. Low load feedwater variations (D108A.DAT)

(all flows in Kg/sec¢, time axis in seconds).
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Figure 9. - Input data. Low load control valve variations (D111A.DAT)
{all flows in Kg/sec, time axis in seconds).
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Figure 10, - Input data. High load fuel variations (D201A.DAT)
(all flows in Kg/sec, time axis in seconds).
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Figure 11. - Input data. High load feedwater variations (D102A.DAT)
{all flows in Kg/sec, time axis in seconds).
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Figure 12. - Input data. High load control valve variations (D105A.DAT)

{all flows in Kg/sec, time axis in seconds).
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Figure 13. - Comparison of model Bt2 .and plant outputs.
Low load fuel variations (D107A.DAT).
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Figure 14. - Comparison of model Bt2 and plant outputs.

Low load feedwater variations (D108A.DAT).
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Figure 15. - Comparison of model Bt2 and plant outputs.
Low load control valve variations (D111A.DAT).
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Figure 16. - Comparison of model Bt2 and plant outputis.

High load fuel variations {(D201A.DAT).
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Figure 17, - Compafison of model Bt2 and plant outputs.
High load feedwater variations {D102A.DAT).
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Figure 18. - Comparison of model Bt2 and plant outputs.

High load control valve variations (D105A.DAT).
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Figure 19. - Comparison of model Bt3 and plant outputs.
Low load fuel variations (D1O7A.DAT).
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Figure 20. - Comparison of model Bt3 and plant outputs.
Low load feedwater variations (D108A.DAT).
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Figure 21. - Comparison of model Bt3 and plant outputs.
Low load control valve variations {(D111A.DAT).
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Figure 22. - Comparison of model Bt3 and plant outﬁuts.
High load fuel variations (D201A.DAT).
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Figure 23. ~ Comparison of model Bt3 and plant outputs.
High load feedwater variations (D102A.DAT).
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Figure 24. - Comparison of model Bt3 and plant outputs.
High locad control valve variations (D105A.DAT).
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Figure 25. - Comparison of model Bt4 and plant outputs.
Low load fuel variations (D10O7A.DAT).
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Figure 26. - Comparison of model Bt4 and plant outputs.
Low load feedwater variations (D108A.DAT).
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Figure 27. - Comparison of model Bt4 and plant outputs.
Low load control valve variations {D111A.DAT).
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Figure 28. - Comparison of model Bt4 and plant outputs.
High load fuel variations (D201A.DAT).
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Figure 29. - Comparison of model Bt4 and plant eutputs.
High load feedwater variations (D102A.DAT).
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Figure 30. - Comparison of model Bt4 and plant outputs.

High load control valve variations (D10SA.DAT).
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Figure 31. - Comparison of model Bt5 and plant outputs.
Low load fuel variations (D107A.DAT).
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Figure 32. - Comparison of model Bt5 and plant outputs.
Low load feedwater variations (D108A.DAT}.
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Figure 33. - Comparison of model Bt5 and plant outputs.
Low load control valve variations (D111A.DAT).
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Figure 34. - Comparison of model Bt5 and plant outputs.
High load fuel variations {D201A.DAT).
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Figure 35. - Comparison of model Btb and plant outputs.

High load feedwater variations (D102A.DAT).
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Figure 36. - Comparison of model BtS and plant outputs.
High load control valve variations {(D10SA.DAT).
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Figure 37. - Comparison of model Bta and plant outputs.
Low load fuel variations (D1O7A.DAT}.
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Figure 38. - Comparison of model Bta and plant outputs.
Low load feedwater variations (D108A.DAT).
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Figure 39. - Comparison of model Bta and plant outputs.

Low load control valve variations (D111A.DAT).
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Figure 40, ~ Comparison of model Bta and plant outputs.
High load fuel variations (D201A.DAT).
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Figure 41. - Comparison of model Bta and plant outputs.
High load feedwater variations {D102A.DAT).

87.06.19 -~ 11:13:56 nr: &
hcopy

_ Drum pressure. 1=mode!, 2=plant

124

1/

0 1000 ; 2000

149 Etectrical output. l1=model, 2=pfant

1000 . 2000 3000

Drum water level. 1=modei, 2=plant

. AN
_\\///\\f R

=100 |

N

0 1000 A 2000 3000




- D42 -

Figure 42, - Comparison of model Bta and plant outputs.
High load control valve variations (D105A.DAT).
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Appendix E. - Co-ordinated controller programs and responses.




..El_

macro ccm

"Macro to place co-ordinated controller around bt2 model, and
"plot out the results.

syst bt2 ppi wpi mpi nilcic

store mwref [ppi] polbt2] pdreflppi] plbt2] ldref[wpi] =zw{bt2]
axes h 0 100 v 50 100

plot mwref[ppil po

simu 0 100/b1

split 3 1

ashow mwref po

ashovw pdref p

ashow ldref xw

end

CONTINUOUS SYSTEM PP1I

" MAIN PRESSURE CONTROLLER

"PROP. + INT. CONTROLLER

"WITH:-

" 1. INTEGRAL REMOVAL WHEN CONTROL SATURATES TCO STOP

" RESET WIND-UP (SEE BELL 1970}

" 2, FEEDFORWARD TERM FROM DESIRED MEGAWATTS {(CO-ORDINATED)
" 3. Rate limiting on control output

"WRITTEN BY R.D.BELL 8TH DEC.1978 updated 28/6/87

"INPUTS:-

" PDREF SET POINT FOR STEAM PRESSURE
" PP ACTURL STEAM PRESSURE

" MWREF SET POINT FOR MEGAWATTS
"QUTPUTS: -

" UF FUEL CONTROL

INPUT PDREF PD MWREF
QUTPUT UF

STATE I x1 x2

DER DI dxl dx2

OUTPUT

E=PDREF-PD

P=KP*E

U=P+I+KF*HWREF

UD=(U-x1)/tcl

UDUB=if UD>UDH then UDH else UD
UDB=if UDUB<(UDL then UDL else UDUB
UFi=x2

TIB=IF UFi>UFUB OR UFi<UFLB THEN 1E10 ELSE TI
UFil=if UFi>UFUB then UFUB else UFi
UF=1f UFil<UFLB then UFLB else UFil

DYNAMICS
DI=E/TIB
DX1=UD
DX2=UDB
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"CONSTANTS
KP:0.5
TI:20
KF:0.003713
tcl:l

"CONTROL BOQUNDS
UFUB:1
UFLB:0

"Control rate bounds
UDH:0.007
UDL:-0.007

"INITIAL CONDITIONS
1:0.11229
X1:0.360896
%2:0.360896

END
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CONTINUOUS SYSTEM MPI

" MEGAWATT COTROLLER OR TURBINE GOVERNCR

"PROP.+INT. CONTROLLER

"WITH:-

" 1. INTEGRAL REMOVAL IF CONTROL SATURATES TG STOP
" RESET WIND-UP

" 2. RATE LIMITING ON CONTROL OUTPUT

"WRITTEN BY R.D.BELL 8TH DEC. 1978

"INPUTS:- :

" MWREF  SET PCINT FOR MEGAWATTS
"MW ACTUAL MEGAWATTS
"QUTPUTS: -

" ucv THROTTLE VALVE CONTROL

INPUT HWREF MW
OUTPUT UCV
STATE I X1 X2
DER DI DX1 DX2

OUTPUT

E=MHREF-MW

P=KP*E

U=P+1

UD={(U~X1}/TC1

UDUB=IF UD>UDH THEN UDH ELSE UD
UDB=IF UDUB<UDL THEN UDL ELSE UDUB
UCvi=x2

TIB=IF UCVi>UCVUB OR UCVi<UCVLB THEN 1E10 ELSE TI
Ucvili=if UCVi>UCVUB then UCVUB else UCVi
UCV=if UCVil<UCVLB then UCVLB else UCVil
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DYNAMICS
DI=E/TIB
DX1=UD
DX2=UDB

"CONSTANTS:~
KP:0.05
TI:100

TC1i:1

"RATE BOUNDS
UDH:0.2
UDL:-2.0

"INITIAL CONDITIONS
1:0.60338
X1:0.60338
X2:0.60338

"CONTROL BOQUNDS
UcvuB:2
UCVLEB: 0

END

CONTINUOUS SYSTEM WPI

" DRUM WATER LEVEL CONTROLLER

"PROP.+INT. CONTROLLER

"WITH:~

" 1,INTEGRAL REMOVAL IF CONTROL SATURATES TO STOP

" RESET WIND-UP.

" 2 .FEEDFORWARD TERM FROM DESIRED MEGAWATTS CO-ORDINATED
" 3.Rate limiting on control output

" YRITTEN BY R.D.BELL 8TH DEC.1978 and updated 28/6/87

"INPUTS:~

" LDREF SET POINT FOR DRUM WATER LEVEL
" LD ACTUAL DRUM WATER LEVEL

" MWREF SET POINT FOR MEGAWATTS
"OUTPUTS:-

" UFW FEEDWATER CONTROL

INPUT LDREF LD MWREF
QUTPUT UFW

STATE I =1 x2

DER DI dx1 dx2

OUTPUT

E=LDREF-LD

P=KP*E

U=P+I+KFNW*MWREF

UD=(U-X1)/tel

UDUB=1f UD>UDH then UDH else UD
UDB=if UDUB<UDL then UDL else UDUB
UFYi=X2
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TIB=IF UFWi>UFWUB OR UFWi<UFWLB THEN 1E10 ELSE TI
UFWil=1if UFWi>UFWUB then UFWUB else UFWi
UFW=1f UFWil<UFWLB then UFWLB else UFVWil

DYNAMICS
DI=E/TIB
DX1=0UD
DX2=UDB

"CONSTANTS
KP:0.1
TI:500
KFW:0.005825
telsl

“"CONTROL BOUNDS
UFWUB:1
UFWLB:C

"Control rate bounds
UDH:0.05
UDL:-0.0%

"INITIAL CONDITIONS
1:0.046359
X1:0.437007
X2:0.437007

CONNECTING SYSTEM NLC3C
TIME T

PDREF [PPI]=IF T<TS THEN PREFI ELSE PREFF
PD[PPI]=P[bt2]

U1 {bt2]=UF[PPI]

MWREF[PPI]=IF T<TS THEN MREFI ELSE MREFF
MWREF[WPI]=IF T<TS THEN MREFI ELSE MREFF
LDREF [WPI}=IF T(TS THEN LREFI ELSE LREFF
LDIWPI]=XW[bt2]

U3 [bt2]=UFW[WPI]

MWREF [MPI]=IF T<TS THEN MREFI ELSE MREFF
MWIMPI1=PO[bt2]}

U2 [bt2]=UCVHPI]

pdp{bt2]=130Q
xwpfibt2]=0.0
pop{bt2]=67

T8:10.0
PREFT:130
PREFF:130
LREFI: 0.0
HMREFF:77
MREFI:67
LREFF:0.0
END
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Figure 1. - Responses from model Bt2 with co-ordinated controller.
Large MW step, no rate limiting on actuators.

87.06,28 - 14:31:38 nr: 1
hcopy "83MW step co-ordinated contreller no rate {imiting on actuators®

160 _ Etect.o/p 1=ref 2=plant _ Fuel control
fo—2 2 2T
1 0.8 |
120
80 |
0.4
I I I 1 I I ] I
0 50 100 150 200 ¢ 50 160 150 200
Drum pres l=ref 2=plant _ Control vaive
130.5
1.5 |
130 | » »—
129.5 | 0.5
T T I 1 ) T T T 1
0 50 100 150 200 0 50 100 150 200
_ D.H.L, 1=ref 2=plant _ Feasduatar controi
400 | 0.8
i |
200 0.4
o L[\ 2 ] 2
i [ ] 1 ° T f 1 ]
V) &0 100 150 200 0 &0 100 150 200
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Figure 2. - Responses from model Bt2 with co-ordinated controller.

87.06.28 - 12:00:40

nri

Large MW step, rate limiting on actuators.

4

hcopy "83 MW step co-ordinated controller®

_ Elect.ofp l=ref 2=plant

140 | z L 2
100
50 ] [ I 1
o 50 100 150 200
Drum pres l=ref 2=plant
130 | 1///%/F:\g~1__2_
126 | \ 4/2
f I ! ]
0 50 100 150 200
D.W.L, l=ref 2=plant
200
A — )
° I f I
0 50 100 150 200

0.8

0.6

1.4

0.8

0.2

Fusl control

i f I

0 ) 100 150 200
) Control valve

1 I | 1
0 50 100 150 200
. Feedwater control

I T T ]
0 &0 160 150 260




Figure 3. - Responses from model Bt2 with co-ordinated
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Small MW step, rate limiting on actuators.

87.06.28 - 11:57:00 nr: 3
heopy "10 MW step Co-ordinated contolier®

_ Elect.o/p I=ref 2=plant

‘£¥7—_f2 2 2
75 |
&5 I I T I I
V] 20 40 60 80 100
Drum pres 1l=ref 2=plant
130.4
130 ,___X::;::;ﬁ 2 2—
129.86 |
f I i f 1
0 20 40 50 80 100
_D.M.L. 1=ref 2=plant
100
0 T —% i S
I T I I I
0 20 40 50 80 100

0.4
0.38

0.38

0.8

0.5
0.4

0.3

controller,
Fue! control
] I T I ]
0 20 40 60 80 100
Contrel valve
T I I ] 1
Q0 20 40 80 &0 100
Feeduater control
T T T T i
0 20 40 60 a0 100
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Figure 4, - Responses from model Bt2 with co-ordinated controlier.

Drum pressure set-point step, rate limiting on actuators.

87.06.28 - 12:05:42 nr; §
hcopy "d.p step co-ordinated controller®

Elect.ofp 1=ref 2=plant

- \ 0.5
67 //// —
\/ -7 o
0.1
§6.9 5
I T I 1
0 50 100 150 200
_ Drum pres l=ref 2=plant
125 0.64
y L 1 2
\\\\h_//g
115 1 : I . 0.6
0 : 50 100 150 200
D.W.L. i=ref 2=plant
1] \\\\\ 0.6
. 1/////////1 \\J;71'—-
. 0.4
. 2
-1 . /
i T ] 1
o 50 100 150 200

Fuel control

] f | ]
0 50 100 150 200
_ Control valve

T ¥ T i
0 50 190 150 200

Feeduwater control

I I I 1

0 50 100 150 200
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Figure 5. - Responses from model Bt2 with co-ordinated controller.

Drum water level set-point step, rate limiting on actuators.

87.06.28 - 12:07:58 nr: 6
hcopy "D.W.L. step co-ordinated controller

Etect.ofp 1=ref 2=plant

67 - _'V'_V‘—'A"!w—*’-
66.986 J
i | ! I
0 50 100 150 200
Drum pres l=ref 2=plant
130 P ——— e —
129.95 4
129.9
T I F ]
0 50 100 150 200
_D.W.L. 1=ref 2=plant _
P—
% /
40 |
0
I ] ] 1
0 80 100 150 200

0.36

0.6038

0.6038

0.6034

Fuel control

T 1 i F
5¢ 100 150 200

_ Control valve

I | I 1
50 100 160 200

Feaduater control

80 100 150 200
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Appendix F. - IBM floppy disk details.
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Volume in drive A has no label
Directory of A:\

BTHMODELS {DIR> 6-11-87 8:17
BDATA {DIR> 6-11-87 §:17
READ-ME.TEX 11-11-87 12:00

2 File(s) 506368 bytes free

Volume in drive A has no label
Directory of A:\BTMODELS

. A .. F1BD5BTA
FiBD6BTS T F1BD1BTI T F1BD1BT3
F1BP1BT6 T FIBDIBTT T FIBD1BTZ
FiBD2BT2 T FIBB2BT3 T F1BD2BT4
F1BD2BTZ T FI1BD2BTA T F1BD3BT1
FIBD3BT4 T F1BD3BT5 T F1BD3BT6
F1BD3BTA T F1BD4BT1 T F1BD4BT2
F1BD4BTS T F1BD4BTE T F1BD4BT7
F1BD5BT1 T F1BDSBT2 T F1BD5BT3
F1BD5BT6 T F1BDSBT7 T F1BD5BT8
F1BD6BRT2 T FIBDGBT3I T F1BD6BT®
F1BD6BTA T F2CSLBT1 T F2CSLBT2
F2CSLBTS T F2CSLBT6 T F2CSLBT7
¥F2FSLBT1 T - F2FSLBT2 T F2FSLBT3
F2FSLBT6 T F2FSLBTT T F2FSLBTS8
F2SLLBT2 T F2SLLBT3 T F2SLLBT4
F2SLLBT7 T F2SLLBT8 T F2SLLBTA
F2WSLBT3 T F2WSLBT4 T F2WSLBTS
F2WSLBT8 T F2WSLBTA T C1BT1
C1BT4 T BT1 T C1BTS
C1BTS T C1BTA T C2BT1
C2BT4 T C2BTh T C2BT6
C2BTA T C2LBTMI T C2LBTM2
BD1Q08A D BD111A D BT2

LBT3 T BT5 T BTé

BT8 T BTA T NLC3C
PPI T WPI T BD201A
B3 D Bl D DEMO

139 File(s) 506368 bytes free

VYolume in drive A has no label
Directory of A:\BDATA

. .s D102A
D108A T D111A T D201A
g File(s) 506368 bytes free

L = A B I I - B - B - B B B B B B B B - B B B e R B

F1BD6BT4
F1BD1BT4
F1BD1BTA
F1BD2BTS
F1ED3BT2
F1BD3BT7
F1BD4BT3
F1BD4BTS
F1BD5BT4
F1BD6BTL
F1BD6BTY
F2CSLBT3
F2CSLBTS
F2FSLBT4
F2FSLBTA
F2SLLBTH
F2WSLBT1
F2WSLBTS
C1BTZ
C1BT6
C2BT2
C2BT7
LBT2

BT3

MPI
BD102A
IFILE

B2

D10o5a

L= B I~ B e B I B I B B e B B B e B B B B B - B B B B |

F1BD2BT6
F1BD1BTS
F1BD2BT1
F1BD2BT7
FiBD3BT3
F1BD3BT8
F1BD4BT4
F1BD4BTA
F1BD5BTS
F1BD1BT2
F1BD6BTS
F2CSLBT4
F2CSLBTA
F2¥SLBTS
F2SLLBT1
F2SLLBTG
F2WSLBT2
F2WSLBT7
CIBT3
C1BT7
C2BT3
C2BTS§
BD1CGTA
BT4

BT7
BD105A
CCH

D1Q7A

=R I B B B e B - B - B B B B A B B B B R e B e |
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"Generates a selection menu to simulate different bheoiler-turbine
"models for either step response or using plant data.

label
write
write
write '
write '
write '
write '
write '
1]
1
]
]

start

write
write
write
write

WO =1 G U1l o B

i mw w1 o n o n

T

'Select model {(i,or 2,or 3

Bt2
Bt3
Bt4
Bt5
Bté
Bt7

model’
model’
model’
model"’
model’
nodel’
Bt8 model!
Bta model’
Quit'

read ansl INT

if ansl EQ 9 goto finish

write ' !

write 'Select response’
write ' 1 = Step responses’
write ' 2 = Plant data’
write ' 3 = Model select’
write ' '

read ansZ INT

if ans? EQ 1 goto step
if ans2 EQ 2 goto plant
if ans2 EQ 3 goto start
label step

if ansl EQ 1 goto MBt2

if ansli EQ 2 goto MBt3

if ansl EQ 3 goto HBt4

if ansl EQ 4 goto MBtS

if ansl EQ 5 goto MBt6

if ansl EQ 6 goto MB7

if ansl EQ 7 goto MBtS

if ansl EQ 8§ goto MBta
goto start

label MBt2

£2s11bt2

gote finish
label MBt3
f2511bt3
goto finish
label MBt4d
f2811bt4d
goto finish
label MBtH
£2s11bt5
goto finish
label MBté6
£2311ht6
goto finish
label MBt7
£2311bt7
goto finish
labhel MBtR
£2511bt8
goto finish
label MBta
£2s51lbta
goto finish
label plant

..... ,or 8) or quit (9)'




write 'Select

write '
write '
Write '
write '
write '
write '
write !

nuw wuwnu

read ans4 INT

if ansd4 EQ
if ans4 EQ
if ans4 EQ
if ansd EQ
if ansd EQ
if ansd EQ
label d1

if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EgQ
Iabel d1bt2
fibdlbt2
goto fimish
label d1bt3
£1bd1bt3
goto finish
label dlbt4
f1bdibt4
goto finish
label dibts
£ibdibt5s
goto finish
label d1bté
flbdlbte
goto finisgh
label d1bt7
f1bd1bt7
goto finish
label d1bt8
f1bd1ibts
goto finish
label dibta
flbd1lbta
goto finish
label 42

if ansl EQ
if ansl EQ
if ansl EQ

1
2

3
4
5
6

i
YA
3
4
5
6
7
8

1
2
3

if ansl EQ 4
if ansl EQ 5

if ansl EQ
if ansil EQ
if ansl EQ
label d2bt2
f1bd2bt2

goto finish
label d2bt3
£1bd2bt3

6
1
8
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plant data ( 1 to 6)°

d107a Low load fuel change'

d108a Low load feedwater change'
dlilla Low load control valve change’
d20la High load fuel change’

d102a High load feedwater change'
d105a High load control valve change'’

goto
goto
goto
goto
goto
goto

goto
goto
goto
goto
goto
goto
goto
goto

goto
goto
goto
goto
goto
goto
goto
goto

dl
d2
d3
d4
d5
d6

dibt2
dlbt3
dlbt4
d1bt5
d1lbtsb
d1bt7
d1bt3
dlbta

d2bt2
d2bt3
d2bt4
d2bt5
d2bhte
d2bt7
d2btg
d2bta




goto finish
label d42bt4
f1bd2bt4
goto finish
label 42bt5
f1bd2bts
goto finisgh
label 42bté6
f1bd2bts
goto finish
label d2bt7
£1bd2bt7
goto finish
label d2bt8
f1hd2bt8
goto finish
label d2bta
flbd2bta
goto finish
label 43

if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
label d3bt2
f1bd3bt2
goto finish
label d3bt3
£ibd3bt3
goto finish
label d3bt4d
£1bd3btd
goto finish
label d43bth
f1bd3bts
goto finish
label d3bts
£1bd3bte
goto finish
label d3bt7
£1bd3bt7
goto finish
label d3bt8
f1bd3bt8
goto finish
label d3bta
flbd3bta
goto finish
label 44

if ansl EQ 1
if ansl EQ 2
if ansl EQ 3
if ansl EQ 4
if ansi EQ 5
if ansl EQ 6
if ansl EQ 7
if ansl EQ 8
label d4bt2
f1lbd4bt2

OO =] OV N b O DO =

goto
goto
goto
goto
goto
goto
goto
goto

goto
goto
goto
goto
goto
goto
goto
goto

d3bt2
d3bt3
d3btd
d3bth
d3bt6
d3bt7
d3bt8
d3bta

d4bt2
d4bt3
d4bt4
d4bth
d4ht6
d4bt7
d4bt8
ddbta
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goto finish
label d4bt3
f1bd4bt3
goto finish
label d4bt4
f1bd4bt4
goto finish
label d4btbh
£1bd4bt5s
goto finish
label d4hté
flbd4abte
goto finish
label d4bt7
f1bd4bt7
goto finish
label d4bt8
£1bd4bts
goto finisgh
label d4bta
flbd4dbta
goto finish
label d5

if ansl EQ 1
if ansl EgQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
label d5bt2
f1hd5bt2
goto finish
label d5bt3
f1bd5bt3
goto finish
label d5bt4d
fibdbbtd
goto finish
label d5bths
fibd5sbt5s
goto finish
label d5bté
£1bdbbté
goto finish
label d45bt7
£1hdsbt7
gote finish
label 45bt8
f1bd5bts
goto finish
label d5bta
fibd5kta
goto finish
label d%

if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ
if ansl EQ

00 ~1 OY LN b Lo Bo

Q2 =] O L e Lo B R

goto
goto
goto
goto
goto
goto
goto
goto

goto
goto
goto
goto
goto
goto
goto
goto

d5bt2
d5bt3
d5btd
d5bt5
d5bt6
d5bt7
d5bt8
d5bta

d6bt2
debt3
débt4
d6bth
d6ebts
debt7
d6bt8
débta
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label dsbt2
f1bdebt2

goto finish
label d6bt3
f1bd6bt3

goto finish
label débt4
fibdebtd

goto finish
label 46bth
£1bd6bts

goto finish
label d6bté
£1bdsbts

goto finish
label d&bt7
fibdebt7

goto finish
label d6bt8
f1bdebts

goto finish
label débta
fihd6bta

goto finish
label finish
write 'Exit demo {yes no)'
read ansl YESNO
split 1 1

if ans3 EQ no goto start

END
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The PC version of Simnon uses a different method to play data
from a plant to a model, This difference requires a change in
the figure macros for plant data (see pages B31 to B33), and the
inclusion of a discrete system called ifile. Only figure macro
f1bdibtl is given below to highlight the changes required.

macro flbdlbtl

"Generates fig comparing model and plant data.

" Uses plant data d107a low load fuel change.

" Uses btl model i.e. 2nd order Astrom/Bell model without dwl.

syst btl ifile ¢2btl

par dt[ifilel:10.0

store p pdp po pop

split 1 1

axes h ¢ 3000 v 90 120

plot p pdp

simu 0 3000 /b1/bd107a "File containing data included here.
split 2 1

ashow p pdp -mark/bl

text 'Drum pressure. l=model, 2=plant’
ashow po pop -mark/bl

text 'Electrical output. 1=model, 2=plant’

end

discrete system ifile

time t

tsamp ts

output ¢2 c3 cd ¢c8 ¢9 ¢c10 c¢ll c13

c2=rfile(2,t)

c3d=rfile(3,t)

c4=rfile(4,t)

c8=rfile{8,t}

¢9=rfile{9,t)

cl0=rfile(10,t)

cli=rfile(il,t)

cl3=rfile{13,t)

ts=if timecol(Q then rfile(timecol,t) else t+dt

dt:5
timecol:-1 "reads from rfile

end




