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Chapter 1

Introduction

At the outset, the goals of this project were loosely specified as follows:

. Prototype the code-generation interface between LTH's OuSIna simulation environment and
KTH's ItKn software for grey-box identification as proposed in [1].

. IJse these tools to investigate what improvements can be gained via parameter optimization of
the deterministic thermo-physical drum boiler model structures developed by R. Bell and K.J.
Åström [2-5].

Results addressing the first point are presented in a companion report [6]. This report documents
the results of the identification case study that ensued the second point. Additional motivation for
the investigation came from the following desires:

. to demonstrate the utility of Onnole in defining multiple models as proposed in [1],

. to gain practical experience using the identification tools with real industrial data.

In particular, the availability of six sets of open-loop data 17, see Figure 1.1] provides a unique
opportunity to assess the structural fidelity of the deterministic models by considering parameter
reproducibility.

Parameter Reproducibility
Bohlin [8, 9] discusses a number of approaches in gauging the performance of model structures.
The most stringent is what he calls parameter reproducibility. This is a measure of the variation
of parmeter optimization results derived from a number of independent datasets. A reasonable
premise for such a comparison requires that we limit consideration to only those parameters which
are expected to be constant.

A test of this severity is deemed appropriate for the family of model structures under consid-
eration because of its deterministic, thermodynamic basis. Most of the parameters have physical
meaning and several are physical constants, e. g. the metal masses. Furthermore, parameter re-
producibility provides an analysis tool for assessing the validity of structural hypotheses. Through
such an investigation, \rye can answer questions like: "Are we data modeling or actually modeling
the system?"

1.1 Report Outline
The report tries to give a fair presentation of large body of work done over a long period of time,
starting during the autumn of 1996. Chapter 2 gives a brief description of the drum-boiier model

i15, Lzl, which is the subject of the case-study. Details are given about the different model structures
and hypotheses used in the parameter optimization trials. Chapter 2 also gives information on how
the equation export from On¡or¿to InKrwas done and how the limitations in this export mechanism
affects the model definition. Chapter 3 describes initial simulation trials to assess the quality of the
hypotheses and the identifiability of the parameters. In Chapter 4 the results from the parameter
optimization trials are explained and finally, Chapter 5 gives some conclusions on what was learned
from the case-study.

Details on derivations, model definition and parameter optimization trials are given in the ap-
pendices.

I
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Figure 1.1": Six datasets from Eklund's Öresundsverk experiments [7]. Three controlled signals were
perturbed separately under both full (90Vo) and partial (507o) load conditions.
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Chapter 2

Model Definition

The model structures studied in this report are a result of work by Professors Karl Johan Åström
and Rodney Bell [2-5]. To verify their derivations, we used M¡pr-p (software for computer algebra)
to rederive and study the modeling equations. The output of the Mapln worksheets is presented in
Appendix A. Appendix B provides an alternate summary of the modeling equations, i. e. the Ouole
definitions for the famiiy of model structures.

The outline for this chapter is as follows: In the following section, we summarize Åström and Bell's
results and suggest a few alternate hypotheses to some of their heuristic models. Section 2.2 surveys
the model structures and how Optole simplified their definition and administration. Section 2.3
summarizes the parameterization of the model equations and the Ouot¿ simulation interface. The
later defines collectively the calibration constants associated with the experimental data. Sections 2.4
and 2.5 discuss respectively the prerequisites and procedure of exporting the model equations from
OnaSnvl [10] and generating C-code used by InIûr [6, 11]. Finally, Section 2.6 makes some closing
remarks regarding the model definition stage of this project.
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Figure 2.1-: Ideal physical model of a steam generation process. Shown are the global control volume
(I), and three component control volumes for the risers (II), the down-comers (III) and the liquid-zone
of the drum (IV).

mII

4

0o
:0
|Jo.t
0o
0.



2.1 Model Equaüions and Hypotheses

2.L Model Equations and Hypotheses

An idealized physical model for the system is shown in Figure 2.1. Steam vapor is vented from the
drum with flowrate qr. Feed-water enters the drum in a sub-cooled liquid state with flowrate efw and
temperature T¡r. Combustion of fuel gives rise to the heat flowrate Q into the risers. Steam vapor
is generated by channeling the liquid phase from the drum through the down-comers/risers circuit.
The flowrate into this circuit q¿. is driven by the density gradient caused by the phase change in
the risers. At the risers outlet, the two-phase mixture is characterized by the mass flowrate g" and
vapor mass-fraction r".

The fundamental modeling simplification is that the two phases of water inside the system are
ever¡rwhere in a saturated thermodynamic state. With this assumption, all thermodynamic proper-
ties can be characterized by one independent variable. The drum pressure P is chosen to be this key
state variable since it is the most globally uniform variable in the system. Another key assumption
is an instantaneous and uniform thermal equilibrium between water and metal everywhere. This
simplifies including thermal capacitance effects.

Indicated in Figure 2.L are the boundaries of four thermodynamic control volumes. Mass and
energJ balances for the global control volpme (c.v.I) yield two state equations; see Section 4.2. The
state variables are pressure P and the total volume of liquid water in the system V.t. BY combining
the mass and energy balances for c.v. II to eliminate the flowrate q,, a third state equation is derived
with the vapor mass-fraction Ír as state variable; see Section 4.3. By considering fluid friction in
c.v. III, a fluid momentum balance establishes the flowrate e¿". A combination of the mass and energy
balances for c.v. IV yields a fourth state equation with state variable Vr¿, the volume of steam vapor
below the liquid surface; see Section 4.4. Assembled in matrix notation, the fourth-order model
structure (i. e. a set of parameterized implicit differential state equations) is:

5

!v{4

| "r, €tz

I nr, êzz

lo êez

lun, ê+2

00
00
els 0

eß ê++

&v*,1
*pl
&*, I

*v,o)

Qfw - Qs

Q'l h¡wefw - å"Ç" * Âr

8 - (h" - h*) *,q¿" + Ln (2.1)

V"¿ - v!¿ 
,

îsd

(h¡*- h. * Ârvq

P, (h" - h,
The elements of the coefftcient matrix êLr, êt2, €21, êtc., are state dependent. They are all listed in
Appendix A on pages 41 and 55. On the right, Â1, Á¡ and Â¡y represent under-modeling, i. e. unmod-
eled energy interactions (nominally taken to be zero). The initial state conditions are parameterized

lv|t,P,tc0.,V$]?. In addition to these, the model involves seven physical parameters: metal masses
ntd,, trtr, mdc, volumes V¿, Vr, Vd", and a fluid friction coefficient in the down-comers å¡. Known
constants are the specific heats C¡w and Co for the feed-water and metal respectively. Finally, note
that the third-order model structure Ø3 corresponds exactly to the first three state equations in
Equation 2.1.

For the purpose of level control, .Ästrti- and Betl [5] proposed the following measurement model
for the liquid level in the drum (see Section 4.3.1):

I:v'dÏv'a - "0. 
Q.z)

A¿

The level variation ôl is caused by variations in the volumes of liquid in the drum Vr¿l and the
steam below the surface V"¿. This model introduces two additional physical parameters: A¿, the
drum's cross-sectional area at the nominal level, and ¿0, nominal level offset. The aim of including
variation in V"¿ is to capture the level dynamics known as the "shrink-and-swel1" effect [5]. Note
that we amend Equation 2.2 in Section 3.2.

To assess the necessity of including the fourth state equation in 1v{a, we shall investigate param-
eter optimization of both third and fourth-order model structures. In the third-order structure fd,
the state variable %¿ in equation Equation 2.2 is replaced with an instantaneous value. Engineering
judgment suggests several approximations for its value:

Vsd.:

+bz(qr, - Q') hypothesis0,

+bz(qr* - Q') hyPothesis 1,

+bz(qr* - q') hYPothesis 2,

+bzqul po, hypothesis 3,

*bzq"tlP' hypothesis4.

(2.3)

rvrd(t) : VrtU) - V¿" - (l - ar(t)) Ç where a. is the total volume fraction of steam in the risers, i. e. a, = Vsr lvr. An
approximation with form a, æ fcn(P, xr) is given in [3, a]; see also Section 4.3.3.

bt

b1d,,V,

bß,e"lp,
brd,rV,

btdrV,
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6 Model Definition

The fourth-order structureMa instead involves a similar set of hypotheses for the bubble-residence
time-constant rr¿. The heuristics for the values which have been tested are:

þsd -

bt p, (V¿ - V,¿) le, hypothesis 0,

btP, (V¿ - V,¿ - V,¿) I q, hypothesis 1,

fup" (zv!o-V,d) l*,1q, hypothesis2,

fuplvlolx! lq! hypothesis 3.

(2.4)

These hypotheses are programmed in Listings 8.12 and 8.14 using the technique proposed in [1] for
programming multiple realizations. Note that ór and bz are "grey-box" parameters to be optimized.

BelI and Äström have also proposed a fifth order model structure [12]. This was motivated by
the desire to capture an additional "rapid-swel1" phenomenâ present in some of the measured data
(see the non-minimum phase behavior in the level variation of experiments A and F in Figure 1.1).
The extra dynamics model the transport delay of steam vapor passing Í?om the risers to the drum
surface. The transport delay with time constant e"¿ is approximated by a Padé(0,1-) approximation:

> i,¡ith(nu¡oapprox) :

> exp(-tau[sd] *s) = pade(exp(-tau[sd] *s),s, [0,1] ) + 0(s-2) ;

u(-r"as) + Ol s2 )L+r"¿s' -'-'
Augmenting the state space representation of this approximation yields the following set of implicit
differential equations:

jvt,

erl
ezl

0

€4t

0

eL2

e22

egz

e+2

0

0

0

e33

e49

0

0

0

0

0

0

0

0

a
ãt Vwt

fin
&*,
&v"o
*q,o

Qfw - Qs

Q*h¡wer.-h"e"lLt
Q - (lr, - h.) x,q¿" * L,¡1

v"¿-v!,--=--| (h¡,-h*)ø¡*+Lw + t*l*P"(h'-h*)
rrÇr - Qsd

(2.5)

€¿q

0

The physical interpretation of the fifth state variable, q"d, is the vapor mass flow rate crossing the
liquid surface. Note the appearance of q, in the right-hand side of equations. The mass balance for
the risers (see Section 4.3.2) gives the following expression:

Qr : Qdc - ftU, : fcn (&P, &*,,...) .

In order to maintain compatibility with the definitions for the coefûcients ea2 arrd ea3 in 1V[a, we chose
to leave q" on the right-hand side (rather than bringing all time-derivative dependencies to the left-
hand side). Consequently, derivation of explicit state equations (ODE's) is more complex than the
bottom row of the coefficient matrix in Equation 2.5 suggests. Fortunately OvtStttt automates this
task using Cramer's rule, affording us the luxury of the more compact definition as implicit state
equations.

2.2 Model Structure Administration
As alluded to above, Otuor"¿. greatly simplified the task of deûning ¿¡¡d ¿rlministrating model struc-
tures. Table 2.L and Figure 2.2 on the facing page provide an overview of the model structures we
have programmed. Besides the three model structures 9V{s,Í1,[4, and M5, we defined and tested a
number of alternative structures. Not all have been (or can be) used in parameter optimization.
Listings for most are given in Appendix B.

2.3 Model Parameterization and Simulation Interface
The paramctcr dcfinitions are concentrated in the Otvlole classes: Oresundsínrc and Boiler2FM (see
Listings 8.11 and 8.12 respectively). Table 2.2 on the next page summarizes the model parame-
terization and rates qualitatively our prior knowlege of the parameter values. Using a scale flom
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2.3 Model Parameterization and Simulation Interface 7

Model
Structure

Ouole
Class

State Variables Delay Var's
Descriptive NoteVwt P xr V"d Vr¿ Qct Qsd

îvt,
gvtt

9V[4

ev[r,

îv[2,

14,
îv6,d
tu[u,

Mt¿
fofn¿

î'Is
9v[uo

9v{"

Boiler2FM
Boiler3FM
Boile14FM

Boilerl rFM

Boiler2rFM
Boiler3rFM
Boiler3wdFM
Boiler3iFM
Boiler3dFM
Boiler4dFM
Boiler5FM
Boiler5aFM
Boile16FM

++
+++
++++

+
++
+++
+++

+++
+++
++++
++++
++++
++++

+
+
+
+
+

second order
third order
fourth order
reduced second order
reduced third order
reduced fourth order
alternate state realization
iterative initialization
multiple delay realizations
multiple delay realizations
Padé(0,1) delay approx.
Padé(1,1) delay approx.
Padé(1,2) delay approx.

EoilerlC-BoileÉ

Table 2.1: Overview of the model structures defined using Ouor,e.

rFM

iler3iFhl

ilerZrFM

ileÉvrdFh{

eÉdFhl-BoileÉddFM
r¡lerirFM

er4dFM

_--EoileÉaFM
FM.-I \EoileÉFM

Figure 2.2: In};,entance hierarchy of the boiler model structures.

Table 2.2: Overview of the model parameterization and prior knowledge.

Parameter Onrole Units Description Prior Knowledge

qs"t

Qf"r

64

Ag

md

fn'r

A¿
k,¡

h,
Lç
b1

bz

6v1,,
r'0
xl

qscf
qfcf

signa4
signaS

md

nr
Ad

kf
ks

LO

b1

b2

dVwt0

PO

xr0

kglsltonlhr
MW/ton/hr

kglcm2
mm
kg
kg
m2

m3/kg/s
m3

MPa

kg/s/MPa
m

steam flow rate calibration factor
fuel flow rate calibration factor
standard deviation ofpressure output error
standard deviation of drum level output error
metal mass of the drum
metal mass of the risers
cross-sectional area ofthe drum
ff.uid friction factor in the down-comers
compressibility coefficient in the steam valve
slack factor in the drum level model
slack factor in V"¿ and r"¿ hypotheses
slack factor in I/"¿ hypotheses; V$ in fuú &. fu[s

perturbation in the initial condition of Vr¿

initial condition ofthe drum pressure P
initial condition of the vapor mass fraction r.

light grey
grey

white
white

light grey
bløck
grey
black
grey
grey
grey

white
black
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8 Model Deffnition

OresundSimlC

q3l

qs2 Çs

qf\'/
Qf w"¡

Q f,o

Tfv¿
T¡u

a P
qf

q .\ dp
õt

IrJ I dt

A¡

Ltt

Ltv
õ¿,

N1

I'J2
\ d'5

Figure 2.3: The OtttSlu simulation interface to the experimental data; see Listing 8.1"1. The interface
includes stochastic black-box input- and output-error models.

black to white, black indicates little or no help from engineering physics. At the opposite end of the
spectrum, white indicates a high degree of certainty.

Figure 2.3 shows the simulation interface to the five measured inputs: two steam flows, feed-
water flow, feed-water temperature and fuel flow. The interface with real data necessitates conversion
factors; the simulation schematic shows several. Most uncertain is the calibration of the heat input
Q. Because the chemical enerry content of the fuel is known to vary, this gain has been probabilis-
tically modeled with a nominal val:ue qf"r and a known, bounded range q¿,r. More certain are the
calibrations of the steam mass flowrates q"", and feed-water mass flowrate Ç¡r"r. We shall consider
the later a known constant, assuming liquid flow measurements are more precise than vapor flow
measurements. The conversion of steam flowrate is complicated by the fact that the measurements
are volume flowrates, which need to be converted to mass flowrate. Since steam is a compressible
medium, the conversion is pressure dependent. This can be compensated for by including a com-
pressibility factor, å", which can also be seen as a "steam valve nonlineantf . Similar to [7] this has
been modeled as

Ç" : Øs"¡(esl+ qs2) + I¿"(p - po) (2.6)

The compressibility factor takes into account that at higher pressures the density of steam is higher
and thus the mass flow rate is higher. These choices give Ç¡"¡, Øs"¡ and å, as additional parameters
for optimization.

In addition to the stochastic modeling of the gain q¡",, the simulation interface includes simple
stochastic input and output-error models. The focus of this study is parameter optimization in a
deterministic setting. Accordingly, only the instantaneous output-error models will be investigated
here. In a possible continuation of this work, the input-error models could be used to investigate the
effects of under-modeling, i. e. Á1 etc.

2.4 Signal Model Specification
A requirement for the automatic code generation is a name mapping that defrnes inputs, outputs
etc. For the OttlStu-IrlKlt interface developed as part of this project (see [6]) this was solved by
requiring a SignalModelMappi.ng submodel be included in the simulation model. Listing B.9 provides
the template. This class defines the vector variables and a parameter matrix of a standard nonlinear
stochastic state space model structure (see [1, 11]):

õx
æ 

: f (t'x¡,u¿,0) +w(t,e) and y¿: h(t,x¡,u¡,0) I u(t,0).

The Sj.gnalModelMapping class is used by including it in the simulation model, and defining the vector
dimensions and element-wise contents. This constitutes a name mapping from the models internal
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2.5 Equation Export and Code Generation I
Signal ModelMapping for Equation Export

dp

dt

N3

N4

N1

Irl2

qsl

qf

q$2

Tfv

qf!/

Figure 2.4: Fradn simulation model specifies: (l) a boiler submodel structure and (il) a signal-model
mapping for equation export.

hierarchical names to the standard state space vectors Lr., u, u), r and y, as well as the parameter
matrix d.

The row-by-row organization of the matrix d is important. When using loKtr, the user fixes or
frees entire rows at a time-it is not possible to fix and free elements row-\Mise. Only parameters for
which simultaneous optimization is essential should be grouped row-wise. Furthermore, IDKIT uses
the same numerical scaling factor for all elements of a row.

The second-order simulation model 0resund2 shown above and listed on page 77 provides an
example of the signal model mapping. Lines 8-19 defi.ne the vector variable mappings. The first
four rows of the parameter matrix mapping (lines 24-27) collect those parameters which we have no
intentions of optimizing yet we do not wish to hard-wire their values into the automatically generated
C-code. The remaining rows (lines 28-46) *.p the parameter names which we (potentialiy) wish to
optimize. Note the correspondence between these lines of Oltole code and TabIe 2.2. No parameters
were grouped row-wise because of the need for distinct scaling factors.

2.5 Equation Export and Code Generation
The process of turning Ouor"¿. model equations into C-code functions that can be used by the param-
eter optimization routines in loKlr consists of two steps:

(i) exporting sorted model equations from On¡Sru, and then

(ii) invoking a shell script that translates the equations and uses Maple to generate C-code.

These steps and also limitations concerning the use of conditional statements in the model are
described fully in [6]. For the sake of self-containment, a short description follows.

Exporting Omola Equations

Th loKlr model interface requires a set of nonlinear ordinary differential equations in explicit form.
fn our case we defined the model in an implicit differential equation form. By configuring OtrlSru
to use Cramer's rule during the instantiation the model is automatically transformed to explicit
ODE form. This is set by choosing the "Config-+Options" menu and marking the "Cramer's rule
for manipulation" option before starting the simulator. We also need to mark "Log to file" option to
create the log-fiIe.

To generate the sorted equations we use the OuStu simulators "Flat model" and "Event part"
debug output. This writes all the continuous equations as well as parameter equations and event
equations to the log-fiIe. In the event part, only initialization events are allowed. This restriction is

Dept. of Auüomatic Control
J. Sørlie, J. Eborn

LUTFDz/TFRT- -7563- -SE
1998.08.14

Lund Institute of Technology



1.0 Model Definition

necessary since the code generation script (described below) is designed only to handle continuous
time models.

Code Generation Script

The model equations captured in the log-fite are processed by running the Unix shell-script Code-
Gen.sh in the same directory as the log-file. This shell-script automatically performs the steps of:

(l) OtuSIu log fiie translation,

(l;) Marln post-processing of the equations, and

(iil) Marln code generation.

The script takes no arguments and, if successful, it creates two files in the working directory:

model.c - a subroutine module for use with I¡Kn,
Smodel.c - a SIvrul,INr S-function for M¿rle¡.

Event Equation Limitations

It is important to note the limitations of the code generation script. With regard to the event
equations, i. e. the "Event part" of the log-flle, we mentioned that only initialization events are
supported. A further limitation is that these events cannot form an iterative sequence of equations.

To convey this restriction, we compare the initialization programming in the model structures
Mz and gv[t,. Tlne latter is a special iteratively-initialized derivation of 1V[s. The motivation behind
this is discussed in Section 3.2.4. Tlne sequence is derived in Section 4.3.7. Note that lvh¿ ininerrts
the events of fu[s.

Considering gV[2 frrst, observe that lines L24 and, 142 in Listing 8.12 involve the same equation:

new(Vwt) i= I/2rFVd + (1-ar0)*Vr + Vdc + dVwto;

In contrast, tlne fufs¡ equations:

new(xr) := xrO;

new(xr) := -ar/dardx + xr/2
+ (1 / 2 /hc / dardx/qdc) * sqrt ( hc*qdc * (4*hc*qdc*ar* (ar-dardx*xr)

+ þçxqdc*(dardx*xr)^2 + BtQ{,aPt¿ardx) );

nel¡(xr) := -ar/dardx + xr/2
+ (1/2/}lc/dardx/qdc) +sqrt ( hc*qdcr. (4t hc*qdc*ar* (ar-dardx*xr)

+ hc*qdc*(dardx*xr)^2 + B*,Q*ar*aardx) );

programmed in lines 28 and 12-14 of Listings 8.13 and 8.22 respectively constitute an iterative
sequence.

The cause of the restriction is simple. The code generation script translates the OUSIU equations
into M¡pln assignment statements. For an iterative sequence, this results in repeated assignments
to the same name (i.e. the same left-hand-side symbol). When loaded into Meplp, no iterative
substitution takes place. Instead, only the last assignment survives.

2.6 Closure
Since the definition of the model structures in Onnol¡ constituted a substantial amount of time, it
seems relevant to recap some of issues raised in the process. Questions raised while programming
the Ouor,e model definitions are:

¡ How important is the thermal capacitance effects of the metal mass? Where is it most important
to include these effects in the modeling equations?

o What are the consequences of using enthalpy instead of internal energ'y in deriving the energy
balances? How valid is this approximation?

Answers to these questions can be found through simulation testing and parameter optimization,
the topics of the following two chapters.
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Chapter 3

Simulation Testing

More than anything else, this case study has demonstrated the importance of good simulation tools.
'When cpnceptualizing a methodology for grey-box identification (see 

".g. [1, 13]) it is easy to over-
emphasize the importance of statistical methods. One should not under-estimate what can be learned
directly through iterative simulation and analysis. This synthesis of information is what we refer
collectively to as "simulation testing." Indeed, the knowledge gained through simulation testing can
be essential for achieving success with statistical methods. Conveying this lesson is one reason r^/e

include this chapter.

The outline for the chapter is as follows: Section 3.1- discusses the role that manual parameter
tuning has played in this case study. As a tutorial example, we consider calibration of the model
to the experimental data. Section 3.2 presents a qualitative assessment of parameter sensitivities,
couplings and over-parameterization. Through simulation testing, we were able to identifu where this
occurs in the modeling equations. These findings are largely responsible for the iterative refinements
of the model structures described in the preceding chapter. Section 3.3 demonstrates how simulation
testing can answer questions of model structure, i. e. structure determination. Specifically, we answer
the question concerning the validity of replacing internal energy with enthalpy in the derivation of
energy balance.

S.L Manual Parameter Thning
Manual tuning of parameters is important for a number of reasons. Most obvious is the need to
determine values for those parameters that cannot be established from construction data. Tìo even
begin a simulation let alone parameter optimization, we need a functional set of numeric values
for the parameters. By functional, we mean in the sense that numerical integration is not driven
unstable. In case study, manual experimentation was important for two reasons:

(l) to establish good "guesses" suitable for initializing computer-aided tuning, and

(ii) to "feel out" parameter sensitivities as well as couplings between parameters.

Wit}: computer-aided tuning, we mean of course parameter optimization. For iterative methods of
parameter estimation, e. g. as implemented in IoKIr, good initial guesses greatly aid in speeding
convergence to the optimum. Prior knowledge of the parameter sensitivities, however rudimentary,
guides the choice of which parameters to fix as constants and which to free for optimization. In fact
one does this in stages, freeing more and more parameters sequentially. Ideally, the model becomes
more "tuned" to the data at each stage. \Me will elaborate on this procedure in the next chapter. For
nov¡, we concern ourselves tutorially with manual tuning.

3.1.1 An Example: Balancing the Flux of Mass and Energy
To begin, recall the nature of the global mass balance. Accumulation equals the flux in minus the
flux out i.e. the feed-water flow rate Ç/. minus the vented steam flow rate q". In terms of Eklund's
measured signals and calibration factors, we have:

dM*¡t : Qf w"'tt'3 - Qs"'It'1

: fcn(u,O) + fcn(x,u,O).

t1



L2 Simulation Testing
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(a) Balancing mass flux via q"", (b) Balancing energy flux via q¡"r.

Figure 3.1: þpical results of iterative manual tuning.

Here r, u ar.d á represent generically the state variables, measured inputs and parameter respec-
tively. The last line above emphasizes t}re pure integral nature of the system. System stability
requires a net balance of the mass flux. The same can be said of the global energ'y balance, even
though it is not purely integral in nature, i.e.:

dU
d,t 

: Qf"ruz * h¡*Ç¡."¡us - hrQ""¡ut

: fcn(x,u,0).

Recall in Section 2.3 we chose based on the accuracy of tiquid and vapor flow measurements (i) to
frx qf.,r and (ll) to leave g,", free for parameter optimization. Clearly this choice was essential for
identifiability. Similarly, we left free q ¡"¡ , the calibration factor relating heat transfer to the measured
fuel flow rate.

Engineering know-how guides the manual tuning of q"", and qf,r. We know Eklund's experiments
were conducted under near-equilibrium operating conditions. Logically, one must fi.rst balance the
inlet and outlet mass flows ef w and q". This is done by adjusting Çs"¡. The state variable Vr¿ is fairly
representative of the total mass in the system. Once the net mass flux is balanced, one can balance
the energy flux by adjusting q¡",. The state variable P is a good indicator of the total energy in the
system.

Figure 3.1 shows results of manually calibrating Çs"¡ ãrrd ef"r to the dataset from experiment E.
Starting with g"", :0.26 and q¡",: 5.6, the following adjustments are shown in Figure 3.1(a):

Çs"¡ i 0.26 -+ 0.27 --+ 0.265 --+ 0.267 --+ 0.266 --+ 0.2665

With the mass flux more or less balanced, the following adjustments were made:

7f"r i 5.6 -+ 5.6L qr"r : 0.2665 --+ 0.267 Çf"r i 5.61 + 5.62 --+ 5.615

These are shown in Figure 3.1(b). In this plot, the measured pressure sigaal is shown as a dashed
line. Note that manual tuning (by mortals) is best limited to tweaking one parameter at a time.

Regime Experiment Qs"r Qf.'

full
load

E 0.267 5.612
A,B 0.253 5.575

partial
load

J 0.253 6.205
F 0.253 6.721
G 0.257 6.12L

Table 3.L: The manually tuned calibration factors used as starting point for optimization.

Table 3,1 summarizes the manually tuned values that were used as initial guesses in computer-
aided optimization trials. Note that because of changes in Eklund's experimental conditions, e.g.
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3.2 Parameter Sensitivities and Couplings 13

variations in the chemical potential of the fuel, each of the six datasets requires its own tailor-
tuned set of calibration factors. Finally, readers curious about the batch processing may inspect the
cs-setp0.cf command script listing on pg.83 and its use in Listing C.7.

3.2 Parameter Sensitivities and Couplings
\Mith nonlinear model structures, it is difÊcult to assess the global nature of a manually tuned
parameter. As demonstrated in the preceding example, changes in one parameter affect the tuning
of others. Nevertheless with a little ingenuity it is possible to get a qualitative feel for parameter
sensitivities.

In tuning calibration factors for example, the effects of thermal capacitance were not included.
This was done by setting the metal masses equal to zero. (see lines 80-82, and 117 in Listing 8.12,
lines 21 and 12 in Listings 8.13 and B.14 respectively). This increases the models sensitivity to
Øs"¡ and Ç¡,,, and. greatly affects the perceived results in manually tuning them. Including thermal
capacitances effectively slows down the dynamics of the energ'y balance. Graphically one can imagine
the numerical explosions (due to imbalance in mass flux) shown in Figure 3.1(a) on the facing page
elapsing at a slower pace. That the thermal energy effects affect the rnøss balance is evidence of the
implicit couplings between the global mass and energy balances; cf. page 33 in Section 4.2.

3.2.L Couplings ïr¡ith Fluid Friction in the Down-Comers

The most uncertain parameter in the model is å¡, the coefficient of the fluid friction. This param-
eter enters the modeling equations via q¿", the mass flow rate entering the down-comers. In both
formulationsof q¿, proposedbyÅströmandBell [3,L2], å¡ entersfunctionallyinthedenominator
under a square root:

1
q¿¿ x -ft.. (3.1)

v*l
The precise relations are derived via momentum balances in Section 4.3.4 and programmed in
lines 154-170 in ListingB.L2.

To establish qualitatively the model's sensitivity with respect to k¡ via simulation testing, we
perturbed k¡ and looked for effects in the simulated response. Figure 3.2 shows the most notable
signal couplings. These can be summarized as follows:

I hf ===+ 1 q¿", I xr, I ur.

For a quasi-steady rate of heat transfer to the risers, increasing the mass flow rate through the
risers (q¿") d""t"uses the vapor generation (.r, and a,). Thus, the model agrees qualitatively with
our physics-based engineering intuition.

The last coupling, between k¡ and ø,, is signifi.cant in the third-order model structure proposed in
[3, 4]. Recall in Equation2.2 thatto capture the shrink-and-swell effect, Aström and Bell incorporated
the volume of vapor below the surface, Vr¿. In order to decouple Vr¿ from k¡, we inserted the
multiplicative grey-box parameter ór to ÁstrOm and Bell's instantaneous heuristic (see Equation 2.3
and Section 4.3.1). fn essence, we tested:

V'¿(t): bp,(t)V,.

This adds an extra degree of freedom to the measurement model, allowing magnification of the
dynamics contained in d,, independent of the value of å¡.

3.2.2 Over-Parameterization of the Drrm Level Measurement Model

When choosing what parameters to optimize, over-parameterization is an important issue. This is
very common in model structures based on first principles. For example, thermal energy storage
in metal depends on m Co i. e. a product of two constants. These parameters cannot be estimated
independently. More subtle over-parameterizations are easily overlooked.

In this study we set out to estimate the friction factor, k¡. It was deemed impossible since å¡
seemed mainly to affect the static offset in the drum level. To account for this static error, we
introduced the parameter Ls in Equation 2.2 on pg.5. Further scrutiny of the original level model
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Figure 3.2: A simulation test that assesses the model's sensitivity to the coeffrcient of fluid friction.
Note that å¡ modulates not only the mean value, but also the peak-to-peak variation of the other
signals.

revealed a subtle over-parameterization. Eliminating Le from the equation led to the following
u ariational measurement model:

(v*o(Ð- v,r(o)) + (v"a(r) - %r(o))
õt(t): (3.2)

A¿

In essence, we replaced the nominal drum level .Le with a function of Vr¿(O) and V'¿(0) which are
themselves functions of the initial state conditions. This indirect parametertzatíon of Zs agrees
logically with the physical assumption of near-equilibrium operation during the experiments. Unfor-
tunately, the over-parameterization was only part of the problem and its elimination does not affect
the identifiability of å¡. What the variational level model helped clarify is the dependency of the
Ievel model on the initial state conditions.

3.2.3 Couplings due to Non-Equilibrium State Initialization
Much to our chagrin, after switching Í?om Equation 2.2 to Ðquation 3.2, drum level simulations still
showed a static offset. More simulation testing revealed the source of the error: non-equilibrium
initialization of the third state r.(ú). Thus there is a coupling between k¡ and the initial state
condition r!.

From Figure 3.2, we know the effect changing k¡ lnas on Í¡. Figure 3.3 shows the effect of
perturbing r!. Summarizing this later figure, we have:

ltl + IV*,(O), IV*a(t), 1%¿(o), Iõt(t).
The initialization of ø" affects the state initialization of Vr¿ through the non-linear relationship for
a,. This is best explained by looking at the Ouole code - look for aro in lines 124 and 142 in

i!": :'
,,ì li l,j i,,.ì,

-t_ñ_rr-/-U¡rJr .1, .

Dept. of Automatic Control
J.Sørlie, J.Eborn

LUTFDz/TFRT- -7563..S8
1998.08.1.4

Lund Institute of TechnoÌogy
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Figure 3.3: Effect of non-equilibrium initialization on the drum level model: For any fixed value of
å¡, a non-eeuilibrium initialization of state r,(ú) causes static error in ôl(t).

Listing 8.12. The first-order transients seen in V*¿(t) and V"¿(t) are the dynamic response due to
the non-equilibrium initialization of Vr¡. As before this is best understood by examining the Ouole
code - the discrete initialization sequence programmed in lines L20-t43 of the above mentioned
listing. We note that repeating lines 130-137 in this sequence as a fourth event (timed after the
Start êv€Dt) has no effect on the simulation results shown in Figure 3.3.

The implication of the coupling is this: In order to maintain a near-equilibrium initialization, a

change in Þ¡ requires a corresponding change in r! i.e.:

t hr requires 1 r9.

The exact correspondence is analyticallycharacterized by the equilibrium condition provided by the
third state equation (see Equation 2.1 or Section 4.3.2):

-h"(o) xl q¿,(O) + Q(0) : 0. (3'3)

Including the parameter r! in a model is thus ân over-parameterization. Any attempts at optimizing
åf require the simultaneous adjustment of r!. Simultaneous unconstrained optimization of the
coupled parameters is an ill-posed problem, hence å¡ becomes unidentifiable. Finally, we note that
because the coupling is transmitted through both V"¿ and Vr¿ (see Equation 3.2), the problem does

not go away by switching to the fourth-order model structure.

3.2.4 Iterative State Initialization and the Drum Level Measurement Model
(Reaisited)

The coupling between xo, and k¡
.r.. Theoretically, Equation 3.3

motivated us to investigate parameterized initializations for the state
could be used to parameterize r! fcn(Po, Q@),hr ). The nonlinear
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BEGIN

Sinulator sO;
s . reset ;
Model m(s);
m. qscf t=
n. qfcf : =
n. Si.gna4 : =
m.Signa5 :=
n.Boiler.md
u.Boiler.nr
n. Boiler. Ad : =
n. Boi.ler. kf
s.stut:

0.267366;
5.65107;
0.177821 ;

13.099;
0;
345208 ;

26.1435 ;
0.01:

n. Boiler
m . Boiler
m.Boiler
n . Boiler
m . Boiler
E . Boiler
n . Boiler
n. Boiler

ks
LO

xi0
b1
b2
dvrb0
PO

xr0

8.t27A6;
0.57;
0;
1;
0;
0;
10.6089;
0. 110195

s. reset ;

n. Boi.ler . xrO
s.stæt;

:= 0.10 ;

s . reset ;

m. Boi.ler, xro
s. stut;

END;

:= 0.15 ;

Listing 3.1: NonEquilibriumlnit.ocl-Simulation script for Figure 3.3 using dataset E and the third-
order model structure (Ms); 

"f. 
Listing 8.24 on pC.77.

dependency of qdc on Ír however prohibits a closed-form solution for r!. An approximateiteratiue
solution is derived in Section 4.3.7 and encoded in Listing 8.22; see pagesSl and 76 respectively.

As discussed in Section 2.5, an iterative sequence of discrete events cannot be translated to C-
code by the Mapln code generation tools [6]. Consequently we can not use the iterative solution in
conjunction with IDKIT. Instead, we must account for any non-equilibrium state initialization. To
do this we reintroduced the Ze parameter into the drum level model. Our final revised variational
measurement model is:

c,,.\ (v,o(ù- v,r(o)) + (v,a(r)- v"r(o))
6l(t): +Lo. (3.4)

Both Equations 2.2 and 3.4 appear in the Ott¡ole model definition as multiple realizations; see
lines 151-152 in ListingP.l2.

3.3 Structure Determination
To complete this chapter, we present an example showing how questions of model structure can be
answered simply and definitively through simulation testing. The example also demonstrates the
utility of good simulation tools.

3.3.1 An Example: Validity of Enthalpy Approximations in Enerry Bal-
ances

The basic assumption is that internal energ'y ø is well approximated by enthalpy å in the derivations
of the compartmental energ'y balances. Since å. : u + P I p by definition, this is equivalent to assuming
u >> P I p. For a given operating reg:ime, it is easy to inspect this relationship through simulation.
It is however desirable to verifr such a question by actually having both realizations of the model
structure available for testing. This is especially true for complex nonlinear systems. Recall \Me have
defined the model in implicit form and this leads to extremly complex nonlinear equations when
put in explicit form. Furthermore, we would ideally like to have some quøntitøtiue feel for how the
approximation (or rather, that which we are neglecting) enters into the equations.

By running the derivations in Appendix A with both the exact and approximate substitutions,
i. e.:

T)
,tU:n--

p and u*h,

we established that the approximation affects only the coefâcients €zzt €s2 and e42. In each of these
expressions, one or more "-1" components appear in the exact derivation. With a little thought,
this makes sense: €22, ê82 and e42 are the coefÊcients of the time derivative of pressure P in each
of the state equations. Note that energy and enthalpy do not cnter into the derivation of the first
state equation, hence e12 is not affected by the approximation. To summarize matters, we collect the
Otr,tOla programming of e22, es2 and e42:
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3.3 Structure Deterrnination l7

VectorVar ISA Std: :VectorVar IIITH
Eps TypE STATIC Real : = 2- (_52) ; ,/,,/, ÍEEE f loating point
abs TYPE Colunnln] := abs(value);
logabs TYPE Colurnn[n] := ln(abs(value+EPs*ones(n,1)))/In(10) ;

sum TYPE Real;
sun = ones(1,n)*v¿h.'

END;

e22 ISA DrumBoiler: :VectorVar WITH

n = 7;
value = [Vst*[hs*drsdp; rs*dhsdp; -l*Ihu];

Vwt* lhr^r*drwdp; rw*dhr,¡dp; -1*Ihul ; (md+rnr+ndc)*Cp*dTsdp] ;

END;

e32 ISA DrunBoiler
- - o.

value = lVr* [

VectorVar IJITH

ar* lrs*dhsdp; (1-xr)*,hc*drsdp; -l+Ihu] ;

(1-ar)*lrw*dhlrdp; -xr*hc*drwdp; -l*IhuJ ;

(rs + (rw-rs)*xr)*hc*dardp l; mrr,Cp*dTsdpJ;
END

e42 ISA DrunBoiler: :VectorVar HITH
n = 6;
value = [ Vsd* [ 1/rs*drsdp; 1/hc*dhsdpJ ;

! / r s / bc* [Vwd*rw*dhr,rdp ; nsd*Cp*dtsdpJ ;

-Ihu/rslhc,r. I Vwd+Vsd; Vr*P*dardp] I ; 7. [ro3/MPa]
END;

See respectively Listings 8.1 and 8.12-8.14. The constant rhu serves as a binary valued switch:
when equal to one, the exact derivations are active; \Mhen zero, the approximation is active. Note the
value semantics of the vector variables: the suro attribute is actually what enters the state equations
(e. g. eZZ. suro*dot (P) ).

To quantitatively assess the contribution of these "-1" terms, we devised a simple test. Notice
how both the terms in question and the thermal capacitance effects and the enter linearly into the
left-hand side of the state equations (look for Mxdot in the mentioned listings). By first neglecting
thermal effects (letting m : O) and then including it in a token sense (letting m : L), we can
compare quantitatively the magnitudes of the various components. A simulation script for this is
shown in Listing 3.2.

Figure 3.4 shows the results of this simulation experiment using logarithmic scales. In each of
the three plots, the token thermal capacitive effects are several orders of magnitude greater than the
Ihu-switched components. These are in turn many orders of magnitude greater than IEEE floating
point epsilon, EpS = 2.22e4e-ro. Nevertheless, since the unit of the metal mass is kilograms, realistic
values (m nz 10õ) are many orders of magnitude greater than the token value m : L. In other words,
the model is many orders of magnitude more sensitive to the thermal capacitive effects than the
effects of the approximative enthalpy derivation. Based on this
safely proceed using the simplifications prescribed by Bell and

quantitatiYe
.Åstrtim.

physical insight, 'vr¡e can
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18 Simulation Testing

^v----È/-\

/ ezzlTl, if m¿: I

/ ezzlTl, if rn¿ : g

/ ezzlïl

\ e22[3]

8

-8

-12

-16

log(abs(e22[1 : 7])) log(abs(e32[1 : 8])) log(abs(ea2[1 : 6]))

/_ ea2l4l, if ffL¿ et tn, : I

/ e+zlíl

\ ea2[6]

/ eqz[4], if m¿ or ffir :0

8

-8

-t2

-16

8

4

0

4

0

-4

4

0

-4 -4

-8

-12

-t6
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000

Figure 3.4: Simulation tests show the model is far more sensitive to the effects of thermal storage
(i. e. metal masses) than to effects of approximating internal energy with enthalpy in the energy
balance derivations.

Listing 3.2: lhuMass.ocl-simulation testing script investigating model sensitivity to the approxi-
mative enthalpy derivation.

Dept. of Automatic Control LUTFDz/TT'RT- -7563-.SE
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./ eszlSl, if m, : !

/ esz[8], if rn, - 0

/ eszl6]

\ e32[31

0;
0;
1;

1

2

3

4

5

6

7

8

l0
tl
12

14

l5
16

L',t

18

20

2l

21

28

29

BEGIN %% onsim libs.on fhu.t'fass.oc1
Sinul.ator sO; DrmBoiler::oresud4 n;
s.ModeL(n); s.StætTine := 10.0;
s.Display(25O, 1000); s.StopTinê := 3590.0; s.Outputstep := Q.7; L (=3.58%)
ReadFile Indata(n); Indata.Dj.splay(750, 1000); Indata.Næe := "..,/data/ExpF.datrr;
Indata.Read(SteeFlow1, "SteæFlowl", SteæFlow2, "SteÐFLov2r', FeedwaterFloH,

'rFeedwaterFlov'r, FeedlJaterTenp, "FeedwaterTenp", FuelFlow, 'rFuelFlowrr, DroPressue,
rrDruPressurerr , Drwlevel, "Drwlevel") ;

Plotter Pe22(n); Plotter Pe32(n); Plotter Pe42(n);
Pe22.Titl-e:="togabs(e22)ii; Pe32.Title:="logabs(e32)"; Pe42.Title:="logabs(e42)";
Pe22.Di.splay(250, 700); Pe32.Display(500, 700); Pe42.Display(750, 700);
Pe22 . Resize (250, 500) ; Pe32 . Resize (250, 500) ; Pe42 . Resize (250, 500) ;
Pe22.HcopyFile := "e22.ps"i Pe32.HcopyFile := "e32.ps"; Pe42.HcopyFile := ne42.ps";

Pe22,Xræge(0, 3600); Pe32.Xræge(0, 3600); Pe42.Xræge(0, 3600);
Pe22,Yruge(-16.5, 10); Pe32.Yræge(-16.5, 10); Pe42.Yræge(-16.5, 10);
Pe22 . Y (Boiler . e22 . logabs) ; Pe32 . Y (Boiler . e32 . logabs) ; Pe42 . Y (Boiler. e42 . logabs) ;

n , qscf
n. qfcf
n. Signa4
n . Signa5

0.25243A;
6.08819;
0.405676 ;

72.6257 i
0.005;
22.60TI I

8.6365:

ks :=
L0 :=
xi.O : =
xrO t=
Vsdo :=
dvFto :=

4.02778 i

-Q.OQ57723 ;
0;
0.0460863;
8;
0;
0.7 ;

n.Boiler.kf:=
n.Boi.ler.Ad:=
m.Boiler.P0:=

n. Boiler
m. Boiler
n . Boiler
n . BoiLer
n. Boiler
n. Boiler
m . Boiler

n.Boi.ler.nd:= 0;
n.Boiler.nd := 1 ;

n.Boiler.nd := 0 ;

END;

u.Boiler.nr
n.BoiLer.nr
n.Boiler.nr

s.reset;
s . reset;
s. reset;

s,stut;
s. stæt;
s.stut:

J. Sø¡lie J. Eborn
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Chapter 4

Parameter Opti rnization

The provisional goal of this project was to see what improvements might be gained through pa-
rameter optimization. Our ambitions evolved into an investigation of structural fidelity due to the
availability of multiple datasets. As discussed in Chapter 1, parameter reproducibility provides a
quite stringent analysis tool.

The outline for this chapter is as follow: Section 4.1 discusses the design of the optimization
trials and, in doing so, surveys the entire investigation. The remaining sections traverse through
the results of the sequence of optimization trials.

4.1 Design of the Optimization Iþials
A complete derivation of the modeling equations and their programming in Otttol,¡ is given in Ap-
pendices A and B. Summarizing the model definition, we have third, fourth and fiÍth-order model
structures 9v{", fv{n and, Ívís with the parameterization shown in Table 2.2.

Figure 2.3 presents the OnnoI¿ model of the system and the simulation interface definition. The
latter includes the connection to the five measured inputs: two steam flows, feed-water flow, feed-
water temperature and fuel flow. An interface with real data necessitates conversion factors, these
are also indicated in Figure 2.3. Most uncertain is the calibration of the heat input Q. Because
the chemical energy content of the fuel is known to vary, this gain was modeled probabilistically
with a nominal valoe q¡",. More certain are the calibration factors of the steam mass flowrates qr",

and feed-water mass flowrate q¡w",. For identifiability, one of these must be fixed. We took the
later to be a known constant, assuming liquid flow measurements are more precise than vapor flow
measurements.

Deterministic identification requires some form of an output error model. The simplest possible
is additive discrete-time white noise. With this choice, the parameters o4 and os shown in Figure 2.3
represent the standard deviations of the drum pressure and level simulation errors. The magnitudes
of o¿ and 05 serve as gauges of the quality of the deterministic model.

4.2 Calibration Factors and Steam Valve Nonlinearity
Preliminary identification trials revealed three parameters to be essential in calibrating the model to
the data. By this we mean reducing the simulation error sufficiently so that meaningful conclusions
could be drawn from subsequent investigations. The three key parameters are es"¡, ef"¡ and år.
Figure 4.1 shows the optimization results for their calibration for each of the six datasets, three
model structures and three fixed values of å¡ (0.001, 0.005 and 0.01). The trials start with hs : 0
and manually tuned values for qr,, and q¡"r.

The standard deviation of the drum pressure simulation error clearly indicates improvements in
the tuning. Note the effect of the fixed non-zero å, value in the fourth trial-the unified decrease in
o4 clearly demonstrates the importance of steam valve non-linearities. Note also the mixed results
in the fifth trial, where å" was free for optimization, and the again unified decrease of oa in the sixth
trial-in the latter, thermal capacitance of the metal mass n¿r was included.

Based on the functional dependence of ftv{s on k¡, we did not expect to see any affect of its
variation. Interestingly Figure 4.1 shows the three batches ofdata lying on top ofeach other, for all
three model structures. This indicates for the entire family of models, the calibration to the data is
independent of the value of å¡.
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Figure 4.1: Optimization results for the calibration coefficients es"¡, Çf"¡ and ås for each of the six
datasets and three model structures.
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4.3 îhernal Capacitance and Disposition of the Metal lllass 2L

4.3 Thermal Capacitance and Disposition of the Metal Mass

In the derivations of all energy balances, we included terms for thermal capacitance based on the
metal mass of the drum, down-comers and risers: ïtrd., trldc and. mr. For identifiability, one of these
must be fixed. Based on physical considerations, we took m¿, to be zero. Figure 4.2 shows the
optimization results for m¿ and. mr. Tbials 6-10 on ÍV[s and, L7-21 on Ív[+ were designed as follows:

(i) *, free for unbounded search from ræ, : 9,

(ä) m¿ free for unbounded search fuom m¿ :0,
(lil) both free for unbounded search fuom m, : md:0,
(iu) both free for constrained search (*",*a > 0) from ïtr: trl¿t - Leí,
(u) both free for unbounded search from preceding results.

The last variant was intended to check the global nature of the optimization result.
In Figure 4.2,the standard deviation os for trials 6 vs. 7 and l-7 vs. 18 suggest the effects of rn, are

more appropriate than those of m¿. Fortwately this agrees with engineering intuition. Tbials 8, L0,
L9 and 2L are interesting since they involve two-degrees of freedom. ln futs this led to negative values
for m¿ in all cases except datasets B and G (feed water flow perturbation). For these experiments,
local minima are apparent since tb'e m, change sign from trial 8 to 10.

The results for 9V{¿ appear to be more plagued of local minima. Beyond a preference for m¿ instead
of m, in datasets E and J (steam flow perturbation), little can be inferred from these results. This
is especially unfortunate since it is in this model structure that the functional dependencies upon å¡
become more pronounced (Vr¿ is dependent on q"¿ which is a function of h¡). In 9V{¿ we would hope
for some identifiability wr.t. k¡, bat nothing can be inferred from Figure 4.2.

The occurrence of negative values in Figure 4.2, although physically unrealistic, is interesting. A
negative mass equates to a negative energy flux in the energy balances, i. e. an energy /oss. In effect,
optimization is telling us that the data would "prefer" inclusion of other phenomena, e. g. thermal
radiation losses. This can be construed as data fitting, but the data is an important andviable source
of information. Finally, these results agree with our preliminary investigations of stochastic input
disturbance models (the Â's in Figure 2.3).

4.4 1v[e Shrink-and-Swell Heuristics vs. a Fourth State Vari-
able

In Ms, the volume of steam vapor in the drum below the liquid surface Vr¿ is heuristically modeled
as Vs¿:btd,V, l-bzqrt|pr. lngv{a, thissignalisthefourthstatevariable. Whenusinggrey-box
heuristics, one should investigate the model's reproducíbíIìty l9l. Are we simply "data fitting" or
have we truly captured the physics of the system? Tlials 7L-I4 shown in Figure 4.3 were designed
to test the reproducibility of the heuristics w.r.t. the six datasets. The trials were specified as follows:

(i) ,na, rz, or both free, plus A¿ fuee and b1 : bz : O,

(ä) m¿, n¿" or both free, plus A¿ free and ór : L, b2 : 0,

(äi) rn¿, rn, or bot};' free, plus A¿ ànd b1 free, bz : 0,

(iu) m¿, rn, or bot}n free, plus Aa, bt and ó2 free.

Comparing trials 11 and 12 (år : 0 -+ 1) in Figure 4.3, the standard deviation ø6 shows improve-
ments only for datasets E and J (steam flow perturbations). In all other cases, incorporating the
ó1-heuristic actually degrades the model's performance. In trial 13, fitting ó1 decreases os uniformly
w.r.t. the six datasets. The price for the improvement is the spread in the value of ór. Additionally,
negative values contradict the physics behind the heuristic. This is a good example of grey-box data
fitting-the heuristic is of little use if we seek deterministic reproducibility.

Trial 14 tests the heuristic involving q"¡, a flow rate designated the "total condensation flow rate"
in [3]. Simulation testingl showed that this signals dynamics transmit the excitation of both q" and

Q. It is perturbations of these inputs that gives rise to the shrink-and-swell phenomenon. Clearly,
the spread in the optimization results indicates, again, data fitting.

The only conclusion rüe can really draw from these trials is the relative insensitivity of the
metal mass results (see Figure 4.2) to these parameter variations. The difference between the time
constants of thermal effects and the drum level dynamics would explain this. Finally we address
the justification for adding the fourth state variable-it is with regard to reproducibility that we
truly gain something. Virtually all standard deviations 05 results for 9V{¿ (trials 16-30 shown in
Figure 4.2) lie near the best achieved results for fo{s (shown in Figure 4.3).

lActually, simulation testing showed a time delayed version ofq"¿ to be ripe for the basis ofa heuristic model.
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Figure 4.3: Optimizatio\ results for the surface area of liquid in the drum A¿ and heuristic param-
eters ó1 and. bz in fu[s for each of the six datasets and three fixed values of å¡.

Dataset: E A B J F G

qscf

Qf"r

h,
m¡o¡ ltonsl
Aa

0.267

5.652

8.109

337

28.31

0.255

5.622

7.7t4
442

25.02

0.257

5.659

9.493

409

29.07

0.257

6.24L

4.583

408

26.80

0.252

6.086

4.028

346

25.02

0.255

6.073

5.118

614

24.87

C

D
0.3570

0.5691

0.3879

0.5545

0.3750

0.5559

0.3559

0.3293

0.3647

0.3188

0.3778

0.3248

Table 4.L: Mean values of some of the parameters for the six datasets. (Estimation "outliers" have
been removed.) C aîd D are ûtted parameters for the lines in Figure 4.5, x! : Dh|.
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4.õ Variable Time Delay of the Bubble Flow Rate

Both model structures !V{+ and fu{s involve a heuristic model of the variable time delay constant îr¿.
In Section 2.1, four different hypotheses were established for this signal. In their programming, we
re-used the grey-box parameter ór as a multiplicative constant. The fifth state in 9l'fs comes from
the Padé(0,1) approximation of the pure time delay.

A goal of the study was to assess which of the four heuristics works best. In trials 22,25,27 ,29
(Át{a) and 33, 36, 39, 42 Qvt6), ttre grey-box parameter ðr rtras held fixed (h : 0.1 or 1.0 depending on

the hypothesis). In each of the subsequent trials, ór was free for optimization. Additionally, in trials
35, 38, 4t, 44 (futs), tne initial condition Vr0o was free for search. From the results for os shown in
Figure 4.2, it would appear that somethingis to be gained especially for datasets A and F (fuel flow
perturbation). Unfortunately, the spread in values of ó1 indicates we are once again data fitting.
Furthermore, the effect of tuning is to reduce the nominal value of ø"¿. This aggravates the problem

of numerical stiffiress associated with the use of Padé approximations.
Note that optimization results which red,uce Ísd ate essentially removing the time delay's effect.

The detuning that we observed could be explained by the numerical stiffness. We used a fixed
integration time step of 1 second-the data sample period is 10 seconds. Also, the number of degrees

of freedom may also have been too great-between 8 and 10 parameters were being fit simultaneously'
More investigation would be required to sort out this issue.

4.6 Friction Factor and Non-Equilibrium Initialization
Unfortunately, based on the optimization results shown in Figures 4.L, 4.2 &' 4.3, little can be

conclusively said about the uncertain friction factor k¡. The best guideline for its value remains the
approximate knowledge of the flow rate q¿". In Section 3.2 we established the coupling between å¡
and the initial state condition r!. Optimization results shown in Figure 4.5 verify the nature of this
coupling.

4.7 Summary
The parameter optimization trials resulted in a vast amount of data, all of the optimization results
are listed in Appendix C. It is not a trivial task to draw conclusions from this data. Preliminary
results of this case-study were reported in [16]. The main difference to the results here is that the
model in that article did not include the steam compressibility, kr, in Equation 2.6 and that the
results only covered the partial load data, datasets J, F and G. The inclusion of the compressibility
factor, å", made the pressure dynamics in the model much better and the AIC values for comparable
experiments in Appendix C arc 207o lower than in [161.

However, the main conclusions remain; model structure ivúhas better reproducibility compared

to fu{a. For some hypotheses Ãv{s can also give low AIC values, but this is seen as data-fitting since

the spread ofthe grey-box parameters ör and.bz is large over the different data-sets.
Aãditionally, in this study we also compared the model structure g\ft to 9V{+. The added complexity

in \v[s can be rejected although the AIC values for some cases are slightly lower than for tine Áít
structure. The difference in AIC is not consistent over the different datasets, and the spread in ó1

again indicates data-fitting. For the same reasons it is difficult to conclusively choose one of the
ø"¿-hypotheses in fu{a, although the results in [16] as well as those for some of the datasets in this
studyìndicate that hypothesis 2 in Equation2.4 is to be preferred.

Mean values of some model parameters over all model structures are given in Table 4.L on pC. 23.

As in [16], we find that the metal mass is higher than the nominal value of 300 tons, but the
values here are closer to the nominal due to the inclusion of steam compressibility. The extreme
value, mtot:6L4 tons, for data-set G is probably due to low excitation of the pressure dynamics. The

compressibility factor, år, is larger at higher pressures, as can be expected.
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Equilibrium Initialization
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Figure 4.6: Optimization results from trial 2 with the initial state condition s9 free, for each of the
six datasets and six ffxed values of k¡. Log-log plot axeË reveal ths nature of the coupling.
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Chapter 5

Conclusion

Summary of Conclusions
Our experiences can be summarized as follows:

. Investigations of the third-order model structure fu{s show that, in addition to the calibration
factors e¡", and Çr.¡, the compressibilitycoefficient å" and metal mass mr (or alternately m¿)
are essential for calibrating the model to the data. Furthermore, the pressure dependency of
å" indicates that it should itself be parameterized as a function of the operating point fú. The
uncertainty in å¡ proves to be not so consequential. The fidelity of the entire family of models
appears to be quite insensitive to this parameter.

. Comparisons of the three main model structures, îv[t,îv[n and fu[s, show that the extra steam
volume state in fu[+ adds reproducibility. On the other hand, the delay state in Ív[s does not
give any conclusively better results. Thus, it can be concluded that 1V[t is the most powerful
unfalsified model.

r Simulation testing and deterministic identification suggest the shrink-and-swell effect will re-
quire more complex modeling than the simple time delay model. The simple model is best
suited to datasets A and F (fuel flow perturbations). Reproducibility suffers in the other cases.
Better heuristics f'or the time-varying time delay r"¿ based possibly on the signal q"¿ would be
worth investigating.

¡ In view of the problems in estimating time delays, more investigations should be made into
developing identification methods suited for systems with time delays.

. Finally, our experience indicates that an identification investigation of stochastic models would
be useful. By considering state disturbances, more information (about where to improve the
model) may be extracted from the data.
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AppendixA

Maple Derivations

4.1 Preliminaries
Begin by initializing the Maple computational engine to guarantee a fresh start, and loading
a few Maple libraries. The first provides support for linear algebra, while the second contains
several procedures useful in manipulating the derived expressions. For documentation, type
?1inalg or ?studenr in Maple.

> restarL:
> with(linaLg):
> wi t.h ( student. ) :

Also define some utility procedures; t¡/pe ?operat.ors If unctional ] for documentation. These
will be used throughout.

> REVERSE := eqn -> rhs(eqn) = ths(eqn):
> STRIP := eqn -> sort(subs(
> map( f->f=op(0,f), indets(eqn,anyfunc(sr.ring) ) ), eqn ) ) :

To show their usage, we make a quick demonstration. The first simply reverses the order of
a relation statement. The second is more for cosmetic purposes; it strips expressions of their
time-dependency making them easier to look at when type-set.

> x(t) = y(r) + z(El ;

x(t):y(t)+z(t)

> REVERSE(");

y(¿)+z(t):v1¿¡

> STRIP ( -') .

û-A+z

4.1.1 Approximation of Thermodynamic Property Data
To set the scene for the derivations, we recount the approximate relations given in [3i for the
thermodynamic properties of saturated water:

> hisl (t) = a01+(a11+a21*(P(c)-10))*(P(t)-10),
> rho [s] (E) = a02+ (aL2+a22* (P (t) -10) ) * (P (È) -10) ,

> h [w] (r.) = a03+ (a13+a23* (p (r) -10) ) * (p (r) -10) ,

> rho [w] (t) = a0¿+ (a!4+a24* (P (c) -10) ) * (P (t) -10) ,

> TIsat] (E) = a05+(a1s+a2st(P(t)-10))*(P(t)-10) :

> eqtcdpl '= ["]'
The last command stores the derived result in a Maple data object known as a table. The
table name, eq, and mnemonic indices provide a convenient system for saving results for
later recall. Returning to the property data, Figure 4.1 attempts to motivate the use of
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P

Po = 10MPa

\ u.rh*rp.
usrhs, Pa V T =ø05

u

Figure 4.1: Qualitative P--a diagram of the thermodynamic properties for saturated water.
Shown in bold is the parabolic nature of the curve-fits used.

second-order polynomials by illustrating the region of validity of the above approximations.
In the derivations, time-derivatives of the properties will be required.

> map (simplifyodiff, 't , t) :

> map(co1lecr.,',, [diff (p(t), t), a2:-, a22, a23, a24,a25)) ;

l*o"rr): ((2p(¿) - 20)apt r arl) (#"trl¡ ,

ft o"@= ( (2P(¿) - 20) a22 * a12)

*o-*¿) = ( ( 2P(t) - 2o) a2J + al.)

fto-@: ((2P( t) -20) a2l + all)

fir"^r1r) : ((2P(¿) - 2o) oz5 + a15 )

(*'t,r; ,

(#'t")'
(#"r'r¡ ,

(#",',)]
Using the chain-rule for differentiation, these derivatives can be expressed in terms of the
following differentials :

> Diff ( h tsi , P) = all+2*a21* (p (E) -10) ,

> Diff (rhotsl,P) = a!2+2*a22* (P(c)-10),
> Diff( htwl,P) = a13+2*a23*(P(E)-10),
> Diff(rho[wl ,P) = a!4+2*a24*(P(t)-10),
> Diff (T [sat] , P) = a15+2*¿25* (P (t) -10) ;

#n" : o11 *2 azl (p(t) - 10), # r" = atr *2 aZZ (p(t) - t0),

fin-: a13 *2ø23 (P(¿) - to),#pu = olf *2a21(P(¿) - 10),

$r,", = a15 * 2 ø25 (P(t) - 10 )

> eqldtdpl := ["]:
T?eating the feed water as an incompressible fluíd, p¡-(t) = p.(t). Then by definition, the
enthalpy of the feed water, h¡.(t) = u¡.(t) + P(t)u(t) can be expressed:

> h lfwj (t) = c [fw] *1 tfwl 1s¡ + p (r) /rho [wJ (r) ;

h¡-(t) : c¡.T¡.(t) + P(ú)
P-(t)

> eq[Ihs(")] := rr:
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LZ Second Order Structure
In this section, we shall derive the modeling equations with pressure, P(t), and total volume
of the liquid water phase, V.t(t), as the physical state variables. The key assumptions are:

AL: the water inside the system is everywhere in a saturated thermodynamic state;

A2: instantaneous uniform thermal equilibrium beh¡¡een metal and water;

A3: homogeneous mixing of liquid in the drum.

With the fi.rst assumption, all thermodynamic properties can be characterized by one inde-
pendent variable. This makes it possible to use the approximations given in previous section.
With the second assumption, capacitive thermal effects of the metal can be included. The
third assumption is necessary since the feed water enters the system in a sub-cooled liquid
state.

The section continues with the derivation of a single-state model, i. e. a model reduction
of the two-state structure. By making the additional assumption:

A4: the drum level controller actions appear to be instantaneous when compared with the
dynamics of the system,

the dynamics of the second state,V.¡(t), can be neglected. Models with such approximations
can be motivated for the purpose of control design.

4.2.1 Global Mass and Energy Balances

Consider conservation of mass applied to the global control volume shown in Figure 2.1 (c.v.I,
page 3). At any time, the total mass of water in the system is equal to the mass of the trvo
phases combined.

> M(E) = Mlwtl(t) + M[st] (t);

M(ú): M.t(t)+M"t(t)

Assuming saturation conditions throughout the system, the mass of each phase is given by
the density and total volume of the respective phase.

> Mlwtl (t) = rho[w] (t)*V[$rÈ] (c),
> Mlstl (t) = rholsl (t)*vlst] (E);

M-r(t) : p-(t)Vu(t), M"¿(t) : p"(t)Vú(t)

The time rate of change of mass in the system is equal to the feed water mass flow rate in,
minus the steam mass flow rate out of the system,

> Diff (M(r),r) = q[fwl(r) - s[s](r);

â

Ar*trl:qÍu(t)-q"(¿)
Substituting expressions, we arrive at the global mass balance:

) subg( trril' rt', t');

fi b-U)v-,(t) + p"(t)v"t(t)) = qr-(t) - q"(¿)

> eqlgmbl := rr:

Note that the definition is made in terms of the "inert" form of the differential operator; see
?Dif f for documentation.
Now consider the energy stored in the system. At any time, the total energy is equal to the
internal energ'y of the two phases, plus the thermal enerry stored in the metal.

> U(t) = UlwEl (t) + Ulstl (t) + U[r] (E);

u(¿ ) : u-t(t) * u*(t) + ur(t)

Again, assuming saturation conditions throughout, as well as an instantaneous thermal equi-
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.d2 Second Order Structure 31

librium between the metal and saturated water, 
"ye 

have
> UlwE.l (t) = rho['r] (E) *ulwl (E)"Vlwt] (E),
> UlsÈl (t.) = rholsl (c) *ulsl (r) *v[sr] (È) ,

> u[T] (c) = r,l [T] *c [p] *T [sar] (t) ;

U*t(t) = p-(t)u.(t)V.¿(t),U"t(t) = p"(t),r"(¿) V*(t),Ur(t) = MrcpT""t(t)

The time rate of change of energy in the system is equal to the flux in minus the flux out.
> Dif f (u(t),t) = Q(t) + hlfwl (E) *qlfwl (t) - htsl (r)*q[s] {r) + DelÈatgebl (E) ;

â

æU(t) 
: Q( t) +htu(t)q¡*(t) - h"(t)s"(¿) + An"a(ú)

The thermal heat flow, Q(i), comes from the combustion of fuel. The second and third terms
represent the energy flux due to the feed water in and the steam flow out respectively; see
Figure 2.1" on page 3. The last right-hand term, Ae"a(f), represents aII neglected enerry
interactions. Note that it has units of power and we shall take its nominal value to be zero.
Conceptually, Ls*(t) is the under-modeling associated with our assumptions. Practically, it
serves as a place-holder so that its effects, when flltered through subsequent derivations, will
be clear. Substituting definitions into the left-hand side, we have:

) SUbS( rilr, r", ,'li

a
6, b-(t) u-(t) v.r(t) t p"(t ) ," ( ú ) v"¿(t) + My ceT""t(t)) :

Q(ú) + h¡-(t) q¡.(t) - h"(t) q"(t) + Ae"ó(¿)

Before ending the formal definition, we replace specific internal enerry with the equivalent
expression in terms of density, enthalpy and pressure.

> u [w] (L) =h twl (r) -p (r) /rho [w] (r) ,

> u[s] (t)=htsl (t)-P(t),/rhotsl (E) ;

u-(t): h-(t) - 
P('¿ì 

u"( t\ - h'-( t\ P(¿)
p-(t)' @s\Ú ) -'Ús\þ ) - ----i--

This change of variables simplifies the programmingin Ouole as well as subsequent deriva-
tions where the mass and enerry balances are combined (to eliminate flux terms on the right-
hand side). Our final formulation of the global energy balance is:

) subs( tr, trtr ).

* (o-rr, (o-,t, - #) v.t(t) + p"(t) (0,,,, - ffi) vtþ) + Mr cnr""tþ)) :
Q(¿) + h¡-(t)s¡.(t) - h"(t)q"(t) + Ae"ô(¿)

> eq[geb] :=rr:
> eq[u] := rrtrÍ'

A,2.2 Explicit Second-Order State Equations
To derive the explicit state space formulation, begin by eliminating the total volume of steam
Although this is a time-varying quantity, the system's total physical volume, I/7, is not.

> v[st] (r) = vtrl - v[wr] (r) ;

V*(t):Vr-Vø(t)

> eq[vstsl := rr:

) subs( tr, eqtsrnbl );

fi {o-{r)v-r(t) + p"(t) (vr -v-t(t))): qr-(t) - s"e)

Using the student library's value operator, we now evaluate the inert Dif f operator. Dis-
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32 Maple Derivations

tributing the differential operator yields:
> simplify (value (,') ) :

> simplify(subs( vtTl = vlwr.l (r) + vlsÈl (E), ', )) :

> collect ( ", diff (V[wt] (E) , t) ) ;

(p-(t) - p"(t,, (* v-,(t)) . (&p-Ø) v-,(t). (*0,(,)) v",(t) = q¡.(t) - q"(t)

By the first assumption, all thermodynamic property data can be expressed in terms of pres-
sure. Using the chain-rule, we can express the time-derivatives of these quantities in terms
of the state derivative.

) subs ( diff (rho Is] (r) , r) = Diff (rho [s] , p) *Diff (p, E) ,

> diff (rholwl (t),t) = Ðiff(rho[w],P)*Diff(P,E),
> diff (vlwtl (E),t) = Diff (vlwtl ,t), " ):
> colIect.( ", Diff(P,E) );

) n,r',) (* r) + þ-(t) - p"(,,, (#â\
app-)((

a
AP

,tt = (# o-) v., + (

(&') * "" (*

@) v*U) h-(t)+ v.,( ú ) (

V-t(t) + a
aP 

p"( V-t -q¡p(t)-q,(¿))
Inspecting this result, \Me see the left-hand side of the balance equation is a linear combina-
tion of the state derivatives. The coefficients of the time-derivatives are:

> eLl- = STRIP(coeff (Ihs("), Diff (Vtwtl ,t.)));

elL=p--þ"

> e!2 = STRIP(coeff (Ihs(""),Ðíff (P,t) ) ) ;

Ps V"t

Here we have used our "cosmetic" utility to strip the time dependency from the expressions.
Continuing, \Me use these coefñcients to simplify the implicit form of the mass balance:

) subs( REVERSE(r), REVERSE(uu), STRIP(,',"') );

e12 V-t =qfu-qs)

> eq[GMB] := ['t, nrrr, rrrrl'

This implicit formulation is in fact what we shall program in Ouole. To derive the explicit
formulation,'ffe need to first repeat the above steps, operating on the energ:y balanee. As be-
fore, begin by eliminating the total volume of steam and then evaluating the inert differential
operator.

> subs( eqlvsrl , eq[gebl ):
> simplify(value(")):
> simplify(subs( v[T] = vlwtl (t) + v[st] (t), " ) ) :

> collect( ", tdiff (v[vrt](t),8), diff(P(t) ,t)l );

ô
di

a
at P"\

Q(¿) + h¡.(t) rt¡.(t) - h"(t) q"(t) * Ao"a(f )

Again, our first assumption allows complete characterization of the thermodynamic proper-

(h-(t) p-(t) - h"(t) p"(t, (*v.,@) + Gv.,(t) - v*(tll (fr "tr l)

h-@) p-ft) + ,, * (*r,,,( ¿ ))

,)) h"(t)vt(t,. (* â"(r)) p"e)v",1t¡:

Pu
a
at.(

.(
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A-2 Second Order Structure 33

ties in terms of pressure. Applyrng the chain-rule yields:
) subs( diff( htsl(r),r) = Diff( htsl,p)*Diff(p,L),
> diff ( htvrl (E) ,t) = Diff ( htwl ,p) *Diff (p,r) ,
> dif f (rho [s] (t.) , t) = Dif f (rho [s] , P) *Dj.f f (P, r.) ,

> diff (rho [w] (r) , r) = Diff (rho lwl . e¡ *¡i¡¡ 1n,., ,

> diff (T [sat] (E) , c) = Diff (T [sat] , p) *Diff (p, r) ,

> diff(P(t),t,) =Diff(p,E),
> diff (vlwrl (r) ,r) = Diff (V[,¡rr] ,r) , " ) :

> colIect.( ", t Diff(vtwrl,r), Diff(p,r), vtvrrl(r), Vtsrl(r)l ):
As with the mass balance, the left-hand side is a linear combination of the time-derivatives.
The state dependent coemcients are:

> e23- = STRIP( coeff (1hs("), Diff (Vlwrl ,r)) );

e21 = -h" p" * h- p-

> e22 = STRIP ( coeff (Ihs ('" ) , Diff (p, r) ) ) ;

(

($ Ð * "2, (*%,) : -h" e" * h¡u eru * Lg.t * Q

e22 = Mr cp (#'""
(#,")

* ('-
/a," \.a"

ô
OP o-) * ^ (#h-) -') ,*

-t) v"+ h"

Using these definitions, the gtobal energ:y balance reduces to:
) subs( REVERSE(r), REVERSE(u"), STRIP("rÍ) )-

e22

> eq[GEB] := [', ilrr, rrr]'
> eqtcoefzl := rable( [eqtcMB] 12..31 , eqtcEBl t2..31I ) :

Again, it is this implicit formulation of the state equations that we shall program in Orr,lole.
To better understand the nature of the couplings present in the model, we need to examine the
explicit formulation. To do this we first collect the implicit equations using matrix notation:

> &* ( mat,rixl2,2, [e11,e12, e2]- ,e2211 ,

> mar,rix(2,1, lDiff (v[wr],È), Diff (p,r) I ) )

> = malrix(z,r, [rhs(eqtcMB] t1l),rhs(eqtcEBl t1l)l);

h"+ )

el1

e21 :',;l*lrr"; ] = 
i

e22

8Í- - Q"

-h" Q" * h¡- 8f- * Lgú * Q

e12

> eqtsys2l := rr:

Thanks to the linear structure of the left-hand side, we can solve explicitly for the state
derivatives. Inverting the coefficient matrix reveals the, in this case, full coupting present in
the equations:

> inverse (op (r, ths (eg [sys2l ) ) ) ;

ell e22 - e12 e21

e21

el1 e22 - e12 e21

el1
ell e22 - e12 e21 ell e22 - e12 e21

Solving algebraically for the state derivatives, we obtain the explicit formulation:
> op(2,Ihs(eq[sys2] )) =
> map(collect, evalm( ', &* rhs(eq[sys2]) ), le!!,eLz,e2t,e22l)¡

e22 (q¡. - q"\ + elp (h" e" - hf. qf- - Ao"¡ - 8)I t¡
õî vut

0o
ã1. t

e11 e22 - e12 e21

el1 e22 - e12 e21

(q¡- - q")
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34 Maple Derivations

> eq[sys2e] := ":
This clearly shows the mixing of the two balance equations. Also, note the presence of the
under-modeiing place-holder Ar.a (ú) in both state equations.

A practical advantage of first-principle mechanistic models is the physical interpretation
of the parameters and signals involved. This significance can be exploited in guiding attempts
at model reduction. This is what we shall do next.

^.2.3 
A Simplified Single-State Model

The simplification is based on the foilowing postulate. Assume the controller which regu-
lates the drum water level is well tuned. Additionally, assume the control actions are "fast"
compared with the dynamics of the rest of the system. If the variation in the water level in
the drum is small, then variation in V,¿(ú) will also be small. This equates to the following
approximation in the mathematical model:

> dif f (v [v/t] (t) , t) =0;

â

ftv*,(t¡ = g

Given thatV*¿(t) +V"t(t) - V7,the assumption also requires
> diff (vtstl (È),t)=0;

ô,r.,r,-n
[)tvsl\ut-w

Note that this relation does not imply a constant spatial distribution of steam vapor.
Now, we have two balance equations involving the time-derivative of the remaining state

variable, P(t). By combining them, we will hopefully cancel some of the complexity in the
coefficient matrix, e. Inspecting the expressions for eI2 and e22, we see that either h"(ú) or
h-(ú) will lead to cancellations when multiplied by the mass balance and subtracted from the
enerry balance. Note that using h"(t) has the undesirable side effect of canceling one of the
plants controlled inputs, namely the steam mass flow rate, g"(ú). For this reason, we choose
to use å-(t) and combining the balance equations yields:

> simplify(subs( ', "¡', value(eqlgebl - htwl (t)*eqtgmbl) )):
> collect( ", tv[sE] (E), v[wt] (E), qtf\^rl (E), S[s] (E)l );

((*r",',) n", ')* (*r'"(')) p"u)- (#", t)) -n-{t) (fio"ur)) u"'r'r

. ((# ä.(ú)) p-þ) - (*r,,r)) u-,t, ) + Mr, (*r,',(ú)) :

el :Mr",(#*",) * (r-(#h-)-r)v*.(r"(#'") .(aå o")0"-') *,

(-å.(r) + h¡.(t)) q¡-(t) * (h-(t) - l¿"(¿)) q"(t) +Q(¿) + ae,a(r)

Note that choosing h.(t) as the multiplier eliminates the time-derivative of p-(t); investigat-
ing this terms qualitative behavior and contribution to the second-order equations is one way
to assess the validity of the simplification. As before, we need to express everything in terms
of the state variable. This begins with the chain-rule expansion of the time-derivatives:

) subs (diff ( htsl (E) , ¡¡ = oiff ( htsl , p¡ *piff (P, È) ,

> diff ( h[w] 1¡¡,¡¡ = oiff ( htwl ,P)*Diff (P,r),
> diff (rho IsJ (t) , t) = Diff (rho [s] , P) *Diff (P, t) ,

> diff (Tlsatl (t),t) = Diff (r[sat],P)*Diff (P,t),
> diff(P(t),È) = Ðiff(P,t), " ):
> co1lect.( t', lDj-ff (P,E) , Vlst](È) , Vh'¡tl(t) , Di.ff (rho[s],P)l ):

Next we recognize the enthalpy of vaporization, h"(t) = h"(t) - h*(t), and make a simplifying
change of variables before collecting the coefftcient of the time-derivative:

) changevar(htsl (c) -htwl (L)=hlcl (t.) , ") :

) e1 = STRIP ( coeff ( ths (,') , Diff (p, r) ) ) ,

The reduced first-order model is:
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) subs( REVERSE("), STRIP(""));

"t (*t) = -0, h. * Lg,t + (-h- * h¡.) q¡. * Q

> eq [sys].rl : = 'r :

> eq[coeflr] := """'
With only the one state, it is trivial to derive the explicit formulation:

> Diff(p,r,) = collecr( solve(eqlsyslrl, Diff(p,c)), [er, qtfw]¡ ¡.

A D _ -e"h" * ô's"ø * Fn- + h¡.) q¡- * Q
ot

Comparing the second and first-order equations (and units), we note that the approximation
made is to neglect the steam terms, i. e. implicitly assume:

> eqlcoef2l [e].11 = rho[w];

Pw - Ps: Pu

> eq [coef2] [e21] = rho [w] *h [w] ;

-h"P"*h-Pu:huPu

The validity of these approximations can be checked through simulation. If these approxima-
tions are valid, then the denominators agree exactly. Stated another \¡/ay, we can derive the
reduced result from the original state equations directly:

> e1 = simplify( eg[coef2] le22l - hlvrl *eqtcoef2l [e12] ) :

> co11ect.(',, tvtwtl ,v[sr],Diff (rho[s],p)l );

a =(o- (#^-)-r)n,+ (r-i,- *rò (#0") -'*o"(#0")) *, rMyco (#r"-)
With first and second-order state equations derived, we can no\¡/ proceed with model refine-
ment, i. e. adding complexity.

> save eq, 'Second.Order.mpl.:

4.3 Third Order Structure
> restart:
> with(1inalg) :

> wit.h(student) :

> REVERSE := eqn -> rhs(eqn) = ths(eqn):
> STRIP := eqn->subs(map(f->f=op(0,f),indet.s(eqn,anyfunc(string) ) ),eqn) :

> read'Second.Order.mpl. :

The focus of this section is refinement of the state equations. We begin by deriving a simple
model of the how the liquid level inside the drum varies. This is of interest because of a non-
minimum phase behavior known as the "shrink and swell" effect: When subject to a control
action, the drum level momentarily responds in the counter-intuitive direction, either rising
or falling. Physically, the phenomenon is a function of the steam vapor that exits the risers
and bubbles up through the liquid in the drum. Variations in drum pressure lead to surges
in the rate the bubble rise to the surface, as well as to a kind of inverse cavitation effect-the
bubbles collapse, conàensing to saturated liquid. Capturing this behavior in the model is one
of our chief objectives. The heuristics of this measurement model motivate the refinement of
the state equations, i. e. the augmentation of an additional state.

In the second subsection, the variable that will be augmented is the mass fraction of satu-
rated vapor at the outlet ofthe risers, ø,(l). The idea is to better characterize the quantity of
the vapor bubbling up through the liquid in the drum. A linear combination of the mass and
energr balances for the risers gives us the augmented third state equation.

Dept. of Auùomaùic Control
J. Sørlie, J. Eborn

LUTFDz/TFRT..7563. -SE
1998.8.14Lund Institute of Technology



36 Maple Derivations

A key quantity in both the definition of the measurement model and the derivation of the
mass and enerry balances turns out to be the total volume fraction of steam in the risers,
a,(t). This is defined intuitively as follows:

> alpha trl (È) = vlsrl (E) /vlr) ;

a,(t) : v".(t)
v,

By assuming an approximate spatial distribution of the hvo phases in the risers is known,
it is possible to approximate this quantity analytically as a function of the state variables,
specifically:

> alphatrl (È) = fcn( P(E), xtrl (t) );

a,(t) -- fcn (P( t),u(t))

The approximation is derived in the third subsection.
In the fourth subsection, we consider another key variable in the augmented state equa-

tion: the mass flow rate entering the risers from the down-comers, qdc(t). This value will be
established by considering the steady-state fluid momentum balances for the down-comers
and risers.

This section concludes by presenting an alternate choice of state variables and revisit-
ing model reduction. This provides two additional model structures with distinctly different
structural couplings.

4.3.1 A Drum Level Measurement Model

A simple model relating the variations in drum level to fluid volume is obtained by ignoring
the drum's geometric design. Consider approximating it with a constant "equivalent' area,
A¿. Then the relation beh¡¡een the level and volume of water in the drum is:

> A[dl * (1[0] + deltatll (E)) = v[wd] (E) ;

A¿ (Io * ô¿(¿)) : V-¿(t)

'We have expressed the drum level as a set-point le plus the variation ô¿(ú) about the set-point.
In various formulations, Åström and BeIt [3-5] have postulated the "shrink and swell"

effect to be a function of the volume of steam vapor below the surface, V"¿(t). The vapor
comes from the risers and bubbles to the surface. Incorporating the volume of this vapor in
the drum level model, we have:

> v[wd] (t) + Vlsdl 1¡¡ = aldJ * (1[0] + delta tIl (t) ) ;

V-¿(t) * V"¿(t) : A¿ (lo + ôr(ú ))

Solving explicitly for the variation in the drum level gives:

> deltatll (c) = collect(solve( ", deluatll (È) ), Atdj);

6r( r ) = -ro *v-¿(t)l-v"¿(t)

> eq[dl] := ":
In terms of the state variable,V-¿(t), the volume of water in the drum is given by:

> vtwdl 1¡¡ = v[wEJ (È) - vldc] - v[wr] (8.) ;

v-¿(t) - vø(t) - vo" - v."(t)
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4.3 Third Order Structure 37

> eqlvhtd] := ":
Note the volume of water in the down-comers is constant since we assume they contain only
the liquid phase. The last term in preceding equâtion corresponds to the volume of saturated
liquid in the risers. Note that V = V*(t) +V.,(t). The partitioning between phases of the
total volume can be expressed by introducing the time-varying total volume fraction of steam
in the risers, a,(ú).

> alpha trl (r) = v[sr] (r) /vlrj ;

a,(t)=ry
An approximate expression for this quantity is derived in Section 4.3.3. For now it suffrces
to work with this exact anaþic definition. Observe that:

> v[sr] (t) = alphalrl (r) *vlrl ;

v",(t) = a,(t)V

> v[wr] (t) = (1 - alphatrl (t))*vlrl;

V.,(t) = (1 - a,(t)) V,

> eqlvsrl := rril'

> eq[VwrJ := rrrr'

It remains to define V,¿(t), the volume of bubbles below the surface. In [3, 4],.Åström and
Bell reason that:

> vlsdl (t) = alpha[r] (t)*v[r];

V"¿(t) = a,(t)V
This states the volume of steam vapor bubbling to the surface is instantaneously equal to
the volume of steam vapor in the risers, V"r(t). This relationship is believed to be a heuristic
based on the observation that the steam flow rate exiting the risers is roughly equal to the
flow vented from the drum. Because this is a heuristic, and because it is likely that some
steam condenses due to mixing with feed water in a sub-cooled state, we chose to add an
additional degree of freedom to the model by introducing the constant, ör. The relationship is
then:

> v[sd] (t) = subs ( eqlvsrl , b[1] *Vlsrl (t) ) ;

V"¿(t) : fu a,(t)V

> eq[Vsdl := ":
A larger heuristic step would be to let V,¿(t) to be a function of the controlled inputs which
evoke the shrinL/swell effect. For now the simplicity of a constant suffices. Substituting the
definitions above yields the following model for the drum level variation:

> simplify(subs( eq[vwd] , eq[vsd], eq[vwr], eq[d1] ) ) :

> colLect ( ", t¡tdl ,vtrl ,alphatrl (t) I ) ;

ô¡(¿) = -lo +
((1 + ôr ) o,(¿ ) - L) V * v-t(t) - v¿.

A¿

Ttris is the measurement model we shall use in conjunction with the first, second and third-
order state equations. In [5], the volume of stearn below the surface,V"¿(t), is augmented as
a state variable. The measurement model is then simply:

> simplify(subs ( eq[vwd] , eqlvwrl , eqtdll )) .

) collect ( ',, [A td] , V [r] l ) ;

ôr(t)=-¿0.,- (-L+a,(t))v+v-, (t) - vd" -f v"¿(t)
Aa

Augmentation of a fourth state variable is the focus of Section 4.4. We now proceed with the
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38 Maple Derivations

derivation of the third state equation.

A.3.2 Vapor Mass Fraction at Risers Outlet as an Augmented Third
State

The extra state equation is derived in much the same way the first-order state equation was
derived in Section 4.2. We begin by defining the mass and energy balances. Then, by taking a
linear combination of the two equations, we eliminate one of the key unknowns in the model,
q,(t), the mass flow rate exiting the risers. Note that once the augmented state equations are
solved, this flow rate effectively becomes a known value-it is a function of the state variables
and their derivatives. With regard to the "shrink and swell" effect, this is important because
together q.(t) and ø,(t) characterize the rate the steam vapor bubbles enter the drum from
the risers.

Consider the thermodynamic control volume for the risers, c.v.II, shown in Figure 2.1. At
any time, the total mass is equal to the mass of the two phases combined.

> M[r] (t) = Mlwrl (È) + t"l [sr] (t);

M,(t)=M-"(t)+M",(t)
As before, the mass of each phase is given by the saturation density and total volume of the
respective phase:

> Mtwrl (r) = rho[w] (r)*V[wr] (r.),
> M[sr] (t) = rholsl (E)*V[sr] (t.);

M..(t) = p-(t)V-,(t), M",(t) = p"(t)V*(t)

The time rate of change of mass is equal to the mass flow rate enteringfrom the down-comers,
minus the mass flow rate of the wet mixture exiting at the top:

> Diff (Mtrl(r),r.) = stdcl(r) - q[r](r) ;

ã
æ 

M,(t) = qo"(t) - S,(t)

Substituting expressions yields the risers mass balance:
) subs( ililr, tr', eq[vwr], eqlvsrl, " );

fi fo-fr) (1 - o.( t)) v + p"(t) a,(t)v) = øa"(t) - q,(t)

> eqtrmbl := ":
Now consider the energ'y balance for the control volume. As before, the energy stored at any
time is:

> ulrl (L) = Ulvrrl (c) + Utsrl (t) + U[T] (t) ;

U,(t) -- U-"(t) + U""(t) + Ur(t)

Assuming saturation conditions and instant¿ureous thermal equilibrium behveen metal and
water, the components are:

> U[wrl (E) = subs( eqtVwr], rholwJ (t]*u[w] (c)*Vlwrl (u) ),
> U[sr] (È) = subs( eq[Vsr], rholsl (E)*ulsl (E)tvlsrl (t) ),
> U [T] (t) = tl [r] *c [p] *T [sat] (t) ;

IJ-.(t): p-(t)"-(t) (1-a,(t))V,,U""(t)= p"(t)t,(¿) a,(t)V,,Ur(t): M,coT"¿(t)

Note that we c¿ul investigate the effects of the thermal storage term included here by setting
the metal mass, Mr, to zero. The time rate of change of energy storage equals the flux in
minus the flux out.

> Diff (Utrl (t),t) = Q(t) + hlwl (t)rqldcl (t) - h[r] (t)*qtrl (t) + De1t.a[reb] (t);

â

âU,(r) = Q( t) + h-(t) q¿"(t) - h"(t) q,(t) + A*¡(ú)

Here, Ç(Í) is the thermal heat flow coming from the combustion process. We have assumed
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A3 Third Order Structure 39

the fluid state entering from the down-comers is a saturated liquid, i. e. in precisely the same
state the fluid entered the down-comers. The third fl.ux component involves the enthalpy of
the saturated mixture at the outlet of the risers, h,(t); this is defined below. The last term on
the right represents under-modeling. As with the global energJ¡ balance, this term serves as
a place-holder in subsequent derivations; again its nominal value will be zero. Substitution
yields the risers'energy balance:

) subs( rtrn, ',u, eq[uJ, ', );

(0.,,, #*) e - a,(t)) v +p"1r¡ (i,"1r, - #3) a,u)v t M,cor"",(t)

(* Q-,', (n-r,r- #e) (1 - a,(ú)) v + p"(tt (n,rr¡ - ä3) a,ft)v

* M, co",.,(r))) - h,(t) (* r-rrr(1 - o"(r)) V + p"(t¡ a,(lw)) =

Q(¿) + h-(t)q¿"(t) - h,(t)s,(¿) * A*a(ú) -h"(t) (øo"qt¡ - q.(¿))

The right-hand side can be further simplified by substituting in the definition for å.,(ú).

(¿)
ô/
ar [,.'-

= Q(¿) *h-(t)ø0.1t¡ -h,(t)q,(t)+ A*a(ú)

> eq[reb] :='r:
As ment'ioned already, the augmented state equation is derived by taking a linear combina-
tion of the hvo balance equations. A key step is choosing the multiplier. For model reduction
in Section 4.2, we chose to eliminate complexity in coefñcient of the time-derivative. Here we
choose to eliminate an unknown; q,(t), the mass flow rate exiting the risers. A quick look at
the right-hand sides of the balance equations tells us that the multiplier is the enthalpy at
the risers' exit:

> h[r] (t) = hlwl (t) + htcl (E)*xlrl (r) ;

h,(t) = h-(t) + h.(t) r,(t)
This is a function of the augmented state, ø.(ú), and the thermodynamic properties of sat-
urated water. To facilitate simplification, the definition is made in terms of the enthalpy of
vaporization:

> h[c] (t) = htsl (t) - h[w] (r);

h.(t):h"(t)-h-(t)
Taking the linear combination yields:

> eq[rebl - htr] (r) *eqlrmbl ;

)

) subs( rtrr, REVERSEIUu), " ):
> collect, ( ',, 9 tdcl (t) ) ;

(*Q-,q (r-t',- #3) (1-a"( t)) w+p"(') (/,"(', - #) a.(t)v

* Mrcot,"r(t)))

- (h-(t) + h.(t)o"( ú )) (* *-rr) (1 - o,( u )) V + p"(t) a,(t)n) =

-h.(t)x,(t)q¿.(t) + e(¿) * A*¿(ú)

Before proceeding, we make a change of variables that will aid in collecting the subsequent
results. Technically, this new variable corresponds to the total volume fraction of liquid in
the risers.

) changevar( 1 - alphatrl (r) = bet.a[rl (t), " ):
Distributing the differential operator and applying the chain-rule to the differentials of the
thermodynamic properties yields:

> sinplify(value(") ) :

) subs(diff( htsl (r),8) = Diff( htsl,p)rDiff(p,r),
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> diff ( hlwl {t),t) = Diff ( htwl ,P) *Diff (P,t.),
> diff (rho [s] (t) , t.) = Diff (rho [s] , p¡ *¡iff (P, t) ,

> diff (rho [w] (t) , t.) = Diff (rho [w] , P] *Díff (P, E) ,

> diff (T [saE] (r) , r) = Diff (T [saE] , p) *Diff (p, r) ,

> diff (beta [r] (t) , L) = -diff (aJ.pha [r] (t) , t) ,> diff(alpharr'j (r)''' 
; :i::l:i:::li]:il,i,:1j1,11,,,,.,,

> diff (P(r),c) = Diff (P,E) , ,' ):
Note the expansion of the derivative of a,(ú) involves partial derivatives with respect to both
state variables P(t) and ø,(t). Along with the approximation for o.(ú) itself, these partial
derivatives will be derived in the following subsection. Now, proceeding with the job of sim-
plifying and collecting the result:

> collect( ", [Diff (P,t), v[r], Diff (xlrl ,E), alphatrl (t), bet.a[r] (t),
> Diff(alphatrl,P), Diff(rhotsl,P), Díff(alphalrl,xlrl), rhotsl (t) I ) :

> powsubs( -xlrl (t) *hlcl (E) - hlwl (E) + htsl (t) = hlcl (E)* (1-xtrl (t)), ") :

> collect( ", tDiff (P,E) , vlrl , Diff (xlrl ,t), alphatrl (t), betalrl (t),
> Diff(alphalrl,P), Diff(rhotsl,P), Diff(alphalrl,xlrl), htcl(t), xlrl(t)l):

Finally we can revert back to the total volume fraction of vapor. The preceding simplifications
and this substitution yield:

) changevar( beta[r] (t) = 1- - alpha[r] (t), ,, );

# r") -'* ((((r"r,l (1 - r.( ¿ )) (

)

"sz=((n"e-ù(#
* (-' + o- (fin-

td.î

(¿)

1

h"
a

ÔP ,"Q)) o.

#,-)),
(*¿"'))

+ -1+( (#o- p-(t) - h.(t) r,(t)

+ ((-p"( t) + p*(t)) *,(t ) + p"( t)) h.(t)

+ ((-p"( t) * p-(t)) ",(t) + p"(ú)) l¿"(¿)Ditr (a,,r,)

-h.(t)n,(t)q¿"(ú) + Q(¿)+ A*ö(¿)

x: V_

(1 - o,) + ((p- - p") x, * p") h"

V+M"ço a
AP

T"ot)) (å4
a
at(

> eq[rcbJ := r':

As with the global balances, the left-hand side is a linear combination of the time-derivatives.
Extracting the state dependent coefficients yields:

> e32 = STRIP( coeff(1hs(r), Diffle,t) ) );

r")-r+ ,"(#
(#,-)

o")) "'

(*,) . (* a,) ,es : -h" t, q¿" * Q * L."t

-h"t,
ô

aP 
o'( ))"

* M,c, T"ot
a

AP( )

> e33 = srRrp( coeff(lhs("),Ðiff(xtrl,E)) )t

e33 = ((p- - p") x, * p") h.Diff (a,,x,) V

> t."'1.
Using these definitions, the risers' combined mass-enerry balance reduces to:

> powsubs( REVERSE( "t1l), STRIP(eqlrcbl) ):
> powsubs( REVERSE1,'il[2J), " );

e32
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.dB third Order Structure 4t
> eq[RCB] := [", oPçtttttt)]:

Now, collecting the augmented state equations in matrix form, we can derive the explicit
formulation of the state derivatives. The implicit system of equations has form:

> &*( matrix(3,3, leLL,e]-z,O, e2L,e22,0, 0,e32,e331),
> matrix(3,1, lDiff (v[wE].t), Diff (p,E), Diff (xtrl ,¡¡1¡ ¡

) = matrix(3,1, lrhs(eqtcusl ¡1¡ ),rhs(eqtcEB] t1l ),rhs(eqtRCBl tll )l );

e[l e12 0

e21 e22 0

0 e32 e33

kx

l??l

0
AP

-n"r, (

QÍ. - Q"

-h" Q" I h¡- Q¡w + Lo* I Q

-h.t,qd"+q*A_¿
> eqlsys3l := ":

Summarizing, the elements of the coefficient matrix are:
> eqlcoef3l := r.ab1e( teqtGMBl 12..3), eq[cEB] 12..3), eqlRCBl t2..31I ) ;

€Q 
"o.f' 

i= table([

e32 : ((" ,1

(

(

)

(

T"

)

Psrî '1. * p"

a
)) ".h"

/a
I-

\âP
a+ -L*p- ôP

rr)

h-
aP v-( )) ,t - a,) * ((p- - p") x, * p") h. (# *)) 

"

(#,-) -') v*

+ U,co ( a
ÔP

a
e12 = aP v- V.t * Ps

a
6F ) V"t

e11=pw_ps
e21 : -h" ps * h_ p_

e33 = ((p- - p") x, * p") h"Diff (a,,r,) V,

ePP = Mr, (#a",) + (r- (# o-) * o-

. ('" (rl o") * o" (# r.) -') *,
l)

Inverting the coefficient matrix yields:
> inverse (op (1,Ihs (eq Isys3] ) ) ) ;

ø ó)6) e12
e1l e22 - e12 e21

e21

el1 e22 - e12 e21

e11

e11 e22 - e12 e21

e21 e32

el1 e22 - e12 e21

el1 e32

0

1

e33 (e11 e22 - e12 e21 )

Thanks to the linear stmcture on the left-hand side, we can solve explicitly for the state
derivatives. The explicit state space formulation is:

) 1ínsolwe( op(r,1hs(eqlsys3l ) ), rhs(eq[sys3] ) ) :

> op(2,Ihs(eq[sys3i ) ) = map(coI].ects, u, [e].L,e12, e2L,e22,e32l) ¡

0

I &r-,1
I *, l=
L *"" J

| %t etZ * (-qru * q") e22fL-w)
l%t ett * (-q¡- * q") eLlf
L@l
f- (ft-A-A*¿ *h"r,8¿) e22-f%le32) ell +(-h.r,Qa"*q+L*ù e21 e12

* (-q¡. * q") esz "zt) /( e.Jl ( et r ez2 - et z ezt ) ))

VoL :: -h" e" * hp qf- I Lg"o * Q
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Note the functional dependency on the under-modeling place-holders: Ls"t(t) and 4,,6(ú).
The former appears in all three state equations, while the latter appears only in the aug-
mented state equation. Rearrangmg this equation makes matters more clear:

> ths (') t3, 1l = co1lecÈ ( combine ('* [3, 1] ) ,

> [Delta[geb], Delta[reb], Q, q[s], q[fv/], q[dc], x[r], hlcll):
> ths(") = map(colLect,
> map(simplify, rhs(") ), [e32, e1l, e21] );

0 e1 I e32 Ls"o , 4."6 e1l Q e32

ot"'--@-úg-@
(-e11 e22 * e12 e21)Q e32 (e11 h" - e21) q" e32 (e11 h¡- - e21) q¡-
e33 ( eI 1 e22 - e12 e21 )
hc t, Q¿"

e33

+
e33 (e11 e22 - e12 e21 ) e33 (e11 e22 - e12 e21 )

This structure is important if we attempt to represent the under-modeling using stochas-
tic processes. The linear structure will lead to an identifiability problem if we attempt to
simultaneously estimate the statistics of Ae"a (t) and L,ut(t) .

Before proceeding with the derivations of a,(t) and its partial derivatives, we mention
that expiicit formulation of the state equations is not t};.e wisest formulation for numerical
implementation. The coeffi.cient matrix of the time-derivatives clearly shows the original
state equations are decoupled i. e. independent of the augmented equation. Utilizing this
decoupling, a better formulation for numerical implementation is:

> ths(ilnr) ='-'""i5:i:ffi:iiïj;,,'-';;];J;;lì;,1;,1.., 
r,

(-h" q" * h¡- e¡- ¡ Aset ¡ Q) e12 * (-q¡* * q") e22

el1 e22 - e12 e21

(-h" e" * h¡* Qr- * As"u + Q) eLl * (-q¡. * q") e21

el1 e22 - e12 e21

-h"t. ea" -l Q * 4""¡ - eez (ft r)
e33

In implementing this, the third computation is a function of the result of the second. Thus,
the ordering of the computations is crucial.

'We mention that this is automatically the formulation that is derived by the compilers of
today's modern acausal model definition languages, e.g. Ouor,a, DYMoLA and Moorr,tce.
'We now proceed with derivations of signals used above which we have not yet defined:

(í) a,(t), the total volume fraction of steam vapor in the risers and its partial derivatives
w.r.t. the state variables;

(ü) q¿"(t), the mass fl.ow rate passing through the down-comers.

4.3.3 Approximation of the Total Vapor Volume Fraction in the Ris-
ers

In Section 4.2, the gross nature of the analysis allowed us to ignore the spatial distribution of
the two phases. Our aim here is to encapsulate in a function of the augmented state variable,
x,(t), t}l.e effects of the spatial distribution in the risers. The function which does this is the
total volume fraction of steam vapor in the risers. Its definition is intuitively:

> alphatrl (t.) = vlsrl (r) /vLrl ì

o.(ú): v""(t)
w

In [3, 4], Åström and Bell developed an approximate expression for this quantity in terms of
the state variables, i. e.:

> ths(,') = f (P(È),x[r] (c));

a,(t): f(P(¿), r,(t))
The basis of the approximation is the following assumption: assume the distribution of the

lTni')
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liquid and vapor phases spatially from the top to bottom of the risers is known. The mass
fraction ofsteam vapor at any point is defined:

> x(t,xi) = m[s] (E,xíl / (m[s] (r,xi) + rn[w] (r.,xi) ) ;

x(t,ç): ffls
ms(t,e *m- Lq)

Here { is the normalized spatial coordinate ranging from 0 at the bottom to 1 at the top of the
risers. Based on results of finite-element modeling,.Aström and Bell found the mass fraction
of vapor varies linearly from the bottom to the top of the risers. Expressed in terms of the
outlet conditions at the top, a model of the spatial distribution is:

> x(t,xi) = xlrl (E)*xi;

x(¿,€): ø,(ú)€

> eq[1hs(")l := rr:

By definition, the specifi.c volume fraction of steam vapor is the specific volume of the vapor
component divided by the speciûc volume of the saturated mixture:

> alpha(t.,xi) = v[s](t)*x(t,xi)/(vlwj (r) + vlcl(E)*x(c,xi));

^.tr è\_ u"(t)x(ú,{)s\!,s,r - ;n-7t+%rñGÐ
Expressed in terms of density, the definition becomes:

> v[ci (t) = vts] (E)-v[w] (r). vtwi (È) = 1/rhotwl (r), vtsl (r) = l/rho[s] (r)
) subs( u, u" ):
> co11ect,(simplify(',), x(E,xi) ) :

) subs ( rho [s] (r) -rho [w] (r) =-rho [ws] (t) ,
) -rho [s] (t) +rho twl (r) = rho [ws] (t) , ', ) ;

t,

> eq[Ihs(")] := rr:

In the definition, we have made a change of variables: p."(t) = pn,(t) - p"(t); this greaily
facilitates simplification of the approximation which will be based on this expression.

d,V = A,Ld.Ê

d€

€=IlL

Figure 4.2: A simpliûed geometric representation of the risers.

The relationship between the total and specific volume fractions of steam vapor is de-
rived by integrating over the spatial variable {. Consider a differential volume slice and the
geometry shown in Figure 4.2. The specific volume fraction has the following interpretation:

> dv[sr] (u,xi) = afpha(r,xi) *dv(xi) ;

dV ""(t, €) : a(t,€ ) dV(( )

I
I
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44 Maple Derivations

This corresponds to the volume of the vapor component in the differential slice shown in
Figure 4.2. Assuming the area A, is constant, geometrical relations lead to:

> dv(xi) = Alrl *d1 , dl = r,[r] * d.xi, A[r] *¡[r] = V[r] :

) powsubs( tr, "il )-

dV ""(t,Ë) = o(t,() driV

Integrating this over the range of the spatial variable yields the total volume of steam vapor
in the risers:

> v[sr] (t) = Int( rhs(")/d.xj., xi.=o..1 );

{
v",(t) = a(t,Ë)w dÊ

Hence, the total volume fraction of steam in the risers is
> alphatrl (t) = simplifyl rhs(")/vlrl );

a,(t) : d(t, €) d€

Combining the approximate expression for the spatial distribution with the definition of the
specific volume fraction gives:

) subs( eq[alpha(t,xi)], eqlx(t,xi)1, " );

0

a,(t)':

Evaluating the integral yields:
> normal (value (', ) ) :

) coll-ecr ( tr, rho [s] (E) ) :

> combine ( ", ln ) ;

1

I r,(t) € p-(t) ,,
J p-"(t) r,(t)€ *p,(ú) *'
0

p-(t)lL p"(t)

q(t)=*2#Ð

p"(t)
a,(t) =

+ t t¡
l7 P."

> eq[Ihs(")l := ":
This expression is the approximation for the total steam volume fraction in the risers. Be-
cause of our assumption of saturation conditions, the densities are functions of pressure.
Thus we have a,(t) = f (P(t),r,(t)).In [12] a change of variables is made:

> eta (ts) = rho [ws] (t) *x [r] (t.) /rho tsl (E) ;

t . p-(t)*lm

> eq[lhs(")l := rr:

Applpng this change, we arrive at their expression for a"(t):
) powsubs ( rho [s] (ts) *REVERSE (eq [eta (E) ] ) , eS [alpha [r] (t) I ) :

> simplify(");

a,(t) =
p-(ú) ( -ln( 1 + ?(ú) ) + ?(ú) )

p-"(t) q(t)

The augmented state equation requires partial derivatives of this expression with respect to
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.{.3 Third Order Structure 45

the state variables. Below we verify the expressions given in [12].
> diff (rhs (eq [alpha tr] (E) I ) , r) :

> subs (diff (rho [ws] (E) , E) = diff (rho [w] (r) -rho tsl (E) , r) ,
> diff (rho [s] 1¡¡ , ¡¡ = Diff (rho [s] , p) *Diff (p, E) ,
> diff (rho [w] (r) . È) = Diff (rho [w] , p) *Diff (p, r.) ,
> diff(xtrl (E),E) = Diff(xtrl,r).
> diff(P(t),t) =Diff(P,t), " ):
> collect ( ,', lÐif f (x [r] , r.) , Dif f (p, r) ,

> Diff(rholwl,p), Diff(rholsl,p), rhotsl(r), rholwl(r) I ):
> powsubs ( rho (s) (r) *p"n"*tr (eq [era (ts) ] ) , ', ) :

The partial with respect to the outlet mass fraction is:
> Diff(alphalrl ,xIr]) = collecr(coeff (",DÍff(xtrl ,r)l,In(t/ (1"+era(t))));

p-(t)rn (
1

Diff (o,, ,,) : 1+
- P-(t)

ATÐ?-GTCTìGDp"(t) Ít(t

The partial with respect to pressure is more complicated. To verify the known expression, rvr/e

proceed by eliminating terms from the right-hand side.
> Diff(alphalrl,p) = coeff( ril, Diff(p,t) ):
> rho [ws] (E) ^2/ (rho [w] (r) *Diff (rho [s] , p) - rho [s] (r) *Diff (rho [h,] , p) ) ,

> simPlifY( " 1 uu ):
> ths(") = subs( rholwsl (r)=rho[w] (r) -rtrotsl (E), rhs(") ) :

) normal (") :

> collecr( ", fln(].+era(r)), rholsl(t), rho[w](r), er,a(r)l ):
> ths ( " ) = map (simplify, rhs (,') ) ;

. !:"(t)." (#o,). = -_(p,(ú)+p.(ú))ln(1+?(¿)) -t - p-(t)
p_(t) (# p") _ p"6)Tu,E p_) - - W -' - flTtcJÞfÐ

Finally, we put the terms that we moved to the teft-hand side back on the right. This yields
the desired expression:

> Diff (alpha tr¡ , p) = solve ( ', Diff (aIpha trl , p) ) ;

# o. =- ('";ií |ÁHffie- 1 - r''#il-rÐ)
Q,-ot (# r") - p"(t) (ui r.)) f 0."1t¡'

4.3.4 Mass Flow Rate through the Down-comers
The one-dimensional momentum balance for a pipe of length .L can be written:

> L*Diff(q,t) = A[i]*ptil - A[o]*p[o] - F +v*rholrl*gtcl;

t (*a) = e, n - A" n - F *v pt s.

t* (* n*@) = A¿.P(t)- Aa" (P( t) + p,(t) s. L,) - F + v¿" p-(t) g.

> eq lmombal] : = rr :

Apply the momentum balance to the down-comer tubes as well as the riser tubes:
) subs( L=Ltdcl , 9=qtdcl (È), Atil=Atdcl , Alol=Àtdcl , ptil=p(r),
> Plol=P(t)+rholrl (E)*glcl*L[r], rho[t]=rho[w] (t), v=vtacl , eqlmomball ),.
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46 Maple Derivations

> eq ldcbal] : = rr :

) subs( r,=i,[r] , 9=q[dc] (E), Atil=Atrl , A[o]=A[r], Ptol=P(t),
> p til =p (c) +rho [w] (r) *s [c] *L [dc] , rho [r] =rho [r] (E) , v=-v [r] , eq [momball ) ;

> eqIrisbal] := u:

Here p,(t) is the average density in the risers. This can be expressed in terms of the total
vapor volume fraction a,(t) as follows:

> rho [r] (t.) = (1-alpha [r] (e) ) *rho [w] (t) +alpha [r] (t) *rho [s] (t) ;

p,(t) = (1 - o,( t)) p-(t) i a,(t) p"(t)

By combining the two momentum balance equations and then assuming Ld" = L, : L, we
obtain a differential equation for the mass flow in the down-comer riser loop:

> simplify(value( eqldcbal] + eq[risball )):
> simpJ.ífy(subs( *", L[dc]=L, Llrl=L, " )):
> simplify (powsubs ( L*A [dc] =v ldci , ],*A [r] =v [r] , " ) ) :

> collect( ", [alphatr](E), Stcl, vtdcl, v[r]l ):
> collect( subs( -rho[s] (t)+rholwl (t]=rho[vrs] (t.), "), rho[ws] (È) );

, 
" (*n*(t)) = (v¿" +V) s. a,(t) p*"(t) - z p

'We observe that the volumes on the right hand side can be combined to form the total volume
in the down-comer rise loop:

) subs( V[r] + Vldcl = Vltotl , ', I ¡

, 
" (*n*@) = Vot ec a,(t) p."(t) - 2 F

To find the static solution to this equation we substitute an expression for the frictional losses
and solve for the constant mass flow:

> F = xí/2*qldcj^z/r}:¡o twl /Aldcl ;

t, (*o*(r)) = A, (P(t) + p-(t)s.La") - A,P(t) - F -v p.(t)g"

- L 1q¿"2
2 P- A¿"

) solve( value(subs( qtdcl (t)=Stdcl , ", " " ) ), {Stdcl ^2} ) :

This is not exactly the same solution that is derived in [12], but it differs only in that the
friction factor in our derivation will take on the value:

> xi=k/2*vtrotl /vIr] ;

_ | IeV"t
s-2 W

Inserting this gives us hypothesis 2 (line 166 in Listing 8.12) for the down-comer flow:
) subs( r, trn ),-

| ^., -, 
g.a,(t) p*"(t)V p- A¿"\

1Qà" : -kl

The primary hypothesis (line 165 in Listing 8.12) is taken from the previous Bell-.Aström
articles where they used a "lumped" friction factor k instead of the dimensionless factor used
in this derivation.

> k=ktfl *glcl *rho[w] *A[dc] ;

lc = lci lc p- Aa.
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> subs(","") t

> q[dc] (E) = sqrE( rhs(op(1,")));

q¿"(Ð = ñ
a,(t) p*" (t)v,

le¡

> eq[qtdc] (t)l := ":
This removes the dependence oî A¿¿, so as to have one less physical parameter in the model.
In the implementation of these hypotheses for this study A¿¿ wãs calculated to make k equal
to ,b¡ since we wanted to have the same friction factor in both hypotheses. This gives ,4¿" r
10-a which is physically unrealistic.

4.3.5 Third-Order Equations with an Alternate Choice of State Vari-
able

In [3-5] the volume of liquid water in the drum, V*¿(t), was chosen to be a state variable
instead of the total volume of water, V-r(t). Effectively, this is a linear coordinate transfor-
mation so little appears to be gained with the switch. For the third-order state equations, the
transformation actually destroys the decoupling present in the original formulation (page 42).
Because \¡/e are dealing with nonlinear equations, we include it in the study for thoroughness.
The change of variables is based on the following relation:

> v[r¿t] (E) = solve( subs(eq[Vwr],eg[vwdJ), VtwE] (r) );

Va(t) - V-a(t) *Va. +v, - a,(t)V
To transform the state equations, we need the corresponding expression relating the time
derivatives. Straight-forward differentiation yields :

> diff(",t):
) subs(diff (v[wt] (t),t) = Diff (vtwEl ,E),
> diff (vtwdl (r),r) = Diff (vt$rdl ,E),
> diff (a1pha trl (r) , r) = Diff (alpha trl , p) *Díff (p, r)
> + Diff (alphalrl ,x[r])*Ðiff (x[r],r), " )ì

> eq [dvwc] : = 'r :

Now recall the definition of the global mass balance:
> eslcMBl [1] ;

Making the change ofvariables yields:
) subs( eqldvr.¡rl , eqlcMBl t1l ) :

> collect.( ',, [Diff (VIwd],r), Diff (p,r), Diff (xlrl ,r) ,
> Diff(alphatrl,p), Diff(atpha[r],xtrl)l );

ffo,: (*o,) - ((# ".) (*r) +oir (a.,x.) (*'.)) "

"', (*r) + *t (*,o,) : QÍ- - ee

("tn - "tt (#",) *) (*r) - elr D,n (a,,x,) (*",) t/. = e¡u - es

elIo : e11, e12o = elp - "il (fi",)

",, (&o,) *
As usual, we collect the coefficients for the matrix formulation:

> el-La = coeff ( ths('), Diff (v[v¡d],r) ),
> e12a = coeff( ths("), Diff(p,t) ),
> eL3a = coeff( ths("), Diff(x[r],¡,¡ ¡,

V,, e13a = -el1Diff (a,,x,) V,

The alternate formulation of the global mass balance is then:
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48 Maple Derivations

> powsubs( REVERSE('t3l ), "" ).
> subs( map(REVERSE,t""l,2),uu trll), " );

a
eI 1a

at
V.¿) *,'ro (*r) . (*,.) "tso: et- - e"

,* (* e) + "zt (*^,) = -h" e" r h¡* e¡. r Ln"t * Q

e21a : enl, eZZa : ePZ - *t (* ",)

"21" (*o,) * "pp' (*.) . (* ,,) ezso : -h" e" * h¡- e¡* * Ln"t * e

(

> eqIGMBa] '- [r,rrrr"]'
Next we repeat these steps, applying them to the global energy balance

> eqlcEBl [].1 ;

Substituting and collecting yields the coeffrcients:
> subs( eqldvwt.l , eq[GEB] [1] ) :

> co11ecÈ( ", tpiff (vlwdl ,t) , Diff (P,t.) , Diff (xtrl ,t),
> Diff(a1phatrl ,P), Diff(a1pha[r],xtrl)l ):
> e2la = coeff ( ths(,,), Diff (Vtwdl ,t.) ),
> e22a = coeffI fns("), Diff(p,r) ),
> e23a = coeff( ths("), Diff(x[r],t) );

V, , e23a : - e21 Diff (a. , a,) V

The aiternate formulation of the global energ:y balance is then:
) powsubs( REVERSE(,'t3l ), "" ) :

) subs( map(REVERSE, [','[2]. "" [1] l), ', );

> eqtGEBal '- [il,rr"]'
Collecting these results in matrix form, we have:

> &*( matrj-x(3,3, [e11a,e].2a, el3a, e2La,e22a,e23a, 0,e32, e33l ),
> mat.rix(3,1,[Diff(vtwd],t) , Díff (P,t.), Diff(xtrl ,E)l) )

> = mat.rix(3.1-, [rhs(eq[cMBa] [1]),rhs(eqtcEBal [1]),rhs(eqlncBl t1l)l);

eI 1a

e21a

0

e12a

e22a

e32

:iil. 
l?ïl:L

Qf. - Qs

-h" Q" * h¡u Q¡u * Lo"o I Q

-h.t,q¿"+Q*A*¿
> eq Isys3a] : = rt :

where the elements of the coefficient matrix are:
> eq[coef3a] := tabLe( leq[cMBa] t2..4J, eq[cEBa] 12- -4), eq[RcBl t2..3] I );

eQcoefso:: table(l

(#'")) *
))

(#,")-!*p"

) -n.'. (#o-

æz : ((n" (1 - '.)
(1 - o,) + ((p- - p") s, * p") h"

ô
-aP o'))"(* (-' +c- (Sn-

* M,co (#r"")
e21ø = e21

epza: epz - epl (#",) 
"

e33 : ((p- - p") n. * p") h.Dlff (a,,c,) V
ella: ell
e13a = -el 1Ditr (a,,r,) V

eipø= elz - elr (#*) 
"

e23a = - e21 Ditr (a, , r,) V
l)
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4.3 Third Order Structure 49

and the coefficients eIL,el2,e2t and e22 are the same as before (page 33). Now with the non-
zero elements e13 arrd e23, all three state equations are coupled. This is most evident in the
coefficient matrix inverse:

> inverse (op (1, ths (eq [sys3aJ ) ) ) ;

-e22a e33 * e23a e32 e12a e33 - el7a eSL e12a e23a - e13a e22a
%t %L %r

e21a e33--w-
e21a e32

%L

el 1a e33--w-
el la e32-w-

ella e23a - e13a e21a

1

e11a e22a - e12a e21a
"/" L

VoL :: -el1a e22a e33 * ella eZJa e7p * epla e12a eJJ - e\la el\a eSZ

Thus, we c¿u'l still solve explicitly for the time-derivatives, but the result is very complex. The
explicit state space formulation for this alternate choice of basis is:

> linsolve ( op (r,1hs (eg Isys3al ) ) , rhs (eq Isys3a] ) ) :

> op(2,lhs(eqlsys3al ) ) =
t map(col-Lect., ", Ie11a.e12a,e13a,e2].a, e22a,e23a,e32,e331 ) ;

õ tr
8t 'ud

f;r
ôt *î

f(f f -o*, - Q + %2) ePSa * %z ell) elua

+ ((-%2* Q * A,.t) e22a * (h"e" - h¡-et- - Asub - Q) e7p) el\a
* (q" - e¡-) e33 eL2a * (q¡_ - q") eLz e%a) lffit)l
l- ({{-o,", - Q +%z¡ e2ila *%3 eS3) ella * (-%2 + e -t L*¡) epla ella

* (q, - qru) eJJ eur) /{fa))

l({{-4,"r - Q +%z¡ e22a *%3 e32) eita r (-%2 + Q * A,"ù eLla etpa

* (q" - q¡,") esp "ur) /fW)]
YoL :: (-e22a e33 * e23a e32) el1a * epiø elpa eJ7 - eZIø el\a eLp
yo2 := h" x, q¿.

To3 :: -h" e" * h¡. q¡- * Loa 1Q

Note the functional dependencyon the under-modelingplace-holders: As"r(t) and 4,"6(ú) now
appear simultaneously in all three state equations. This essentially makes differentiating
their effects in an error analysis impossible.

A-3.6 An Augrnented Reduced Two-State Model
'We close out this section by revisiting model reduction. Recall the basis for the single-state
model was the following assumption:

> Diff (vtwtl ,t) = 0;

ft'-, = o

It is immediately clear that we c¿ur augment the risers combined mass-enerry balance to the
one-state model. In matrix form, this yields:

> &i ( matrix(2,2, [e1,0, e32,e33] ),
> marrix(2,1, tDiff(p,E), Diff(xtrl ,c)l) )

) = marrix(2,L, lrhs(eqIsys1r] ), rhs(eqtRcBl t1l ) I );

eI 0

]..1 l=f
Op
ôt'
â

ðt -fe32 e33

-e" h" * Ls"r * (-h- + h¡.) q¡. * Q

-h.t,Q¿"1Q*A*¿
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> eq [sys2r] : = 'r :

> eqlcoef2rl := table( [eqlcoeftr], eqlRCBl [2..3]l );

eQ coef2, ;: table(l

e32 :

Inverting the coefficient matrix yields:
> inverse (op (1.1hs (eq Isys2r] ) ) ) ;

a
aP 

p-

er: Mr, (#*",) * (r- (#o-) -')
e33 = ((p- - p") æ, * p") h"Ditr (a,, r,) V
l)

((n'.' tî

T"ot

) Ps
a

OP ) t+ p" (#0")) ".

)),t - a,) + ((p- - p") ø" * p") h" (#".)) "-0.r, (* (-' * o- (fin-

) . (ui o") n"-') *,

* r,, (# )
h"

a
6pVu* Ps(

0
1

"1e32 1

el e33 e33

Solving for the explicit state space formulation yields:
) linsolve( op(r,rhs(eqIsys2r])), rhs(eq[sys2r] ) ) :

> op (2, ths (eq Isys2r] ) ) = map (collect., ", Í.et,e32, e33l ) ;

-q" h. ! Lseb - qf. h. + h¡- Q¡- * Q
el

+
(q" h" - Ln.6 * q¡- h- - h¡* q¡- - Q) e32

e33 el
l*;l:I -h.t,q¿.*Q*L,ut

e33

Again thanks to the decoupled structure we have a more compact formulation suited for
simulation.

> ths(') = matrix(2'1' tilijilji:i','r,r, 
rr,1r - e32*Dirr(p.r)),/e33r );

-q" h. * Lg.t - qÍ- h- * hÍ- Qf- * Q
el

-h"t, ea" * Q * a""o - eez (f; e)

"33
Finally, we veriff that the preceding sections change in state variables has no effect on the
derivation of the reduced one-state model. This is intuitively obvious, but easy to check. Begrn
by assessing the effect of the assumption behind the model reduction on the state variable
transformation:

> Diff (Vlwtl ,E)=0:
> Diff (Vtwdl,ts) = solve(subs(",eqldvwtl ), Diff (Vtwdl,E) ) ;

fie
a-
at *r ]:I

ftr.,=v (fi",

e1la = el1, e12a : e12 - ,tt (# o,) n,e13a : -el1Dífr (a,,r,) V

Recall the expressions for the alternate coefficients
> eqlGMBal Í.2..aJ;

Substituting and simplifying, we see the alternate first and augmented third states cancel
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4.3 Third OrderStructure 51

each other out.
> subs( ", eetcMBal [1] ):
> simPlifY(subs( *rtr, r ))'

",u (* e) = ør- - ø"

The same result holds for the global enerry balance:
> Diff (v[i.rd],8) = solve(subs(Diff (vlwrl ,c)=0, eqfdVwc]), Diff (viwdl ,r.) ):
> eq[GEBa] 12..al;

e21a: e21,e22a: eZP - tr, (#o,) n,ep\a = -eplDitr(a,,x,) V

) subs( ", eqIGEBa] tll );

-h" Q" -f hfu QÍu * Asú * Q

> simPJ.ifY(subs( "'tr, il )).

Hence, the combination of the two balance will lead to the same result, regardless of the
choice for the first state variable.

4.3.7 fterative Initialization of the Third State
Load procedure definitions for computing multivariate Taylor series expansions.

> readlib (mtaylor) :

Begm by deriving a linear approximation of the non-linear down-comer f.ow rate relation
derived in Section 4.3.4. The approximation is obtained by taking a Taylor series expansion
in o. and keeping only the first two terms of the series. The expansion is made about the
nominal value arO which, for simulation purposes, we shall take as the initial value of a,.

> srRlp( eqlqtdcl (r)l );

a, P-"V
k¡

> ths(") = mtayfor(rhs("),alpha[r]=aro,2) ;

,* (*") : -0" e" * h¡- q¡* I Lg.o t e

"r, (&o,) * (,ru - "', (#*) ") (*r) - 
eptDttr(d.,n.) (*,.) n =

Õ{ry(a,-aro)

rnQ¿c

qa": lñ
ar0

For notational purposes, and to facilitate symbolic manipulation, rffe introduce the following
parameterization:

> qdcO = subs(a}pha[¡]=arQ,rhs("") );

qdcT : '/î,
ar? p-"V

k¡

The linear approximation is thus:
> powsubs (REVERSE(tr), ril) .

qa.=qd,co.iW
The augmented third state equation gives us the following condition for equilibrium:
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> rhs (eq [sys3l ) [3, 1] :

> subs( De1ta[reb]=0, " ) = 0;

-h.Í,Qd"*Q =0

In terms of the above approximation we have:
) subs("il",r)'

-h"t, (øa"o +r@-#"4!) * o: o

We save this relation for use later. Next, we repeat the above steps in deriving a linear
approximation for the nonlinear relationship behveen d.r aîd rr.

> tmp :=rr:
> STRIP (eq Ialpha tr] (t) I ) ;

,\
P-lnlt ---L I P"

\PstPwsX:r,/ , Pw
*?.__-----_--_------T-

l, P-"" P *"

> ths(") = mtaylor(rhs("),xlrl =xrl,2) ¡

P-ln Ps

Qr:
* p-" rr0 Ps

xr} p-"

_ PuP-" _
xr| (p" * p-" xr?)

e-h ( P"\
P" * P." tr| ) p" (x, - xr?)

+ Pw

P-"

ff02

+
P-"2

> aro = subs (x [r] -xro, rhs ( t I ¡ ¡ .

P-ln Ps
Ps

arq =
+ ûr0

xr0 pus

) powsubs (REVERSE(r'), nil) -

Pu

P-"
+

*, - 
o-t'(*ú-"oo) o" 

*
firU p_s"

Pu

P."

P-"2

Note that the substitution in the preceding command failed. Rather than expending time
tinkering with Maple, we simply type manually the obvious simplifications:

> alphalrl = arg + dardx*(x[r]-xrg);

er = ar0 * d,ordx (x,. - xr?)

Combining the two linear approximations in the state equilibrium relationship gives:
> subslu,tmp);

P-Ln
Pe

_ PuP*" _
xr1 (p" * p." xr?)

xr0+
ør0

p" (t, - xr?)

+

-lQ:o

The result of the Taylor series approximations is a quadratic expression in terms of the state

- h" t, (ta"o + ; !@þ+r"!)"!g)
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.4,4 Fourth Order Structure

> l-print(");
- 1/dardx*ar +1 / 2*xrO +1- / 2 /hc / dardx* (hc *qdc* ( 4 *hc*qdc *ar^ 2
-4*hc*qdc*ar*dardx*xro+hc*qdc*dardx^2txro^2+8*dar&{*Q*ar)) ^ {l/21 /qdc
> save eq, 'Third.Order.mpL':

4.4 Fourth Order Structure
> resuart:
> with(1ina1g) :

> !^rit.h(student,) :

> REVERSE := eqn -> rhs(eqn) = ths(eqn):
> STRIP := eqn->subs(map(f->f=op(0,f),indet,s(eqn,anyfunc(string) ) ),eqn) :

) read'Thj.rd.Order.mpl' :

> Diff (rhotsl (t)*vt"U, (t) + rhoh^'l (E)*V[$rd] (t),t) =
> qtrl (t) - stsdl (t) + 9[fw] (E) - s[dc] (t);

â
f;r Ø"(t)v"¿(t) + p-(t)v-¿(t)) : q,(t ) - q,r( t) + q¡-(t) - q¿.(t)

> Diff( rho[s] (Ë)*ulsl (r)*vlsdl (r) +

> rho[w] (t)*ulwl (t)*v[wd] (t) + mlsdl*Clpl*T[sat] (t), c) =
> hlrl (c)*q[r] (r) - hlsl (E)*qlsdl (r) + hlfwl (r)*qlfwl (r) - htwl (¡)*q[dcl (t) +

> DeltatIvl;

{, fo"frl u"(t)v"¿(t) * p-(t) u-(t)v-¿(t) + rn"d cpT""¿(t)) -
h"(t) q,(t) - /¿"(¿) q"¿(t) + h¡.(t) q¡.(t) - h-(t) q¿.(t) * Ltv

> simplify( ' - hlwl (t¡*uu , -

53

ø,. This we can solve analytically, yielding an expression for the initial state condition z!
> { solve(", x{rl) }:
) xro = map(coIlect, ", [qdco,aro,xro] );

ûro = {- #h*f,xro +f,(n"oa"o

(lh" qacO ar02 - 4h" qd,c0 ar7 ilarils xr7 I h" qdc7 d,ardt2 sr02 + I d,ard,x Q ar?)

)"' / (n. d,ard,x qd,cl) ,- # + f, *o - f, (n" oa"o

(+h. qdc7 ar02 - 4h. qdcT arT ilard,x xrT * h. qd,cO darda2 sr02 + 8 dard,x Q ar?)
xl/2 t ì
) f (h" daraa qdc?)Ì

Using OuStwt, we determined that the first of the two solutions is the conect form to base
an iterative initialization upon. Iteration is necessary because the right hand side of the
quadratic solution depends upon ø!. To facilitate programming the iteration in OMOLA, we
make the following variable changes and then print out the equation in a textual format that
we "clip and paste" into the Omole model definition; see Listing 8.22 on page 76.

) subs (arO=ar,hlcl =hc,qdc0=qdc, rhs (") [1] ) ;

- #ã+f,x,o +f,@"aa"

(4hc qd,c or" - 4hc qd,c ar ilardx rr0 * hc qd,c d,arilx2 xr02 *8 d,ard,xQ or))t/" l(
hc d,ard,x qd,c)

(* r"rt) u"(t) v"a(t) * p-(t) u-(t)v-¿(t) + nx"d cp?i",(ú )))

- h-(tl (ft ø"tt)v"a(t) + p-(t)v-r(t))) = h,(t) s,(t) - h"(t) q"¿(t)

* h¡-(t) qruft) * Ltv - h-(t) q,(t) + h-(t) q,¿(¿) - h*(t) qp(t)
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54 Maple Derivations

) subs( eq[u] , ,' ):
> hlrl (r) = h[w] (r) + hlcl (È)*xlrl (r) ;

h,(t) : h-(t) + ¡"(t) n,(t)

> simplify( subs( ", "u )):
> coLlecE,(',, [q[sd] (r),qtfwl (r)l ) :

) changevar(-htsl (t)+h[w] (t.)=-hlcl (E) , ") :

> collect,(", [h[c] (t),qtfwl (E) I ) :

) changevar(-Stsdl (c)+qIr] (c)*xlrl (t)=-rholsl (c)*dVlsdl (È)/tauIsd],");

> simpl-ify(value (") ) ;

fi {r"olr)h"(t) p"(t) -v"d(t)P(t) +v.¿(t)h-(t) p.(t) -v-a(t)P(ú) + rn"¿cpr""t(t))

) -r., r, (*þ"(t)v"a(t)+p.(tlv-,(ú))) :

- 
p"(t) dv "a(t) h"(t) 

+ eh.ft) -t h¡-(t)) q¡*(t) * Lw
Tsd,

(*r",rt)) o"t t) p"(t) +va(t)

- G%,(¿)) 
P(ú) - v¿(t)

-v-¿(tl ($"tr )) +*"0c,

+v^@ ( fio-ot) o-

'))
- (&"-'r't)

(* n"rt)) n" ( t ) + v¿(t) h"Ø (& o"(

t P(¿)($et'r)

(ft'""'" ô( )It P"

- 16(L) p"(L) (*r"ltl) :
p"(t) d,V "¿(t) h.(t) * q¡-(t) r"¿ h-(t) - qp(t) r"¿ h¡-(t) - Atv ,"¿

_ h_(t) (¿) V"¿(t)

Tsd

> subs (eq [Vwr] , eq [vwd] ) ;

V-¿(t) = V-¿(t) - V¿. - (1 - a,(t)) W

> diff (", r) ;

) subs(r,rtrn)-

ftw,r,t = (&v.,@). (* o.Ø) v.

a
ôt( %,(¿)) h"(t) p"(t) *v"¿(t) (å o"trl¡ p"e) +v¿(t) h"(r, (*0"(r))

- (*%,(¿)) P(¿) - ,",rr) (*p(¿)) + v.¿(t)

- (($ v-,@). (#"(')) *) t, t) -v-¿(t)

(¿),) o-(¿(*^

(å",

,))
") 

* m"¿c, (*r*,ol)
- h-(t) (& o"rr)) v",fr) - h-(t) o"Ot (&u, (

p"(t) dV 
"¿(t ) ¡," ( ú ) * q¡-(t) r"¿ h-(t) - qru(t) r"¿ hf.(t) - Ltv r"¿

Tsd
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4.4 Fourth Order Structure ÐÐ

> subs(diff( htsl (t),t)
> diff( htwl(t.) ,È)
> diff(rho[s] (¡¡,¡¡
> diff(TtsaËl (t),t)
> diff(alphatrl (r),r) =

)a

dif f (vlsdl (r) , r)
diff (vlwr] (r),r)
diff (P(r),r)

Diff ( hIs], P) *Diff (P,t),
Diff ( h[w] , P) *Diff (P, t) ,

Diff (rho Is] , P) rDiff (P, r) ,

Diff (T Isat] , P) *Diff (P. t) .

Diff (a1pha Irl , e¡ *Pi¡¡ 1n, a,
Diff (alpha Ir] , x Ir] ) *Diff (x [r] , c) ,

= Diff (vtsdl ,t),
= Diff (V [v/r] , r) ,

= Diff(P,r). " );

a
ôt (r+'") (# ")

(*') +v-¿(t)

(

(#'-) (ft') o-ot

*Diff(a,,ø., (#,.)) ø) elr¡ -v-¿(t)

*",)

(*,* ). ((ui"')(*Ð
t) - o-'

]%r)

-(

-(

h"(t) p"(t) + v"d(t)

P(¿)-V"¿(t)

p"(t) +V"d(t)h"(t) a
ãF Pe *,)

,") (& ") u",tt) - h-(¿ I p"( ¿ ) (

)(

+n¿"dcp (#"") (* t (
*")(

a
ãt V"d

)
ô

AP

þs (t) dV 
"d

(¿) h"(t) + qru(t)r"dhu (¿) ¿) r"¿h¡*(t) - L¡v r"¿- Qfu

Tsd,

> collect.( ", tDiff (v[wr.],r), Diff (p,r), Diff (xtrl,r), Diff(vtsdl,r),
> vtsdl (c) , Diff (rholsl ,p) , rhotsl (r), vtwdl (r.) ,

> rau [sd] , q tfwl (c) I ) :

) changevar( htsl (r) -hlvrl (r)=htcl (c) , ,, ) :
> símplify( "/rholsl (E) /htcl (r) ) :

> collecc( ", lDiff (vlwE],r), Diff (p,r), Diff (xtrl ,r), Diff (vtsdl ,u) ,

> vtsdl (r) , Diff (rho[s],p) , rhotsl (r) , vtwdl (r),
> tau [sd] , q tfwl (E) I ) :

> eq lcvrv] : = ,, :

) e42 = sTRIp ( coeff (lhs (eq lcvrvi ) , Diff (p, r) ) ) ;

e/¡2 = #p" + #n" _
Ps h"

(p- (#n=) -t) v-o *
h.^

1

p"E V"d

m"¿Co (#r"",) - (# a,) V P
h^+

Pc

) powsubs( REVERSE('), STRIP( eq[cvIv] ) ):
> e43 = STRIP( coeff(Lhs(eq[cvÏv]), Diff(xtrl,E) ) );

el?:- Difr (a,,a,) V P
h, p"

> powsubs( REVERSE("), uu ):
) e44 = STRIP( coeff (lhs (egtcvlvl ) , Diff (vlsdl , r) ) ) ;

) powsubs( REVERSE(I), u" ):
) e41 = STRIP( coeff (lhs(eq[cvIV] ), Díff (vlvrEl ,r) ) );

e44=L-:-
lt" ps

ell=-rP
lrc P"
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56 Maple Derivations

(*^,) et1 t etz (*r). (*,.) ,,ts *,44 (*r*) =

> powsubs( REVERSE(Í), rr ).

d,v 
"¿

Tsd,

(h- - h¡-) qtu Ltv
-n"-n"

Ps
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Appendix B

Omola Definitions

8.1 Library Definitions

8.1: librory.ol-Base definitions used in much of the model library.

I

4

Ð

b

7

I
I
r0

11

t2
13

14

15

16

L1

IE

19

20

2L

22

23

u

27

28

n
30

3t
32

93

34

36

37

38

39

40

4L

12

43

u
,t5

4
47

48

49

50

51

62

LIBRARY DrumBoiler;
USES k2db, K2TerminalLib,.
USES SLd, Stdcompt
8t SIdr library.oI,v 1.L8 L997/L0/06 19:39¡59 sorliej Exp S

MaÈrixvar ISA Std::Matrixvar WITH
EPS TYPE STATIC Real ¿-- 2^ (-521; tt IEEE floaÈing poinc
abs TYPE Matrix [m,n] := abs(walue);
logabs ?YPE Macrix [m,n] := ln(abs (value+Eps*ones (m,n) ) ) /1n(10) ;
rowsum TYPE CoJ-umn [m];
colsum TYPE Row [nl;
towaum = value*onea (n,1) ;
coleum = ones (1,m) *value;

END;

Vectorvar ISA Std: ¡Veceorvar WITH
EPS TYPE STATIC ReaI t= 2^(-521; tt IEEE floaring poinr
abs TYPE Column[n] := abs(va1ue),
logabs TYPE Columnlnl := ln(abs(value+Eps*ones(n,1) ) )/ln(10) ;sum TYPE Real;
sum = ones(1,n)*value,

END;

ÎÍmeDelay ISA Vatiable WITH
u, T ISÀ Variable;
x ISA St.d::VecEorvari

END;

PureDelay ISA TimeDelay WITH
t* Utilize Omsim.s builc-in function. NoÈe Èhe conEinuous-discrece
tt equaÈions thaE resulE CANNOT be loaded into Maple for code generaEion
value := delay(u,T,u);
X.n := 0;

END;

Padeo1 ISA TimeDelay WITH
tt Implemenbs the pade(0,L)
tt
tt Y(s)
?* ---- = exp(-s*T) ==>tt u(s)
tt
)(.n r= 1i

equations:
x+T*x'=¡;
value := xi

init.ializaÈ ion:
IniC, Relnit. ISAN EvenÈt
OnEvenc Init DO
- new(x) := u; t IniEiatize stat.e assuming an equilibrium state

schedule(ReInic, 0.0) ; t FÍre immediacely afÈer omsim,s init-solver.
END,.

approximacion of a pure time delay:

Y(s) 1

U(s) 1 + 6rT

Listing
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58 Omola Definitions

53

54

5'1

58

59

60

61

62

63

u

69

10

7t
72

74

75

76

78

79

80

81

82

83

81

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

Lt?

118

119

120

Lzt
122

r23
124

12ó

126

OnEvenC ReInit DO

new(x) := u; * Re-initialize wit.h a non-zero input..
END;

END;
PadelL ISA TimeDelay wITH

tå Implement. the Pade(1,1) approximatiÕn of a pure t.ime del-ay:
t8
tt Y(s) Y(s) L - s*'t/z 2

åt ---- = exp(-s*T) ==> --- = --------- - 1

*t U(s) U(s) l+s*1/2 l+s*'I/2
x.n := L;

equaEions:
x+T/2*y'=2*y¡
value:=x-u;

ini t iaI i zat ion :

rniE, Rernj.t rsAN EvenÈ;
OnEvenE Init DO

new(x) ¡= 2*u; t Tnitialize state assuming an equilibrium sÈat.e
schedule(RelniE, 0.0) ; ? Fire immediaEely afEer Omsirn's init-solver.

END ¡
OnEvent ReIniÈ DO

new(x) := 2*u; 3 Re-iniEialize wit.h a non-zero inpuE.
END;

END;
Pade12 ISA TimeDelay WITH

t* Implement. the Pade(1,2) approximaEion of a pure Lime delay:
zt
?t
tt
8?
8?
8t
?8
8r

?r
åt
z*
3Z
t8
?ï
?T
tt

Y (s)
---- = exp(-s*T)
u (s) (s*1) ^2/2

z (s) x (s)

x(s) u(s)

Y (s) 3-s*T

z ls\
---- - 1 - ê*l

x (s)

u(s) 3+2*s*T+

x (s)

U(s) I+s*T/z+

x(s) 1

U(s) 3 + 2*s*T + (s*1\^2/2

1

and

x.n t= 2;
equat.ions:

x[1]' = x[2];
'I^2/2*xl2] ' = u - 3*x[1] - 2*'1*xl2lì
value := 3*x[1] - T*x[2];

initializat ion:
lnir, Re1nit. ISÀN EvenE;
OnEvenE InÍt DO

? new(x) := [u/3;0], ? lniEial-j-ze sEate assuming an equilibrium sÈaEe
schedule(Relnit,0.0) ; ? Fire immediately after omsim's init-solver.

END;
OnEvent ReIniÈ DO

new(x) ¡= [u/3;01; t Re-initialize wiùh a non-zero inpuL.
END ¡

END;
Pade22 ISA TimeDe1ay WITH

tt ImplemenE Lhe Pade(2,2) approximation of a pure time delay:

where

Y (s)
---- = exp(-s*T)
u (s)

z (sl
---- = 9*T
x (s)

(s*T't^2/L2 x (s) u(s)

where and
Ir(s) t + s*Tlz + (s*.Ir^2/I2

Ít=2ì
equaE j-ons I

xtll' = x[2]i
'r^2/12*xl2)'=u-x[1]
value := u - T*x[2],.

initi.ali zaCion:
lniÈ, Rernit rsAN Event;
OnEvenE. IniL DO

new (x) : = [u;0] ;
schedule (ReInir., 0. 0) ;

END;
unEvenc Refnlt uu

new (x) : = [u; 0l ;
END;

END;

- 'r/2*xÍ2'l ,

? Initialíze sEale asÊuming an eguil-ibrium sEaÈe
t Fj.re immediately afger omsim's íni!-solver.

t Re-iniEialize wiEh a non-zerô input

Listing B. 1-: librory,ol (continued)

Dept. of Automatic Control
J. Sørlie, J. Eborn

LUTFD2/TFRÎ..7563. -SE
1998.8.14

Lund Institute of Technology



8.1 Library Definitions 59

1

2

3

4

5

1

8

10

11

12

13

l4
15

16

L7

18

l9
20

2t

24

25

26

27

28

29

30

34

36

37

38

39

40

4t

42

43

BoilerIC ISA Model WITH
zz $ldf Boilerlc.om,v 1.'7 199'7/06/27 0B:29:36 sorliei Exp g

craphic ISA Super::Graphic WITH
bilmap TYPE SLring := "BoilerIc"; xjos := 20O; y_pos := 175;

END;

Q ISA SimpleTerminaL wlTH
Graphic lsA super::craphic I¡ITH

xj2os : = 0.0;
y_pos I = 150.0;

END;
END;

Water ISÀ K2Terminallib: :FlowInTC WITH
Graphic ISA Super::Graphic WITH

x_pos:= 200.0;
y_pos:= 300.0;

END;
p. unit : = "MPar¡ ;
M ISA K2TerminalLib::St.eamMediumTc WITH O

END;
'WaLer; END;

St.eam ISA K2TerminalLib: :FLowOutTC WIÎH
craphic lsA super::craphic I,ÍITH

x_pos := 400.0i
y_pos .= 225-0¡

END;
p.unit:= "MPa";
M ÌSA K2Terminalli-b: :SteamMediumTc Í^IITH

^ 
.- ,Ctsô-ñ.

z ISÀ K2Terminallib: :HeightTC;
END;

END;

Disturbance ISA RecordTerminal wITH
Graphic ISA Super::craphic WITH

xj)os := 200.0;
Y_Pos:= 0.0;

END;
VL, V2, V3 ISA Simplelnput.;

END;
END;

Listing 8.2: BoilerlC.om-Interface class definition for the drum boiler flow model.

Listing 8.3: BoundedvoriobleGoin.om-Definition of a bounded smooth nonlinear gain block.
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1

2

4

õ

6

7

I
9

10

11

t2
13

1.1

15

16

17

l8
19

20

2t
22

Boundedvariablecain IsA Base: :Model I{ITH
ZZ $Id: BoundedvariableGain.om,v 1,2 f99'1/06/2'r 08:53:58 sorliej Exp $

å The output equals the nominal "va1ueil and,
* depending on the input, may vary upLo plus
? or minus L/2 Eh,e specified "range"-
Graphic ISA Super::Graphic WITH

biEmap TYPE String := "BoundedvariableGain";
END;

termi.nals:
T1 ISA Base: rSimplelnput WITH

Graphic ISA Super: rGraphic WITH xSos:= 0i y_pos:=150;
END;
T2 ISA Base¡ rSimpleoutput WITH

Graphic ISA Super::craphic WITH x_pos:=400; y_pos:=150;
END;

variabLes:
nominal, range ISA Base: :ParameLer;
Pi TYPE STATIC ReaÌ ¡= aEan2(0,-1);

equaE ions :

T2 = nominal r range*at.an(T1)/Pi;
END;

invisible:=1r END;

i¡ylsiþfs;=1; END;

Lund Institute of Technology



60 Omola Definitions

I LowPassFilter ISA Base: rModel WITH
2 zÈ Sld: LowPassFilter.om,v 1.2 199'7/06/27 08:54:29 sorliej Exp I
3 Graphic ISA super::Graphic WITH biLmap TYPE String := "LowPassFilter"; END;
4 Cerminals:
5 T1 ISA Base::Simplelnpul WITH
6 Graphic fSÀ super::Graphic WITH invisible:=1,' x_pos:=0; y-pos¡=150; END;
? END;
I '12 ISA Base;:Simpleoutput wlTH
I Graphic ISA super::Graphic WITH invisible:=1; x_pos:=400; y_pos:=150; END;
10 END;
11 parameter:
12 omega ISA Base::Parameter WITH
13 defaulL := 1.0; ? BandwidLh equals the inverse of che filcer Line constant:
14 END;
t5 variables:
16 x ISÀ Base::Variable;
l7 dW TYPE Real;
t8 connections:
19 T1 = dW;
20 T2=xì
21 equations:
22 x' + omega*x = sqrt(2*omega)*dwr å scaled for uniL variance
23 END;

Listing 8.4: LowPossFilter.om-A first-order low pass fil{er bÌock.

Listing 8.5: Producuunction.om-A scalar signal multiplier block.

1 Staticcain lSA Stdcomp::Staticcain WITH
2 4Z $Id: StaticGain.om,v r-2 1,997/06/27 o9:02:58 sorllej Exp $
3 Graphic IsA Super::Graphic WITH
4 bitmap TYPE String := "sÈaticcain";
5 END;
6 T1 ISA Super::T1 WITH
7 Graphic ISA Super::Graphic WITH invisiblg ¡= 1; END;
8 END;
I T2 lSA Superr:T2 WfTH
r0 Graphic lSA Super::Graphic WITH invisible := 1; END;
11 END;
12 END;

Listing 8.6: StoticGcin.om-A constant linear gain block

1 Product.¡.function f SA Base: :Model Wf TH
2 4Z SId: Produc!.lunction.om,v L.2 L997/06/27 08:55:05 sorliej
3 Graphic ISA super::Graphic VIITH
4 bitmap TYPE String := "productJunction'i;
5 END;
6 terminals:
? T1 ISA Base::SimpleInput I,ìITH
I Graphic ISA super::Graphic WITH
I x_pos :- 0; y_pos := 150; j-nvisible := l";
1O END;
11 ENÐ;
12 12 ISA Base::SimpleInpuL WITH
13 Graphic ISA super::Graphic WITH
14 x*pos := 200; y_pos := 0; invisible := 1;
15 END;
16 END;
17 T3 ISA Base::Simp1eoutpuc WITH
18 Graphic ISA super::Graphic wlTH
19 x_pos := 400; y_pos := 150; invj"sible := 1;
20 END;
21 END,
22 equation:

24 ENDi

EXP S
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I
2

3

4

5

6

7

8

I
l0
11

13

14

l5
16

tI
18

l9
20

23

24

SunJunction ISÀ Base::Mode1 WITH
Z* Sld: Sum,function.om,v I.2 L99't/06/27 09:Q7:46 sorl.iej Exp S

Graphic ISA super::craphic WITH
biLmap TYPE String := ',SumJunction,,;

END;
t.erminals:

ul ISA Base::SimpleInput IIITH
Graphic ISA super::craphic WITH

x_pos := 0.0; y_pos := 20O.0; invisible := 1;
END;

END;
u2 ISA Base::Sinplelnput WITH

Graphic ISA super::craphic WITH
x_pos:= 0.0; y_pos:= 100.0; invisible:= 1;

END;
END;
y ISA Base::SimpleouEput. WITH

Graphic ISA super::craphic WITH
x_pos:= 400.0; y_pos:= 150.0; invisible:= 1;

END;
END;

equat. ion :

y ¡= u1 + u2;
END;

Listing 8.7: SumJunction.om-A scalar signal summer block

Listing 8.8: WienerProcess.om-A pure integration wh-ich, mathematically, yieÌds a Wiener
process if driven by continuous-time white Gaussian noise.

ListingB.9: SignolModelMopping,om-The parameterized signal model names used in equa-
tion export to Maple.
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WienerProcess lSA Base: :ModeL WITH
Ze" $Id: wienerProcess.om,v 7.2 1997/06/27 09:03:29 sorliej Exp S

Graphic ISA super::Graphic WITH bitmap TYPE String := ,twienerProcess,', END;
terminals:

T1 ISA Base::SimplelnpuL WITH
Graphic ISA super::craphj-c WITH invisible:=1,. x_pos:=O; y_pos:=150; END;

END;
T2 ISA Base::Simpleoutput. WITH

Graphic ISA super::Graphj.c WITH invisible:=1; x_pos:=400; y_pos:=150; END;
END;

variables:
W, dl¡¡ ISA Base I :Varì-ab1e;

conneccions:
Tl" = dw;
12 = Vl;

equal ions :

ç' = dW;
END;

I
2

3

4

õ

6

7

8

l0
ll
t2
r3

14

l5

t7
18

l9

SignalModelMapping ISÀ Base: :ModeL WITH
tZ $Id: SignalModetMapping.om,w I.6 1997/06/27 09:OL

Graphic ISA super::craphic WITH
bit.map TYPE String := "SignalModelMappingt'; x pos

END;

46 sorliej Exp $

:= 250¡ y_pos := 300;

input_signals:
U, U0, Wv, Wy ISA SÈd::VecÈorvar;

staÈe_signals:
X ISA Std: rVeceorvar;

outpuÈ_signals;
Y ISA Std::VecÈorvar;

daÈa_store:
PM ISA Std::MaErixvar; ? parameter map
NaN ISA ParameEer; å dummy name for indj-cat.ing unused elements in PM

END;
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SaLurationMM ISA Base::Model WITH
å? A medium model describing E.he thermodynamic
tg properÈies of saÈurated water/steam.
å? Àuthor : ,fonas Eborn
gå Assumpt.ions : medium state is pressure.
åå St.ates : static
8å Model use ¡ inside boiLer models
&? Model type : medium mode1. (Saturated water,/Steam)
?? Units : pressure [MPa] (L0 bar = 1 MPa, L Pa = 1 N/m2)
?? : density tkglm3l (1 kglm3 = re¡ g/crn3)
4* : enchalpy tM.r/kSl
Z? : uemperature ldegC]
T? $rd: saturaEionMM.om,v L.r0 1997/06/2'l o8:56:49 sorliej Exp S

icon ¡

craphj-c ISA super::craphíc WITH
bitmap TYPE SLring := "Sa¿uraLionMM";
xjos r= 300i
y_pos := 150;

END;
terminals:

Min ISA Baser:RecordTerminal wfTH
Graphic ISA super::Graphj.c WITH xjos := 0.0; y-pos r= 150.0; END;
p ISAK2Termj-nallib::PressureTc¡

END;
MouL IsA Baser :RecordTerminal WITH

Graphic ISA super::Graphic WITH xjos := 400.0; Y_Pos := 150.0; END;

hs, hw fsA K2Terminallibr :Ent.halpyTc,'
rs, rw ISA Base::SimpleTerminaf;
Ts IsA K2Terminallib::TemperaEureTc;
dhsdp, dhwdp, drsdp, drwdp, dTsdp lsA Base::simpleTerminal;

END;
parameters:

a01- TypE gTATfC ReaL l= 2.725486¡
al"L TYPE STATÍC Real := -L.8992E4¡
a21 TYPE STATIC ReaI := -l-l-60.0;

aO2 TYPE STATIC Real
a1,2 TYPE STATIC Real
a22 TYPE STÀTIC Real

aO3 TYPE STATIC Real
aL3 TYPE STÂTIC Real
a23 TYPE STÀTIC Real

t= 53.L4O2¡
¡= 7 .673;
:= 0.36;

:= 1.4035E6;
:= 4.933984¡
¡ = -880.0;

a04 TYPE STATIC Real :=
al-4 TYPË STATIC Real :=
424 TYPE STATIC ReaI :=

69r.
-l-8.
-0.0 603;

a05 TYPE STATIC Real := 310.6;
a15 TYPE STATIC Real ¡= 8.523¡
a25 TYPE STATIC Real := -0.33;

equat.ions:
MouL.hs = aO1+ (al-1+a21* (Min.p-l-0) )* (Min.¡¡-10) ;
Mout.dhsdp = aL1"+2*a2L* (Mj-n.p-10) ;

Mouc.rs = ao2+(a!2+a22r (Min.p-10) ) * (Min.p-10) ;
MouL.drsdp = a12+2*a22* (Min.p-10) ;

Mout..hw = a03+ (a13ia23* (Min.p-10) ) * (Min.p-10) ;
Mout..dhwdp = a!3t2*a23* (Min.p-10),

Mout. rw = aO4+ (a14+a24* (Min.p-l-0) ) * (Min.p-10) ;
Mout.drwdp = aL4+2*a24t (Min.p-L0) ;

Mout.Es = a05+ (a1,5+a25* (Min.p-10) )* (Min.p-10) ;
Mout.dLsdp = a15+2*a25* (Min.p-l-0) ;

END;

Listing 8.10: SoturotionMM.om-Medium model containing the thermodynamic properties
ofsaturated \ /ater at a given pressure.
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OresundsimlC ISA Model WITH
Zï $ld: OresundsimIC.om,v ),.1-3 I99'r/06/2"1 08:36 r52 sorLiej Exp S

craphic ISA Super::Graphic V¡ITH y_size := 305; END;
boi ler_model :

Boil"er ISA DrumBoi-ler: :BoilerlC WITH
Graphic lSÀ Super::Graphic !.IITH x_pos := 200; y_pos := 175; ENÐ;

END;
read*fi1e_inputs:

Feed',laterFlow,
Fuel Flow,
SteamFlowl,
SteamFlow2,
FeedwaterTemp ISA Cont.inuouslnput; ? measured inpucs
ConE inuouswhi ! eNoi se 1 ,
Cont inuoustÍhi LeNo i se2 ,

Cont inuousWhi EeNoi se3 ,
ContinuouswhiteNoise4 fSA ContinuouslnpuÈ ; ? exogenous inputs (dynamics)
DiscretewhiteNoisel,
DiscretewhiteNoise2 ISA ConÈinuouslnput.; ? exogenous inputs (measurmenEs)

read_f i 1e_output s :

DrumPres sure ,

DrumLevel ISA ConCinuouslnput; å for out.put-error caLculations
parameters:

qscf, qfwcf, qfcf, qfrng, pcf, dlcf fSA paramet.er;
Tcf, sigmal, sigma2, sj.gma3, sigma4, sigmas ISA Paramerer;
qs10, qs20, qfwo, tfwo, qfo ISA Parameter;

Parameterization:
qscf.default := 0.253; å Experiment J, F, c: O.253, O.2S2g, 0.253

? E, A, B: 0.2549, 0.2548, 0.2688
qfwcf := 1e3/3600; Z lt/}rr1 -rlkgls], except Exp. A = 0.2?64
qfcf .default := 6.205; Z lt/hrl->[Mt¡] Exp,s,J, F, G: 6.205, 6.].t, 6.035
qfrng.default := 0.5; ? E, A, B: 5.61, 5.6L2,5.649
pcf := 0.08; * lkg/cn21 -> [MPa]
dlcf : = 1e-3;
Tcf.default := 100;
sigmaL.defauÌt:= 0;
sigma2.default:= 0;
sigma3.default := 0;
sj-gma4.defau1t := 0;
qs10.default := 125¡
qs20.default := L25¡
qfwo.default t= 250¡ ? iniEial eguilibrium staE.e requires q fw =: q s
t.fwO.default := 240¡
qfo.default. := L7 .2;

vari-ables:
OutpuLError ISA Std: :Vectorvar I¡¡ITH

n := 2;
value := ldp - DrumPressure; dI - Drumlevel];

END;
init.iaJ-iza¿ion:

Init ISÀN Event;
OnEvent Init DO

new(LPFI.x) := 0;
new(wp1 .w) := o;
new(wp2.w) := 0;
new (wp3 .w) := o ¡

END;
measured_inpuL_t erminaL s :

qs1 ISA Simplelnpu! WITH
Graphic ISA Super: rGraphic WITH x_pos := 0; y_pos := 276; 8ND;
value := SteanFlowl;
defaulE := qsl"0i

END,.
qs2 ISA Simplelnput. WITH

Graphic ISA Superr:craphic WITH x_pos := Ot yjos := 251; END;
value := SteamFlow2;
default ¡= qs20;

END;
qfw ISA Simplelnput. WITH

Graphic ISA Super::Graphì-c !.IITH x_pos := 0; y_pos := 226; END;
value := Feedwa!erFl-ow;
defaulE ¡= qfwO;

END;

Listing 8.11: Oresundsimlc.om-The simulation interface to the experimental data, includ-
ing stochastic input and output error modeling.

Dept, of Automatic Control LUTFD2/TFRT.-7563..S8
1998.8.14J. Sørlie. J Eborn

Lund Institute of Technology



64 Omola Definitions

'14

't5

16

71

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

10?

108

109

110

111

t12
113

114

115

116

rt7
118

119

120

t2t

124

126

126

128

r29

130

131

134

135

r36

13?

138

139

140

141

t42
143

114

1.15

craphic ISA Super::Graphic WITH x_pos := 0; y_pos
value := FeedwaterTemp;
guantity := "thermodynamic.temperature";
unit := "K";
default := tfwO;

END;
qf ISA Simplelnput WITH

Graphic ISA Super::Graphic WITH x_pos := 0; y_pos
value := FuelFlow;
default ;= qfO;

END;
cont inuous_Gaus s i an_noj- se_i npuc_t e rminal s :

CN1 ISA Simplelnput WITH
Graphic ISA Super::Graphic WITH x_pos := 0; y_pos
value : = Continuousl^rhitreNoisel ;

END;
CN2 ISA Simplelnput WITH

Graphic ISA Super::Graphic !,IITH x_pos := 0; y_pos
value : = Continuouswhi-ceNoise2 ;

ËND;
CN3 ISA Simplelnput WITH

Graphic ISA Super::Graphic WITH x_pos := 0; y_pos
value := ContinuouswhiteNoise3;

END;
CN4 ISA Simpl,elnput WITH

Graphic ISA Super::Graphic WITH x_pos r= 0; y_pos
value := ContinuouswhiLeNoise3;

END;
di sc ret e_caus s i an_noi s e_input_t erminal s :

DN1 lSA Simplelnput WITH
Graphic lSA Superr rGraphic WITH x_pos := 0; y-pos
value := DiscretewhiteNoísel;

END;
DN2 lSA Simplelnput WITH

Graphic ISA Super::Graphic WITH x_pos := 0; y_pos
value := DiscretewhiteNoise2;

END;
mea sured*output_t e rmina I s :

dp ISA Simpleoutput. WITH
Graphj"c 1SÀ Super::Graphic wlTH x_pos := 400; Y_Pos

END;
dl ISA Simpleoutput WITH

Graphic ISA Super::Graphic WITH x_pos i= 400; y_pos
END;

junctions:
Suml lsA DrumBoifer: :Sum,.funccion wlTH

Graphic ISA Super::Graphic WITH x¡ros := 50; y_pos
END;
Sum2 IsA DrumBoiler: :SumJunction WITH

Graphic ISA Super::Graphic WITH x_pos := 350; y_pos
END;
Sum3 ISA DrumBoiler: :Sum,tunction WITH

Graphic ISA Super::Graphic WITH xjos := 350i y_pos
END;
Prodl ISA DrumBoiler: ¡Product.lunccion WITH

Graphic lsA Super::Graphic WITH xjos := 125; y_Pos
END;

input_convers ion_f actors :

Sc1 ISA DrumBoiler: :SEaticcai.n WITH
Graphic ISA Super::Graphic Í{ITH x_pos := 75; y-pos
T2 ISA K2Termina1lib: :MassFlowTc WITH

Graphic ISA Super::Graphic WITH
invisible := 1; x_pos := 400; ySos := 1.50;

END;
END;
K := qscf; ? Steam FlowRate Conversion Factor

END;
SG2 ISA DrumBoiler: :Staticcain V'IITH

Graphic lSA Super::Graphic WITH x_pos := 75; y_pos
T2 fSA K2Terminallib: :MassFlowoutÎC I'¡ITH

Graphic ISA Super::Graphic l,lITH
invisible := 1; x_pos := 4QQ¡ y_pos := 150;

Listing B. 1 1: OresundSimlC.om (continued)

207;

L76;

150;

!25 ¡

100;

75¡

50;

25;

176¡

150;

254 ¡

175 ¡

150;

r75;

ËND;

END;

END;

END;

END;

END;

END;

END;

END;

END;

END;

END;

END;

ÊND;

END;

END ¡
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END;
END;
¡ ¡= qfwcf; ? FeedwaLer Flowrate Conversion Factor (t/hr -> kg/s)

END;
BVG1 ISA DrumBoiler: :BoundedVariablecain WITH

Graphic ISA Super::Graphic WITH x_pos := 100; y_pos := 150; END;
nominal := qfcf*1e6; ? Fuel FlowRate conversion Factor (t/hr -> Mw)
range := qfrng*1e6; å Range of Variat.ion (peak-to-peak)

END;
out.put_convers ion_f actors I

SG3 ISA DrumBoiler: :Staticcai.n WITH
Graphic ISA Super::Graphic WITH x_pos t= 29O; y_pos := 1?9; END;
T1 ISA K2Terminallib: :PressureTc WITH

Graphic ISA Super::craphic wITH
invisible := 1; x_pos := 0; y_pos := 150;

END;
END;
K := I/pef¡ ? Inverse Drum Pressure Conversi.on FacEor (Mpa -, kg/cn2)

END;
SG4 ISA DrumBoiler: :Stat.iccain WITH

Graphic ISA Super::Graphic l4lTH x_pos := 290; y_pos := 154,. END;
T1 ISA K2Terminallib: :HeighETC WITH

Graphic ISA Super::craphic WITH
invisi-b1e := 1,. x_pos := 0; y_pos := 150;

END;
. END;

K := l/dlcf; ? Inverse Drum Level Conversion Factor
END;
LPFI- ISA DrumBoiler: :LowpassFiller WITH

Graphic ISA Super::Graphic WfTH x_pos := 50; yjos := 150; END;
omega := l/Tcf; È Time Const.ant of variat.ion (inverse of filter bandwj-dth)

END;
Wpl ISA DrumBoiler: :WienerProcess WITH

Graphic ISÀ Super::Graphic WITH x_pos := 50; y_pos := 125; END;
END;
Wp2 ISA DrumBoilerr :VlienerProcess WITH

Graphic ISA Super::Graphic WITH x_pos := 50; y pos := 100; END;
END;
Wp3 ISA DrumBoiler: :WienerProcess WITH

Graphic fSA Super::craphic t¡lTH x_pos := 50; y_pos := 75; END;
END;
SGs lSA DrumBoiler: :SEaticcain WITH

Graphic ISA Super::craphic WITH
bicmap TYPE SLrì-ng :=',staticcain.sigma"i x_pos := 100; y_pos := 125;

END;
K := sigmal; à Std. Deviation of State Disturbance 1

END;
SG6 ISA DrumBoiler: :SLaticcain WITH

Graphic ISA Super::Graphic WfTH
bicmap TYPE String := I'Staticcain.sigma¡'; x_pos := 100; y_pos := LOot

END;
K := sigma2; ? Std. Deviation of SEate Dist.urbance 2

END;
SG7 ISÀ DrumBoi.l.er: :Staticcain WITH

Graphic lSA Super::crãphic WITH
biEmap TYPE String := ,,staticcain.sigma'¡i x_pos := 1OO; y_pos := j5;

END;
K := sigma3; ? Std. DeviaEion of SLate Disturbance 2

END;
SG8 ISA DrumBoi.ler: :StaÈiccain WITH

Graphi.c ISA Super::craphic WITH
bitmap TYPE String := ,,StaÈj-ccain,sigma"; x_pos := 250; ySos r= 50;

END;
K := si-gma4; ? SE.d. Devi.ation of pressure Meas. Error

END;
SG9 ISA DrumBoi-Ìer: rSLaÈiccain WITH

Graphic lSA Super::craphic WITH

Listing B. 1 1: OresundSimlC.om (continued).
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bitmap TYPE St.ring := "Staticcain.sigma"r xjos ¡= 250; y_pos I= 25¡
END;
K := sigmas; å std. Deviation of Drum tevel Meas. Error

ËND;
connecÈions:

? SÈeam Flow RaEe
qs1 AT Suml".u1t
qs2 AT Sum1.u2;
Suml.y AT SGl . T1;
C1 fSÀ Connection WITH

SGl.T2 AT Boiler.Steam.w;
bpoints TYPE STATIC Matrix[4,2] := [100,254¡ 250,254¡ 250,200¡ 225,L90] ¡

END;
ã Feed Water FIow Rate
qfw AT SG2.T1;
C2 ISA Connection WITH

SG2.T2 AT Boiler.water.w;
bpoinrs TYPE sTATrc Matrix[3,2] t= Í75,225; 20o,225¡ 20o,200);

END;
? Feed Waler TemperaÈure
C3 ISA connecLion WITH

tfw ÀT Boiler.l.later.M.Ti
bpoints TYPE STATTC Matrix[5,2] := [0,20I¡75,201;]-00,216¡190,216¡20Q,2oo1¡

END;
t FueI Flow RaEe
qf AT ProdL.Tli
C4 ISA Connection WITH

BvGl . T2 AT Prodl . T2 ;
bpoincs TYPE STATIc Matrix [3, 2] : = [100, LSo ¡ I25 ,'J-50 ¡ 1-25,L75] ;

END ¡
Prod1.T3 AT Boiler.q;
t Drum Pressure
Boller.sLeam.p AT SG3.TL ;
SG3.T2 AT Sum2.u1;
Sum2.y AT dp;
? Drum Leve1
Boiler.Steam.M. z AT SG4.T1;
SG4.T2 AT Sum3.u1;
Sum3.y AT d1;
å Low Pass FiÌtered lnpuE
CNl AT LPF]-.T].;
I,PF1.T2 AT BVG1.T1;
3 Wiener Process Disturbances
CN2 AT tlpl . T1 i
WpL.T2 AT SG5.T1;
C5 ISÀ ConnecLi-on WITH

SG5.T2 ÀT Boiler.Dislurbance.vl;
bpoints TYPE STATIC Matrixt3,2l := 11"1"0'L25¡ I75,125; 200,L50J ;

END;
cN3 AT Wp2.TL;
Wp2.T2 AT SG6.T1-;
C6 lsA connecEion WTTH

Sc6.T2 AT Boiler.Disturbance.v2 t
bpoinrs TYPE STATIC Matrix[3,21 ,= tLro,100; L75,100r 200,150];

END;
CN4 AT Wp3.T1¡
Wp3 .T2 AT SG7.T1;
C7 ISA Connection WITH

SG7.T2 AT Boiler. Disturbance.v3,'
bpoinLs TYPE STATIC MaÈrix[3,2] := [1].0,075¡ 2O0,075; 200,1501;

END;
? MeasuremenE Errors
DN1 AT SG8.T1;
SG8 . T2 ÀT Sum2 . u2 ,'

DN2 AT SG9.T].;
SG9.T2 AT Sum3.u2;

END;

Listing B. 11: OresundSimlC.om (continued).

8.2 Model Structures

See the inheritance hierarchy in Figure 2.2 on page 6.
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Boiler2FM ISA DrumBoiler: :Boilerlc WITH
ZZ $Id: Boiler2FM.om,v 1.46 L997/06/27 10:57:50 sorliej Exp sorliej g

submodel:
Media ISA DrumBoiler: :SaturationMM wfTH

Min.P := Outeri:P;
END;

variabÌes:
? state variables
Vwt, P ISA variable; * [m3], [MPa] respectively

t f eedwat.er properties
qfw TYPE ReaL
t.fw TYPE Real
Cfw TYPE STÀTIC Real
hfw TYPE Real

? meEal properÈies
cp TYPE STATIC Real := 550;

:= Wacer.w; å lkgls]
: = Wat.er . M. T; å [deSC]
:= 4.18; Z lkJ/kS/delcl
:= 1e3*(Cfw*¡fw r p*1e3lrw); å [M.]/kgl

? saturaLed water
hs TYPE
hw TYPE
hc TYPE
rS TYPE
rw TYPE
Ts TYPE
dhsdp TypE
dhwdp TYPE
drsdp TYPE
drwdp TYPE
dTsdp TYPE

properE ies
Real := Media.Mout
Real := Media.Mout.
Real := hs - hw¡
Real := Media.Mout
Real := Medla.Mout
Real := Media.Mout
ReaL := Media.Mout
Real := Media.Mout
ReaI := Media.MouE
Real := Media.Mout
ReaL := Medi.a.Mout

Idegc]
lJ /kg/Pal
Í'J /ks / Pal
lk9/m3 /MPa]
Ikglm3 /MPa]
Idesc/MPa]

? volume vapor in risers,
? volume liquid in risers,
å volume liquid in drum,
3 totaÌ volume of vapor,
? total mass of water,

hs;
hw;

rs;
rwì

dhsdp;
dhwdp;
drsdp;
drwdp ¡
dTsdp;

IM,]/ks
lM.r/kg
tMJ/ks
Ikslm3
Ikglm3

3 total vapor volume fracÈion in t.he risers, and it.s parEial derj-vatj-ves
eLa TYPE Real := (rw-rs)*xr/rs¡ å common sub-expression
ar TYpE Real := (1-xio) *rw* (1 - ln(l+eta) /eca) / (rw-rsl ;
dardx TYPE Real r= (1-xi0) *rw* (ln(l+et.a) /e¡a - 1/ (1+era) J /eta/rs¡
dardp TYPE Real := (1-xi0)*(rw*drsdp - rs*drwdp)

" (L + rw/rs/ (1+eta) - (L+rw/rs) *1n(1+eLa) /eiLa\ / ( (rw-rs) ^2) ;

? mass balance for the risers
dMrdp TYPE Real := Vr*((drsdp-drwdp)*ar + (rs-rw)*dardp r drwdp);
dMrdx TYPE Real := vr*(rs-rw)*dardxi
qr TYPE Real := qdc - dMrdp*p,; ? mass flow rate out. (xr,=o), [kq/s]

? model of the steam valve nonlinearity
qs TYPE Real := Steam.w + ks*(p-Po); å mass flow rate stean, [kg/s]

å compliance relationships
Vsr TYPE ReaI := ar*Vr;
Vwr TYPE Real := Vr - Vsr;
Vwd TYPE Real := Vwt - Vdc - Vwr;
Vst TYPE Real := Vd - Vwd + Vsr;
M TYPE Real := rw*Vwt + rs*Vst;

? condensaLion
qct TYPE

qcr TYpE

[m3l
IMJ J

lm3l
Im3 ]

tksl

flow, tot.aL and in risers (Âstrðm and BeIl, 19BB)
ReaI := l/hc* (VsL* (rs*dhsdp-lhu) + Vwt* (rw*dhwdp-Ihu)

+ (md+mr+mdc) *Cp*dTsdp) *p, r Z fkS/s)
Real := (rs*ar + rw*(1-ar))*Vr*dhsdp*p, /l:'c; * fkg/sl

I Indicator funct.ion, equals 0/L for enthalpy/inEernaÌ energy derivations
Ihu TYPE ReaL := if Swo < 1 then O.O else t.0;

? under-model-1ing represent.aEion
Delt.a_geb TYPE Real := Disturbance.vl,.
Delta_xr TYPE Real := Di"sturbance.V2;
Delta_qdc TYPE Real := Disturbance.V3;

? funcLions of i.nitial condiÈions
Vwdo, aro, qfwo, qro, qs0, qcro TYPE DTSCRETE Realt
rso, rwo ISA Dj-scretevariable WITH initial := l"; ËND;

Listing 8.12: Boiler2FM.om-Definition of the second-order root model structure.

Dept. of Automatic Control LUTFDz/TFRT..7563..S8
1998.8.14J. Sørlie. J. Eborn

Lund Institute of Technology



68 Omola Definitions

?t
'72

73

't4

75

17

78

80

81

82

83

84

8õ

86

8?

88

89

90

9l
92

93

94

9õ

96

97

98

100

101

102

103

104

105

106

107

r08

r09

110

111

t12
113

114

115

116

tt7
118

119

r20
121

122

123

124

126

t2't
128

129

1.30

131

132

r33

r34

136

r3?

138

139

140

1't 1

142

143

ordi na ry_parame t e rs
? initial condicions
dvwto ISA Parameter WITH
P0 ISÀ Parameter WITH
å constants
Ad ISA Parameter WITH
vd ISA Parameter WITH
Vr ISA Parameter WITH
vdc ISA Parameter IùITH
md ISA Parameter WITH
mr ISA Parameter WITH
mdc ISÀ ParameLer WITH
kf ISA Parameter WITH
ks ISA Parameter WITH
xio ISA Parameter WITH
xro lSA Paramet.er WITH
b1 lsA Paramet.er I,IITH
b2 ISA Parameter WITH
L0 ISÀ Parameter WITH

default :

default :

END; ? [m3]
END; t [MPa]

0
'7

defaul t
def aul,t
defaul t
defaul t
default
default.
defauLt
default.
default
default
defaul t
de f au1 t.
defaulL
default

ËND;
END;
ËND;
END;
END;
END;
END;
END;
END;
END;
END;
END;
END;
END;

:= 2.585¡

Im2 ]

Im3 ì

lm3l
[m3 ]

lksl
tksl
tkgl
ls2/kg, s2/kg,
Lkg/ s/MPal
t--l
t--l
[m3, --, s]
Im3 * sec/kg]
Im]

0 .0;
0.005;
0 .0;
0 .0;
0.05;
1 .0;
0 .0;
0 .0;

class parameters:
åå To eliminEate the compLexily due Lo switches in the export.ed equations
?å fix the switch parameters as constants, Ehereby a1lowing the compiler
*? to eliminate chem from the equation set (i.e. simplify chem).
å Swo, Sw1, Sw2, Sw3 ISA Paramecer WITH default := 1; END;
Swo, Sw1, Sw2, Sw3 TYPE STATIC Real;
SwO := 1; Sw1 := 1; Sw2 := 2; Sw3 := 4;

state_equatj-ons I

å 1. Global mass balance
å 2. clobal energy balance
Mxdot lSA DrumBoiler: :MaLrixvar WITH

tL - ¿i

value = [et1,1] *vwt', elI,21*p' ì

e[2, 1] *Vwt', et2,2),p' I i
rowsumll] =qfw-qs;
rowsuml2Ì = Q + qfw*hfw - qs*hs + Delta_gebi

END;
e TYPE Matrix12,2) t= [rw-rs, e12.sum; rw*hw - rs*hs, e22.sum];
e12 IsA DrumBoiler: :vectorvar WITH

n = 2;
value = [vst.*drsdp; Vwt*drwdp];

END;
e22 ISA DrumBoilerr :Vectorvar WITH

n = 7i
value = [Vst* lhs*drsdp; rs*dhsdp; -1*Ihu];

yq¡* [þw*drwdp; rw*dhwdp; -1*Ihu] ; (md+nr+mdc) *Cp*dTsdpl ;
END;

initializa¿ion:
IniE, ReInit, Start fSl\N Event;
OnEvent Ini"t DO

g Inici-alize sLate variables.
new(vwt) .= L/2*vd + (1-ar0)*Vr + vdc + dvwto;
new(P) := P0;
schedule(Rernit,0.0); ? fire lmmediately after omsim's init-solver

END;
OnEvent ReInit DO

? IniLj"alize variables dependenL upon the iniLial conditiôns
new(aro) := ar;
new(qct0) := qcti
new(qfw0) ¡= qfw;
new(qro) := qr;
new(qsO) : = QSi
new(rs0) := rs;
new(rwo) := rw;
new(Vwdo) := vwd-Tsd* (hw-hfw) *qfw/ts/}j,cì
schedule(starc, 0.0) ; ? fire immediately afcer re-initialj-zation'

END;
OnEvent SLarL DO

? Re-lnitialize state initiãlj-zations dependent upon these variables
new(Vwt.) ,= 7/2*vd + (l--aro)*vr + vdc + dvwco;

END;

Listing B. 12: Boiler2FM.om (continued).
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t41

t4ã

146

r47

148

r19

150

151

r52

r53

154

15ó

156

157

158

160

161

r62

163

164

r65

166

167

168

169

1?0

t7t
172

173

174

1?5

176

t7'l
1?8

119

r80

181

r82

183

184

185

186

r87

measurement_equat lons :

? H)æothesis O: The measurement model ln (Ás¿röm and Bell, 1988).
å Hypothesis 1: The measurement model in (Eborn and Sorlie 199?).
å The addit.ive constant L0 in each realization is necessary to correct
? static errors due to ouE-of-equilibrium staLe variable initializacion.
dvwd TYPE Real := Vwd-Vwd0; å [m3]
dvsd TYPE Real := vsd-Vsdo; ? [m3]
dI TYPE REA1 := IF SW1 < 1 THEN (VWd f VSd)/Ad - LO

ELSE (dvwd + dvsd)/Ad r L0; å [m]
realizat.ions:

å mass fÌow rate enLering the downcomers, [kg/s]
qdc ISA Variable WITH

? Hypothesis 0: The flow rate is approxj.mat.ely consEant.
? Hypot.hesis 1: tn (Åström and Betl, 1988), a scaric momencum balance
? for Èhe downcomers/risers circuit is given involving one parameter, k.
* Hypothesis 2: In (ÅsLröm and 8e11, L99'1), a more complex monenEum
å balance is derived; the formulation j-nvolves t.wo paramecers, k and Adc
value := lF Sw2 < 1 THEN hypothesis[1]

ELSE lF Sw2 < 2 ?HEN hypothesisl2]
ELSE hyporhesis [3] ;

hlrpot.hesis TYPE Column [3] : = [sq¡¿ (2* (rwo-rsO) *Vr*aro,/kf) ;
sqrt. (2* (rw -rs ) *Vr*ar /kf) ;
sqrt (2*rw*Adc* (rw-rs) *gc*ar*Vrlkf) l

+ Delta_qdc*ones (3, 1) ;
Adc TYPE STATIC Real := L.4e-4¡ Z Ín21, empì-rically tuned so H2 matches Ht-
gc TYpE STATIC Real- := 9.81; t tn/s2), gravitational consranr

END;
å vapor mass fracLion at the risers outlet, [--]
xr ISA Variable WITH

value := xro + DelLa xrt å dimensionfess, with range o<xr<1
END;
? residence time of vapor below the liquid surface inside the drum, [s]
Tsd ISA Variabl-e WIÎH

value := 0; ? Only used in 4th order models; included for inicialization.
END;
? vol-ume of steam vapor in the drum below the liquid surface
Vsd ISA variable WITH

? The model involves two parameters i b1 and b2. with b2 eqral
Z t-o zero (b2=0) the model-s reduce to the following hyarotheses:
t H14>othesis 0: Conseant vol-ume of steam below t.he surface.
å Hypothesis 1: fn (.Åström and 8e11, 1993), the volume of vapor below
? the surface is instantaneously equal t.o che volume of vapor in Ehe
3 risers, To allow for condensation, we add a proportional,ity constant.
? Hypochesis 2: Variation in the submerged vapor volume is proportional
3 Co the volumetric flow raCe of the steam phase exiting t.he risers.
I Hypot.hesis 3: Incorporate feed water mass flow rat.e, and hence effect.s
å duê Eo condensa[iôn, inco the mode1.
value := IF Sw3 < 1 THEN hypothesis[]"1

ELSE IF Sw3 < 2 THEN hypothesis[2]
ELSE IF Sw3 < 3 THEN hypot.hesis[3]
ELSE IF Sw3 < 4 THEN hypothesj-sl4]
ELSE hypothesis [5] ;

hypothesis TYPE Column[5] := b1*[1t ar*Vrr xr*qt/ts; ar*Vr; ar*Vr]
+ b2* [ (qfw-qs) *ones (3,1) ; qct/rsO; qcrlrs] ;

END;
Vsdo ÍSA Variable WITH

value := IF Sw3 < 1 THEN h).pothesis[1]
ELSE IF Sw3 < 2 THEN hypothesis[2]
ELSE IF Sw3 < 3 THEN hypothesist3l
ELSE IF Sw3 < 4 THEN hyporhesist4l
ELSE hypothesis [5J ;

hypoLhesis TYPE Column[5] := bl* [1;aro*Vrixro*qro,/rs0; aro*Vr; aro*Vr]
+ b2*[(qfwo-qso)*ones(3,1) ; qctO; qcto,/rs0],

END;

connect ions :

Water.p AT Media
Steam.p AT Media
Sceam.h ÀT Media
Steam.M.T AT Media

auxiliary_equations:
l^later.h := hfw;
SLeam.M.z := dl;

END;

Min . p,'
Min . p;
Mouc . hs;
Mout . Ts ;

Listing B.l2: Boiler2FM. om (continued)
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Boiler3FM ISA DrumBoiler: rBoiler2FM WITH
ZZ $Id: Boì.1er3FM.om,v 1 ,lo 1997/06/2't 06:54:33 sorliej Exp $

vari-ables r

3 additional state variable -- sEeam mass fracti-on at outl"et of risers
xr ISA variable; ? dimensionless, with range 0<xr<1-

å mass balance for the risers (including tíme-variacion in xr)
qr TYPE ReaL := qdc - dMrdp*p' - dMrdx*xr'; ? mass flowrace ouE, [kg/sl

? under-modelling representation in the risers energy balance
Delt.a reb TYPE Real ¡= Disturbance.V2;

st at.e_equaÈ ions :

å 3. Cornbined mass and energy balances for the risers
e32.sum*p, + e33*xr, = Q - qdc*xr*hc + Delta_reb;

e32 ISA DrumBoiler; ¡Vectorvar WITH
n = 8;
vaLue = [vr*[ ar*lrs*dhsdp; (]--xr)*hc*drsdp;

(1-ar) * [rw*dhwdp; -xr*hc*drwdpt
(rs + (rw-rs) *xr) *hc*dardp

END;

-t *rhul ,
-1*Ihul;

l; mr*Cp*dTsdpl ;

e33 TYPE Real := vr*(rs + (rw-rs)*xr)*hc*darÔ{;

ini"tial i zauion:
OnEvent tniL DO

new(xr) := xr0;
END;

END;

Listing 8.13: Boiler3FM.om-Definition of the third-order model structure'
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11

l8
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22

23
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26

28
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31
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37

38

39

40

41

42

43

4.1

4õ

,{6

47

48

49

õ0

õl

53

64

51

õ8

60

6l
62

64

6ö

Boiler4FM fSA DrumBoi-ler: :Boile13FM WITH
ZZ $Idr Boiter4FM.om,v 1.23 L99'7/06/27 O8:0'7:09 sorliej Exp g
variabl,es:

? addi-tional staLe variable
Vsd ISA Base::variable; å over-write previous switched definition

? mass fLow rate of steam crossing Che liguid surface inside lhe dnm
qsd TYPE Real := qr*xr + rs*dvsd/Tsd¡ Z lkg/sl

? qsd TYPE Real := qr*xr r rs*dvsd/Tsd - b2*qc!; å tkg/sl

å metaf mass of drum below the liquid surface, assuming it is half full
msd TYPE Real := nd/2¡ È I,kSl

* redefine to include non-zero initial value for Ehe lnit-solver
qro fSA Discret.evariable WITH initj"al ¡= 1; ENDr

3 under-modelling representation i.n the conErol volume,s energy balance
Del€a_sdeb TYPE Reat := Disturbance.v3;
DeLta_qdc TYPE ReaI := 0; 3 over-wrire to eliminate inherit.ed binding

ordinarySarameters :

Vsdo ISA Parameter WITH defauLt := 8.0; END; ? [m3]

state_equat.ions:
å 4. Comb,ined mass and energy balances for the wet volune insj-de the drum
e4l*VwL' + e42.sum*p' + e43*xr' r e44*Vsd' =

(xr*qr-qsd) /rs + ((hfw-hw)*qfw + Delta_sdeb)/rs/hc;
? -dvsd/Tsd + ((hfw-hw)*qfw + Delta_sdeb)/rslhc; å explicit formulat.j.on

e41 TYPE Real := -Plrs,/hc*lhu; å t--1, nominally 1e-7
e42 ISA DrumBoiler: :Vectorvar WfTH

n = 6;
? The last t.wo eLement.s come from deriving Che energy balance in Cerms
3 of internal energy instead of enthatpy; Sw1 controls their inclusion
value = [ Urd* [ l/rs*drsdp; ]-/hc*dhsdpl ;

1 / rs/Llc* [vwd*rw*dhwdp; msd*cp*dTsdp] ;
-Ihu/rslhc*[ vwd+vsd; Vr*P*dardp]l; ? [m3/Mpa]

END;
e43 TYPE Real := Vr*e41*dardx; å [m3], nominally Le-5
e44 TYPE Real := 1 + e41; Z 1--), nominally 1.0

initiaLizaEion:
OnEvent IniC DO

new(vsd) := Vsdo; å IniLial-ize the augmented sLat.e variable
END;

reafizat.ions:
t over-write dummy definj-tion in BoiLer2FM
Tsd ISA variable WITH

? Hypothesis O: tn (Âstróm and BelI, 1996), the time constant
I is a function of Che sLeam mass flowrate, qs (a cont.rolled signal).
? Hypothesis 1r Variation of #0, using only vapor vol. above the surface
? is a function of Ehe steam mass fl-owrate, qs (a cont.rolled signal) .

I Hlæotheses 2: fn (Âsfrðm and Bell, 1997), Lhe time constant is
å given to be Tsd = rs*vsdo/qsd = rs*(vsdo-dvsd)/xr/qr
3 H!.potheses 3: Time-invarianc value based on heuristics in #2. Although
? bot.h bl- and Vsdo affect Tsd, only bl- affecÈs t.he st.eady-state offset.
value = fF Sw3 < 1 THEN hypothesis [1]

ËLSE rF Sw3 < 2 THEN hyporhesisl2]
ELSE IF Sw3 < 3 THEN hypothesist3l
ELSE hypothesis [4] ;

hlT'othesis TYPE Column[4] := [b1*rs /qs *(Vd-Vwd);
bl"*rs /qs * (vd-vwd_Vsd) ,
b1*rs /xr /qr *(Vsdo-dvsd);
b'J-*rs0/xr0/qr0*Vsd0 l;

END;
END;

Listing 8.14: Boiler4FM.om-Definition of the fourth-order model structure.
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BoilerlrFM fSA DrumBoiler: :Boiler2FM WITH
Z* $Id: BoilerlrFM.om,v 1,.3 L997/06/2? O8:1"4:19 sorliej Exp S

modeÌ_reduct. íon:
Vwl' = 0 .0;

sEace_equations:
? 1. Combined global mass and energy balances

Mxdot. IsA DrumBoiLerr rMaErixvar WITH
å over-write inherited matrix definition
m=n; n=1;
value = (et2,2] - hw*e[].,211*p'i
rowsuml1] = Q + (hfw-hw¡*qfw - hc*qs + Delta-geb;

END;

END,.

8.2.L Reduced Order Definitions

Listing 8.15: Boilerl rFM.om-Reduced first-order structure, assuming the total volume of
v¡ater in the system is constant.

Listing 8.16: Boiler2rFM,om-An augmented, reduced second-order model structure.

Listing 8.17: Boiler3rFM.om-An augmented, reduced third-order model structure

1

2

3

4

5

1

8

9
10

11

12

13

14

15

17

Boiler2rFM lsA DrumBoiler: :Boiler3FM WITH
8* $Id: Boiler2rFM.om,v I.3 ]-997/06/2? 08:15:06 sorLiej Exp $

model_reducL ion :

Vwt'= 0.0;

stat.e_equaL j-ons:
å 1. combined global mass and energy balances

Mxdot ISA DrumBoiler: rMatrixvar WITH
å over-write inherited matrix definici-on
m=ni n=1;
value = lel2,2l - hw*e[1,21J*p'¡
rowsum[]"1 = Q + (hfw-hw¡*qfw - hc*qs + Delt.a_geb;

END;

END;

1

2

3

4

I
8

I
10

11

12

t4
15

16

11

Boiler3rFM ISÀ DrumBoiler: :Boiler4FM IIITH
ZZ $Id: Boiler3rFM.om,v L.3 1997/06/2'7 o8t2L:23 sorliej Exp $

model_reduction:
Vwt.' = 0.0;

stace_equat.ions:
? l-. combined global mass and energy balances

Mxdot ISA DrumBoiler¡ :Matrixvar tlITH
? over-writ.e inherited matrix definition
m=ni n=1;
value = (e12,2l - hw*e[1,211*p' ì
rowsumll] = Q + (hfw-hw¡*qfw - hc*qs + Delta_geb;

END,.

END ¡
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Boiler3wdFM ISA ÐrumBoilerr :Boiler3FM WITH
tt $Id: Boiler3wdFM.oÍr,v L,4 r99i/06/27 08:13:08 sorliej Exp g
variables:

? alcernaÈe and additional st,ate variables
Vwd ISA Base: rVariable;

t toLal volume of water as a function of the new stat.e
Vwt TYPE Real" := Vwd r Vdc + (L - ar)*Vr; ? tof.al volume of waÈer

st at,e_equat ions :

?r.
t2

clobal energy balance (coup3-ed wiÈh xr due co state variable choice)
Global mass balance
Combined mass and energy balances for the rísers

Mxdot ISA DrumBoiler; :MaÈrixvar WITH
t over-writ.es inheriLed matrix definition
m=2; n=3 t
val-ue = [e []-, l-l *vwd' , e12a.sum*p, , -e [1,1] *vr*dardx*xr, .

e [2, 1] *Vwd/ , e22a. sum*p, , -e12, Ll *Vr*dard)<*xr, I -

rowsuml1] =qfw-qst
rowsum[2] = Q + qfw*hfw - qs*hs,+ Delta_gebt

END,.

e12a ISA DrumBoiLer: :VecÈorvar WITH
nt=2ì
value ¡ = [e]"2, sumi -e [1, 1] *Vr*dardpl ;

ÈND;

e22a fSA DrumBoiler: :VecÈorvar WITH
n¡=2ì
value := [e22.sum; -e12,Ll*Vr*dardp] ;

END;

init ial i zat.i.on:
OnEvenÈ Init DO

new(Vwd) :=,ld/2¡
END,.

s8

39 END;

8.2.2 Alternate State Realization

Listing 8.18: Boiler3wdFM.om-An alternate state realization with V*¿,t}:re volume of water
in the drum, as a state variable.
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Boiler3dFM ISA DrumBoiler: :Boiler3FM ¡,IITH
åå $ld¡ Boiler3dFM.om,v I.4 L99'1/06/27 08:L9:04 sorliej Exp $

? over-write inheriEed def's, replacing qcL wit.h the del-ayed signal,
vsd ISA variable wrTH

value := rF sw3 < l" THEN hypothesis[1]
ELSE hypoehesis [2] ;

hypouhesis TYPE Columnt2l := b1*[].; ar*vrl + b2*qct.d/rs*ones(2,1);
END;

Vsdo ISA Variable WITH
value := IF sw3 < 1 THEN hypothesis[1]

ELSE hypothesis [2] t
hypoEhesis TYPE column[2] ¡= bL* [1i aro*vr] + b2*qct0/rs0*ones(2,L);

END;

t time-delayed value of che EotaÌ condensation mass flow race, lkgls]
qcÈd ISA Base::Variable WITH

tau TSA Parameler WITH default := 40; END; ? delay time const.ant, [secl
Sw IsA Parameter WITH defaulL := 0; END¡ ? delay realizaEion switch

swicch_equac ion:
value := lF Sw<L THEN

ELSE lF Sw<2 THEN
EI,SE IF Sw<3 THEN
ELSE IF Sw<4 THEN
ELSE

exacÈ
approxl
approx2
approx3
approx ;

variables:
exact ISA DrumBoiler: :PureDelay tlITH

u := qcti
T := taui

END;

approxl ISA DrumBoiler: :Pade0l, I'¡ITH

T := tau;
END;

approx2 ISA DrumBoiler: ¡Padel-l WITH
u := qcti
T := Èau;

END;

approx3 ISA DrumBoiler: :Pade12 WITH
u ¡- gvL,

T := Lau;
END;

approx4 ISA DrumBoiler: :Pade22 WITH
u := qcti
? != Eau;

END;

END;
END;

8.2.3 Time Delay Realizations

Listing 8.19: Boiler3dFM.om-A variation of the third-order structure that includes realiza-
tions (pure and approximate) of a time-delayed signal q"¡, t}re total condensation flow rate.
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1

2

3

4

1

8

l0
t1

t2
13

14

16

l6
17

18

19

20

2l

24

25

26

28

29

30

31

a4

Boiler4dFM ISA DrumBoilerr :Boi-ler4FM WITH
rz $rd: Boiler4dFM.om,v L.5 L99'1/06/27 08228:19 sorliej Exp S

I Over-write the inherited definition, replacing xr*qr wit.h qsdd
qsd TYPE Real ¡= qsdd + rs*dvsd/Tsd; ? lkgls]

variabLes:
qsdd ISA Base::Variable WITH
cLassjaramet.er:

Sw ISÀ Base::Parameter WITH defauLt := 0; END; B delay realizacion swltch

swi È ch_equat ion :

value : =
ELSE
EI]SE
ELSE
ELSE

IF
IF
TF
IF

Sw<1 THEN
Sw<2 THEN
Sw<3 THEN
gw<4 THEN

exact.
approxl
approx2
approx3
approx4,

36

38

39

40

4t
42

45

44

45

46

variabLes:
exacE ISA DrumBoiler¡ : PureDelay I.¡ITH

u ¡= xf*qr;
T := Tsd;

END;

approxl ISÀ DrumBoiler: :Pade01 WfTH
u r- xr*qri

T := Tsd;
END,

approx2 ISA DrumBoiler: :PadeLl WITH
u != xr*qr;
T := fsd'

END;

approx3 ISA DrumBoiler: :Pade12 WITH
u := xr*qr;
T := Tsd;

END¡

approx4 ISA DrumBoiler: :Pade22 ltlTH
u := xr*qr;
T := Tsd¡

END;

END;
END;

Listing Boiler4dFM.om-A variation of the fourth-order structure that includes real-
izations (pure and approximate) of a time-delayed signal q"¿, tine vapor flux across the liquid
surface in the drum.

Listing 8.21: Boiler5FM.om-For equation export, a definition equivalent to Boiler4dFM.om,
but with only the Padé(0,1) delay approximation

1

2

4

õ

1

8

10

1l
t2
l3
14

l5

BoilersFM ISA DrumBoiler: :Boiler4FM WITH
å3 $Id: BoiIersFM.om,v !.5 1997/06/27 0Bt26tSB sorliej Exp g

t Over-wriÈe Ehe inherited definiuíon, replacing xr*qr wit.h qsdd
qsd ÎYPE Real ;= qsdd + rs*dvsd/Tsd¡ * lkg/sl

variables:
qsdd ISA Base: rVariabl.e WITH

value := delay.value;
delay ISA Padeol WITH

u := xr*qr;
T := Tsd;

END;
END ¡

END;
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8.2,4 Iterative State Variable Initialization

Listing 8.22: Boiler3iFM.om-Derivation of the third-order model structure including an iter-
ative initialization of z,(0) based on first-order Taylor series approximations.

1

2

1

6

6

'l
8

9

10

11

t2
13

14

15

l6
t7

18

19

20

21

24

Boiler3iFM lsA DrumBoiler: ;Boiler3FM wrTH
Zt $Id: Boi1er3i.FM.om,v t,l 1997/06/2'l Q8:22:02 sorliej Exp I

initial i zat ion:
fE.erl-, fter2 ISÀN Event.;

OnEvent. IniL DO

schedule(Iter1,o.o); ? fire immedia¿ely after omsim's inj-t-solver
END ¡

OnEvent ILerl DO

new(xr) t= -ar/dardx + xr/2
+ (I/2/}'c/dardx/qdc) *sqrt ( hc*qdc* (4*hc*qdc*ar* (ar-dardx*xr)

+ hc*qdc* (dardx*xr) ^2 + 8*Q*ar*dardx) ) ;
schedule (1ter2,0.0) ; ? fire immediately

END;

OnEvenL ILer2 DO

new(xr) := -ar/dardx + xr/2
+ (I/2/tjLc/dardx/qdc) *sqrt ( hc*qdc* (4*hc*qdc*ar* (ar-dardx*xr)

+ hc*qdc* (dardx*xr) ^2 + 8*Q*ar*dardx) ) ;

END;

END;
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8.3 Simulation Models

Listing 8.23: Oresund2.om-Simulation model definition for the second-order model struc-
ture, including parameterized signal model definitions for equation export (cf. Listing 8.9)

Oresund3 fSA DrumBoilerr rOresund2 WITH
Z+ $Id: Oresund3.om,v 1.4 f997/06/27 08¡45:04 sorliej Ëxp g

Boiler fSA DnnBoiler: :Boiler3FM;

equat i.on_export. :

SMM ISA Super: :SMM I,IITH
X ISA Std: :Vect.orvar I^IITH

n := 7;
value := [LPFl.x; wp1.t¡; Wp2.W; Wp3.W; Boiler.Vwt; Boiler.p; Boiler.xr];

END;
END;

END;

Listing 8.24: Oresund3.om-The derived third-order simulation model including over-
written inherited information for equation export.

1

2

3

4

5

7

I
I
10

l1
t2
13

t4

1õ

l6
t7
18

19

20

24

26

28

29

30

31

33

34

35

36

38

Oresund2 ISA DrumBoiler: :OresundSimlc WITH
\Z $Id: Oresund2.om,v 1 .20 L997/06/27 OB:44:23 sorliej Ëxp g

Boiler ISA DrumBoiLer : :Boj-1er2FM;

equation_exporE:
SMM lgA DrumBoiler: :SignalMÕdelMapping WITH
input_signals:

U.n := 5; U := lqsl; qs2ì 9f; qfw; Tfw ];
U0.n := 5; U0 := [qs10; qs20; qf0; qfw0; Tfw0];
Wv.n := 4; çy ;= [CNl; CN2; CN3; CN4];
Wy.t t= 2ì Wy := [DNJ-; DN2] ;

output_signals I

Y.n := 2; y := [dp; dl];
stat.e signals I

X ISÀ Std::Vectorvar WITH
n := 6;
value := [LPF1 .xr I,Íp1 .W; Wp2.W; Wp3.W; Boj-ler.Vwt; Boiler.p] ;

END ¡
parameter_ma t rix_mapping :

PM ISA Std::Matrixvar WITH
m := 23;
n := 5;
value:=

40

4l
12

43

44

45

46

47

48

49

lqs10, qs20,
BoiIer.mdc, Boiler.Vd,
TcÍ, qfrng,
Boi1er.Swo, Boi1er.Swl,
qscf, NaN,
qfcf, NaN,
S j,gmal, NaN,
Sigma2, NaN,
Sigma3, NaN,
Sigma4, NaN,
Sigmas, NaN,
Boiler.md, NaN,
Boifer.mr, NaN,
Boiler.Ad, NåN,
Boiler.kf, NaN,
Boiler.ks, NaN,
Boiler.Lo, NaN,
Boiler.xi0, NaN,
Boiler.bl, NaN,
Boiler.b2, NaN,
Boi1er,dvwt.0, NaN,
Boiler.P0, NaN,
Boi1er.xro, NaN,

qf0,
Boi ler. Vr,

NaN,
Boi 1er. Sw2 ,

NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,

qfw0,
Boi Ier . Vdc,

NaN,
Boiler. Sw3,

NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NdN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,

Tfwo;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaNi
NaN;
NaN;
NaN;
NdN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaNi
NANI ;

END;
END;

END;
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1

2

3

4

5

6

7

8

I
l0
1l
12

13

14

15

16

tI
18

19

20

2t
22

24

2i
26

28

29

30

31

33

34

35

36

38

39

40

4t
42

43

Oresund4 ISA DrumBoileri :Oresund3 t.llTH
ZZ $rd: oresund4.om,v 1.r9 L997/06/27 0B:41:18 sôrliej Exp $

Boiter ISA DrumBoiler: : Boiler4FM;

equat ion_export r

SMM ISA Super::SMM WITH
X ISA STd:

n := 8;
value:=

VecLorvar WITH

[LPF1 . x; WP1 . W; WP2 . l'l; WP3 . W;

Boi1er.Vwt., Boiler.P; Boiler.xr; Boiler'Vsdl ;
END;

å over-write lnherited definicion, replacing b2 with vsdo
PM ISA SLd::Matrixvar WITH

m := 23;

value:= [qs10, qs20,
Boiler.mdc, BoiIer.Vd,
Tcf, qfrng,
Boiler.Swo, Boiler.Sw1,
qscf, NaN,
qfcf, NaN,
sigmal, NaN,
Sigma2, NaN,
sigma3, NaN,
Sigma4, NaN,
Sigmas, NaN,
Boiler. md, NaN,
Boiler.mr, NaN,
Boller-Ad, NaN,
Boiler. kf, NaN,
Boiler. ks, NaN,
Boiler. L0, NaN,
Boiler.xio, NaN,
Boiler.bl-, NaN,
Boiler.vsdo, NaN,
Boiler. dvwt0, NaN,
Boiler. P0, NaN,
Boi1er.xro, NaN,

qf0,
Boiler.Vr,

NaN,
BÕi1er. Sw2,

NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,

qfw0,
Boiler.Vdc,

NaN,
Boiler. Sw3,

NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN,
NaN¡

Tfw0;
NaN,
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaNi
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN;
NaN i
NaN;
NaNl ;

END;
END;

ÉND;

Listing 8.25: Oresund4.om-simulation model definition for the fourth-order model struc-
ture; the parameter b2 is replaced by vsdo in the equation export parameter mapping.

Listing 8.26: Oresundl r.om-simulation model for the reduced first-order model structure.

Listing 8.27: Oresund2r.om-simulation model for the augmented, reduced second-order
model structure.
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7

8
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12

13

Oresundlr ISA ÞrumBoiler: rOresund2 WITH

Z+ grdr oresundlr.om,v 1.3 199'1/06/2'7 08:3?:35 sorl-iej Exp $

Boifer ISA DrumBoller: :Boilerl-rFM;

equat ion_export. :

sMM ISA Super::SMM WITH
X ISA SEd::vectorvar WITH

n := 5;
value := [LPF1.x; Wp1.W; Vlp2.W; Wp3.W; Boiler.P];

END;
END;

END;

oresund2r IsA DrumBoilerr :Oresundlr WITH
Èz 9rd: Oresund2r.om,v 1.3 1997/06/27 08:38:14 sorliej Exp $

Boiler ISA DrumBoiler: :Boiler2rFM;

equacion_expor!:
sMM ISA Super::SMM WrT¡l

X ISA Std::Vectorvar WITH
n := 6;
value := [LPF1.x; Wp1.t'l; Wp2.W; Wp3.W; Boiler.P; Boiler'xr];

END;
END;

END;
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I

3

4

5

6

1

8

9

l0
11

L2

l3

Oresund3r ISA DrumBoilerr :Oresund4 WtTH
Z>. $Id: Oresund3r.om,v 1.4 1997/06/2i 08:39:34 sorliej Exp g

Boil-er ISA DrumBoller: :Boiler3rFM;

equat.ion_export:
SMM lSA Super::SMM WITH

X ISA St.d::Vectorvar WITH
n := 7;
value := [LPF1.x; Wp1.w; Wp2.W; wp3.W; Boiler.p; Boiler.xr; Boiler.Vsd];

END;
END;

END;

Listing 8.28: Oresund3r.om-Simulation model for the reduced third-order model structure.

Listing 8.29: Oresund3wd.om-Simulation model for the model structure with an alternate
state realization.

Listing 8.30: Oresund3d.om-Simulation model for the third-order model structure with
alternate time-delay realizations of q"¿

Oresund4d ISA DrumBoiter: :Oresund4 I^IITH
à? SId: Oresund4d.om,v L.3 L997/06/27 08:41:48 sorliej Exp g

Boiler ISA DrumBoil-er: :Boiler4dFM;

equaÈ ion_export :

?3 Notel This definiti.on is not intended for equaEion export.
ÈZ It is only for sj,mulation testing (via a switch) of
ZZ the various time delay realizaÈions (approximaE.e and
** the exacc). Equation export. is not possible because
3Z of the variable state dimension of Ehese realizati-ons
Z+ Use Oresunds and Oresund6 for equaLion export.

ËND;

Listing 8.31: Oresund4d.om-Simulation model for the fourth-order model structure with
alternate time-delay realizations of q"¿

I

3

4

5

6

7

I
I
10

11

12

14

Oresund3wd ISA DrumBoiler: :Oresund3 WITH
å3 $Id: Oresund3wd.om,v L-).0 ].997/06/27 0B:45:43 sorliej Exp S

Boiler ISA DrunBoiler: :Boiler3wdFM;

equaL ion_export. :

SMM ISA Super: :SMM !.llTH
X ISA Std::Vectorvar WITH

n ,= '1 i
vaÌue : = ILPFI.x; Wp1.W; Wp2.W; Wp3.W;

Boiler.Vwd; Boiler.P; Boiler.xrl ;
END;

. END;
END;

1

2

3

4

6

7

8

9

l0
11

Oresund3d fSA DrumBoiler: :Oresund3 WITH
*t $Id: Oresund3d.om,v 1.2 1,997/06/27 0B:38:46 sorliej Exp g

Boiler ISA DrumBoiler: :Boiter3dFM;

equat. ion_export. ¡

åå Noc.e! This definiLion is not lntended for equat.ion exporE.
ZZ It is only for simularion Eesting (via a switch) of
*8 the various uime delay realizations (approximate and
å? the exace). Equation export is not. possible because
&? of lhe variable sLaLe dimension of t.hese realizations

END;

Dept. of Automatic Control
J. Sørlie, J. Eborn

LUTFDZTFRT..7563--SE
1998.8.14Lund Institute of Technology



80 Omola Definitions

1
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4

õ

6

I

10

11

12
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14

lb

Oresunds ISA DrumBoíler; :Oresund4 WITH
Zz $Idr oresunds.om,v 1.5 1997/06/27 o8:42¡r7 sorliej Exp $

Boiler ISA DrumBoiler: :Boiler5FM;

equat ion_export :

SMM ISA Super::SMM WITH
X ISA Std: :Veclorvar I.IITH

n i= I + Boiler.qsdd.delay.x.n;
vaLue:= [LPF1.x; Wpl,W; Wp2.W; Wp3.Vli

BoiLer.vwt; Boì.ler.P; Boiler'xr; Boiler.vsd;
eoiler. qsdd . delaY . xl ,'

END;
END;

END;

Listing 8.32: OresundS.om-simulation model for the fourth-order model structure with a
Padé(O,1) approximation of the time-delayed q"¿.
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Appendix C

Annotated IdKit Sessions

This appendix presents the details of the computer-aided parameter optimization investiga-
tions of the third, fourth and fifth-order model structures (tllz, Mq, and ,¡\ls) respectively.
The first section provides background information on the ldKit tools and explains how they
were used as building blocks to create project specific tools. The three subsequent sections
document the investigations using these tools. Each investigation consists of command script
that was run for each ofthe six data sets; the results ofthese runs are presented in tabular
form. To investigate the influence of the unidentifiable friction factor, all computations were
repeated using three fixed values: k¡ - {0.001,0.005,0.01}.

C.l On Batch Processing
A few words on the IdKjt tools and the user interface are necessary. For readers familiar
with Ljung's System ldentificøtion TooI Bor (SITB) [14], it may be useful to draw conceptual
parallels between IdKit and the SITB.

We begin with the concept of a project. Computer-aided system identification involves two
things: data and a model structure. An ldKit project is organized in a file-system directory.
The data is stored in an ASCII text file. The equations of the model structure are encoded in
another text file, as C-language subroutines. The status of the project is recorded in a binary
database file (in a hidden sub-directory). The idKit database is analogous to the SITB's
thetø object Both are associated to a particular model structure and are "massaged" by the
commands of the tool set.

In contrast to the SITB which is implemented as functions in Matlab, the IdKit tools are
implemented as UNIX commands. Furthermore, rather than having a set of command-line
arguments, the ldKit tools are designed around a "question and answer" dialog [15]. IdKit's
commands may be executed either interactively or in batch mode. In the former, the user
responds to a series of prompts; in the later, the ¿ìnswers to the prompts are embedded in
a command script, i. e. a UNIX shell script. Batch mode operation is the basis of the macro
facility provided by ldKit; see [11]. An example of an ldKit macro is shown in listing C.l
on the next page. Specifically note that batch mode operation makes use of so-called "here
documents" inside UNIX shell scripts. The syntax of here-documents is as follows:

conanand << de-l,ími ter
...here-document... (the standard input to the UNIX command)

delimit,er

The point to be made is this: although ldKit lacks a command-line argument oriented user
interface (which the SITB has), it is possible to construct one. Such an interface is highly
desirable to automate repetitive and laborious tasks. Table C.1 on the following page sum-
marizes the set of command macros and command scripts that were developed to aid the
investigations. Listings C.2, C.5 and C.6 are included for illustrative purposes. The first pro-
vides a simple example of interfacing between IdKjt and OmSim. In essence, the ldKit tools
are building blocks which are encapsulated inside project specific tools.
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82 Annotated ldKit Sessions

Script Name Description

Table C.1: Summary of project specific command macros and scripts (cm and cs resp.) writ-
ten to to aid in automating the investigation.

Listing C.1: cm-setv-UNlX shell script created by ldKit's macro facility.

Listing C.2: cs-writepG-Command script that saves the parameter values as an ldKit macro
and OmSim OCL script; the former also contains the specification of free parameters.

1

2
3
4
5

6
7

8
9
l0
l1
12

13

14
15
16

t7
l8
l9

2t
22

24

26
27
28

30
31
32
33
34
35
36

S ! /bin/sh

if rest gÈ -eq I

filnam-'S I'
el se

echo 'S0: ERROR. no filename given on che conmand lj.nel"
exit 0

fi

mac Sfilnam >/dev/null
seEp > /dev/null
setpo > /dev/nuL1
{riÈep0
sac
EOF

Sfilnam

* wrile Ehe parameÈer values from the IdKiÈ da!¿base
{ in ¿he format of an OcL scripr (to standãrd outpu!).
echo'BEGTN

Simularor s O;

Model m{s);' > Sfilnam.ocl

{ Àppend assignemenÈs for scalar parameÈers.
vri¿epo I sed -a's/,/t=lg; s/^/ n./s; s/9/¡/s¡
wricepo I sed -n's/:/t-/S) s/^/ ß.Boilet./gt 3/S/;/S;

5 , 11p,
t2 ,5p j

>> SfiÌnam.ocl
>> Sfilnam.ocl

å Àppend rhe OCL commands lhaÈ sÈart che simulacion and end che block

END;' >> Sfilnam.ocl

exiE 0;
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cm-mkdbose
CM-SEIV
cs fmtfil
cs-setd
cs-setf
cs-setm
cs-setp
cs-setp0
cs-setpo,cf
cs-setp0.u0
cs-sefp0.x0
cs-sets
cs-writep0
cs-writep02ocl
cs-wr¡tep2ocl

Create or reinitialize an ldKit project directory's database.

Setup for ALMP validation.
Convert raw ASCII data to ldKit's binary fiIe format.
Set numerical integration time quantum and select dataset.
Setup for ML parameter optimization.
Enter the signal model structure into the project database.

Set the free parameter set and corresponding search constraints.
Set fixed parameters values and initial guesses of free parameters.

Set values of calibration factors.
Set values of initial input conditions.
Set values of initial state conditions.
Enter scales and ranges of signals in the model.

Save parameter settings as an ldKit macro and an OmSim OCL script
Save initial parameter values as an OmSim OCL script.
Save parameters resulting from a search as an OmSim OCL script.

I

2

seLv > /dev/nufl <<endsetv
#Validation procedures :

#1: ALMP MeLhod
#4: Akaikes Information Criterion
#Validation Procedure :

l-

#New daÈa since fit.ting? (No=0, Yes=l-)
0

endsetv

Accepted risk t14>e 1:
0.01

9

10
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I
2
3
4
5

6
7
8

10
11

t4
l5

17
18

19
20
2t

24

27

29
30
31

34

36

38

,10

{ ! /bin/sh 41
42
43
44

46
47
48
49
60
51

54
55
56
57
58

60

62

{qfcf
Sqrcf
flSigm1

#SigM2

{SIg@l

{Sigm{

ÈSigms

sd

*kf

{ d {Í s, á I { 4{ {{ { s {

lf tesr Så -eq 0; Èhen Exp='e¡ror''
else Exp='S1'; fl;
case i9Exp'in
{ callbrålion for zero Ess and k_6 vaìues.

J) qscf='0.253i; qfcf='6.205';;;
Ê) qscf='0.253"ì qtcf."6.l2\"¡ ;ì
G) qscf.'0.25?r¡ qfct=.6.t27'r ;ì
ÀlB) qscf='0.251"; qfcf='5.575'; ;;
E) qscf='0.26?1t; qrcr=rs.6L2r. ..

* Callbrâtion ior non-zelo Gsses and/or non-zero k s values.
t JlFlclqscf='0.2s3"; qfcf='6.205';
# E) qsci.i0.2665'; qfcf=i5.51¡; ;;
# À) qscf='0.257'; qfct-'5.61i; ;;
I 8) qsc!='0-254n; qtcf='5.6ri; ;,.) sÈaÈus=i!.

Lf { i$sra¡us' != iOK' l; rhþn I An erro. occurred.
echo'50: ERROR: unknoen experlmenr: \'SExp\".";

echo'vaìid arg¡s are E, À, o! B ffull) and J F or c (parLÍal 1oad63";åL0

fi
64
65
66

68
69
10
7l

73
74

17
78
79
80

#x10

{b1

tb2

sP0

áxr0

seEp0 >/dev/nuÌl
, s $å ð *{*f s I { { ü f st å å å I * f Èå f # f {$ å å

SEnler or191n of parameLer wecrors

*q610, qs20, qf0, qfw0

Sdc, vd, vr, vdc

#Tcf, qfrng

{Swo, SHl, S{2, Swl

1fw0

_end_seÈp0_
s fl # # #sf á {}{ðÈ} fl { $ * f t 4 t { }*{ | { ååss}às{

{qscf
$qscf

writepo 4 5

Listing C.3: cs-setp0.cf-Command script for IdKit's setp0 command; the dataset specified
on the command line affects lines 40 and 42 of the "here-document"

Listing C.4: cs-setp0,x0-Command script for IdKit's seLp0 command; the dataset specified
on the command line affects lines 70 and 72 of the "here-document".

I
2
3
4

6
7

8
I
10
11
t2
13
14

16
t7
18
l9

2t

24
26
26

28
29
30

34

36

s8

* | /bln/sh 39
40
4t
42
43
44
45
46
47
18
49
60
õ1

#S19G1

åSLgM2

åS19G3

$sigm4

#S1g@5

*d

tf resÈ Sf -eq 0; rhen
ExP= iJi

Extr'- i9r á

fi;

1f
e11f
el1f
e11f
e11f
ellf

9ExP="8" lhen P=i10.6089'å
9Exp='À'; èhen P-i 9.9985'S
SExp.'B' then P=i10.0698'$
$Exp='J'. rhên P='8.7130i #
SExp='Fi. then P="8.6365" {
SExp="Ci. ch€n P:'8.?934i *

MPå ==
MPâ ==
üPa =-

\32
124
12s
108
107
109

6110 k9/cú,
9810 kglcd.
87t0 kg/cú,
9130 kglcn2,
9560 kglcn2,
9180 kglcd,

Exp. E

Exp.À
exp. B

Exp.J
Exp, I
sxp.G

echo "S0: ERROR: unkoorn experimen!; try E,Â, or B (tutl) J,p or c (på4rlal)"
exlÈ 0

tl,
55
56
57
58

60
61

63

65

6'l
68
69
70
7l

73
74

15

ßkt

sL0

Sxi 0

fbl

*b2

SdveÈ0

*P0
$P
Sxr0
Sxr
endsetp0

echo 'SeErlng lni¿1a1 condlÈlons for experlmenr SExp: p0=Sp, xro.gxr

6erpo >/dev/null <<endse¿p0
#*#åt**s{dfl#

åEnCe! oriqin ot parameler vectors:

iqs10, qs20, qE0, qfw0

fldc, vd, vr, vdc

*Îct, qfrng

{Swo, Su1, Sr2, sw3

SqscÊ

#qfcf

Tfw0

qEIlepO 20 21 22
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1

2
3
4
5

7
I
I
10
11
t2
13
t4
15
l6
17
18
19
20
2l
22

24

26
27
28

30
31

34

38
30
40
4l
42
43
44
46
46
47
48
49
50
òt
52
53
54
6õ

67
58

60

62

64
66
66

67
68
69
10
71

14
15
76
77
78
19
80
81
82
83
84
85
86
8?
88
89
90

92
93
91
95
96
97
98
99
100
101

102
r03
104
105
106
107
108
109
110
111
112
113
1t4
116
116
LI'I
118
119
120
121

123
124
t25
126
t27
128
129
130
131
132

10

10

l0

10

setn > /dev/null <<_end_secn_
ÈThe follovlng tnrersaryle inpur behavior ls supporred:
f1: Zelo-olde¡ Hold
#2: Lln€ar Inrerpolatlon
åSelec! Iûle¡sa@le Inpur Behaviorl
2

STimelnvarian!? ¡npuÈ ìln€arlzacion? Rêf. Eps. ¡ Kalßn Eps
0 0 re-15 1e-15
$Dimenslo¡s of folìoring v€crors:
bv: Zt 1t Xv: \2. XY: wv. wY: U. P.
0 0 2 0 0 sdid4 2 5 23
$Model-gain mtrix indica¿orsì
SIndlcare how Y depends on
lvt Z, XY: eY. V:
00111
årndicate hou Xy depends on
àvt zt xyt N: rY: U:
00r101

If ( $Í -g¿ 0 l, rhen

t1;
whlle t "$stat" = "oK' -a S{ -q¿ 0 l; do

case'S1'ln
2\

did=6;
sLâte6=,\vw!\, \ TotaI\ Liquid\ vol\ tmll

P\,\ Drum\ Pressure\ (uPal to'
b2-rb2 r

t)
did=7;
sCate6-,vuc\,\ To¿a]\ Llquid\ Vo1\ tmll

P\,\ Drum\ Pressure\ [MPal 10
xr\,\ vapor\ üâss\ Fracl\ [--J 0.01,

4)
did=8t
stare6:¡vr!\,\ rorâl\ Ll@td\ voì\ tm3l

P\,\ D!um\ Pressure\ tMPal 10
xr\,\ vapor\ Mass\ FracL\ t--l 0.01
v6d\,\ vapor\ Bubble\ vor\ [m3] 10'

b2= ivsd0'

slsa)
did=9;
staLes=¡vwL\, \ To¿al\ Liquid\ vol\ tmll

P\,\ Drun\ Pressure\ füPal 10
xr\, \ vapor\ Mass\ Fracr\ (--ì 0.01
vsd\,\ vapor\ Bubble\ vol\ tm3l 10
qsdd\,\ Pade\ Delay\ scaLe\ (kglsÌ 100,

b2=rV6d0¡

-hl -heIp)

r)
arglisr..$argliÊ¿ S1'

shlf!

qs10\,\ qs20\.\ qf0\,\ qtv0\,\ rru0
dc\,\ vd\.\ vr\,\ vdc
lct\, \ qfrng
svo\,\ ss1\,\ sw2\,\ Sr3
qscf
qfcf
Slgml
Sigm2
Slgml
Sigru{
Si9E5
d

kf
ks
LO
xi0
b1
Sb2

PO

xr0
ilY: measurenenL rcdel oucpu! vêcÈor:

P\.\ Drum\ Preseure\ [kglcd]
dI\.\ Level\ varlation\ {ml
*e: reEidual vectori

Residual\ Drum\ gr€ssure\ fkglcn2l
Restdual\ Level\ va¡1atlon\ tml
Sxy: Meåsurenênt rcdel slaÈe veclor:

LPFI\,\ Lo{\ Pass\ FiÌÈer
PPl\,\ Ptener\ Process\ I
wP2\,\ wtener\ Process\ 2
wP3\,\ Hlener\ Procesa\ l
SslaL€s
*U: InpuL vêcLor:

qs1\,\ steam\ rros\ 1\ tkks/hrl
q62\,\ s¿eam\ Fros\ 2\ tkkg/hrl
qf\,\ Fuêl\ FIos\ lkks/h¡]
qfr\.\ FeedHarer\ Flos\ {kkq/hrl
Ttw\,\ FeedHarer\ rery\ (degc)

_end-seh_

scale:
0

0
0
0

0.1
1

1

1

1

1

10
1Ê5
185
10
0.001
I
10
0.01
1

1

r0
10
0.01

1f t "$srac. != 'OK. l, then # Àn error occurred.
1f t i$argl1s!',= '. ); lhen

echo i$0: unknoen argumenls: Sargllsl'

U6e Èhis comnd-scripL uo seÈ dlmenalons and nanes
tor che glven order rcdê1. For exaqlê:r

exlt 1

exl! 2

Scale I

100
¡00

Scale:
100
100
10
100
100

100
100

deflnes lhlnqs for lhe second-order rcdel suuclure

t1;
!1;
**få###å å

Listing C.5: cs-setm-Command script for ldKit's setm command; the model order specified
on the command line affects the "here-document" input in lines 77, 106 and 124.
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1

2
3
4

5
6

7
8
I
r0
l1
t2
13

15

l6
t'l
l8
t9
20
2t
22
23
24
25
26
27
28

30
31

35

38
39
40
41
42
13
44
45
¿6
47
48
49
50
51
52

54
55
56
57
58
50
60
61
62

65
66
67
68
69

fl Sld: cs se!p,v r.4 !997/06/16 16:2?:22 sorllel 8xp $

I

à

70
7r

74
75
76
7'l
?8

80
8l
82
83
84
85
86
87
88
89
90

93
94
05
96
97
08

100
101
102
103
104
105
106
107
108
109
110
1ll
112
113
ll4

exi! 2

rt;

ß=

Use Èhls comãnd-sc¡lpÈ lo f¡ee pa¡aneLêrs for se¿rch
The serrings âre NoT MoDÀL, 1.e. all unspecifled

# SeL default paramêLer mpplngs.
m_qscf=s; m_qfcf=5;
n_Sigrul=5; m_Sigm2=5; m_Sig@l=s; m_Sigm4=5; m-sigre5=5;
m_d-s; n_mr=sj m_Àd=l;
n_kf=s; m_ks=l; n,L0=1; m-xi0=5;
nù1=r, m,b2=1;
m_dvwLo=¡ ; m_P0=5; n_xr0=5;
å se! alÌ parameler IndicaÈors "flxed' by defãurr:

are set \"ftxeCv as default. rhus, you rusr speciry
CoMPLETE set, each !lne you run Lhe shell-scripl.'

1_qscf=0;
l_s1gffir= 0;
l_d= 0;

1_qfcf=0;
i_Slgm2= 0;
i_mr=0;
t,ks=0;

i_Slg@l=0
i_Àd=0;
i_Lo=0;

; i_s19ffi4.0; l_sigm5=0;

I,xi0=0,1_kf=0;
l_b1.0,
i_dvrt0=0;

i_b2.0;
i_P0=0;

serp > /cmp/È@.6eÈp.tx¿ <<_eûd-setp_
lNuder of free paramêler sets:
I
lFor every p-vector, €ncer Gpplng and frêe componenLsi
å1, Defaulr linear and unbounded space.
f5: Keeps PalameÈer vecÈor >=0.
á6: Keeps pêramece¡ veclor Þe¿eeen -t and +1

åqsl0, qs20, qf0, qfwo, T¡r0 d1n=5
SMap: Setl ¡

50
åMc, vd, vr, vdc dìm=4
50
STcf, qthg dim-2
50
{Swo, Swl, S{2, Ssl dlm=4
50
*Map. SeÈl:
Sm_qscf 9i_qscf
Sn qrcf Si_qfcf
9n_st9É1 $l-Sigml
Sm slqm2 Si sigmz
Sm_siqml St_Sigm3
sm_sigm4 Sl-s1gm4
Sm_sigms $i_sism5
Smd Si_d
Sn_M $l_ru
5ñ Àd Si Àd

i_xr0=0;
==â

Í Þarse rhe conmnd line for paramerers to free.

rcda1=0
quieÈ= 0

while Ì ¡Ssrartr = 'OK" -a 5S -91 0 l; do
case iSt, 1n

hl-help) nalgs='exp! Snargs 1'; sLaE='n; .,
-ql-qulelJ nargs=iexpr Snargs - 1'; quleÈ=1; ;;
-nl-rcdar) rcdaì=l; nargs-'exp¡ Snargs - 1'; quiec=l;

m-qscf=""; m-qfct="; m_Sigmr="; m_Sigre2=";
m_Slgml=' i, m_S19G4= " ; m_Sigre5=" ; m_d=' " ; n_mr=" ;

m_Âd=", - m_kf _,, ". m_ks:i r ; m_Lo= tr, ; m,xt0=, i, m_bt=ni ;
m_b2=¡¡; m_dw¿o=i'' m_Po="; m_xro=.';
i,qscf=""- i_qfcf="; i_Slg@l="; i_S1gÊ2=";
i_Sigml='"; i_Sigm4="', i_Slgm5="; i-d=¡i; i_mrÉið;
i,Ad="'; i,kf='"; i_ks=ri; 1-L0="; i_xl0=!'; i,bl=¡i;
t_b2={å; l_dvwÈ0=i'r i_Po:rr, l_xro:ùo;

lhs='expr '51' . ¡\{la-zÀ-20-9_jr\):.'' I

rhs='expr 'S1i . 'la-zÀ-20-9 J'=\{..\)S"
eval "i_Sìhs=l',
case "$lhs'in

qscflqfcf) eval im_$1h6=Srhs"

sigmllsiqm2lsisrellSigm4lsism5) eva1 "m_Slhs=Srhs'
ndlnrlÀd I kr I ks I L0 | xi0 I bl ldvwlo I P0 | xro) eval'm-$lhs=$rhs'
b2lvsdo) eval "i-b2=rd; eval "m-b2=$rhs';
.) arglist='sarglisL S1'; sca¿=ir

case "Srhs" in
rlsl6)
.) a¡9tlst=.Sargt1sÈ $t'; s¡aÈ=,,i; ;;

115 Sm_xro S1_x¡0
116 _end_seLp_
tt1
118 if I Squter != 1 l, chen
119 { Ftl¿er lhe s¿anda¡d-outpul of ¿he IdKit coffind, supprêssing
120 { blank and doubL€d lines.
l2l ca¿ /tmp/rmp.setp.lxc l\
122 sed 'sl^\(.'l^ l\) t l./\1/s; /^S/d¡ /^uap:.'S/d;' l\
123 S sed '8, /^. rdlm=1Sld' 

I \
124 uniq
125 fi;
126 tf { Srcda1 -eq 0 l; rhên
127 echo ""
128 echo 'Nuder of free parâmelers is: Snargs'
129 echo'"
130 else
131 car /rmp/Lmp.serp.rxÈ l\
132 atrk '
133 BEGIN {n=0}
134 {if ((S1==i | | s1.=s | | 51==6} && 92==1) {n++}ì
135 END {prlncf '\Nuúer oi tree param€Èers is: ld\n\n', n)'
136 fl;
137 rn /rmp/tmp.serp.Èxr
138 exlL 0

5m_kf

5m_L0
Sm_xi 0

$m-b1
Sm_b2

5m_P0

$i_kf
$1_ks
$1 t0

st_b2
5i_dvrr0
$1 P0

S1-xio
st bl

r) case nStn in
qscflqfct) eval'i_51=1r;
sigmllsigm2lslsmllsigm4lslsms) eval'1,S1=1";
d I mr I Adl kf I ks I L0 | xi0 lb1 | dvwro I P0 | xro) eval'1-S1=1" ;

b2lvsdo) eval'1-b2=1';
.) arglisL='Sarglisr S1r'; slat=itr;

shift

if t "ssrac. r= UOK' l; then # Àn error occurred.
1f t "$argllsr' l: ii l, then

echo r90: unknown arqumenls: $arql1€r'

Listing C.6: cs-selp-A more elaborate example of shell-script programming which encapsu-
lates ldKit's command for partitioning the parameter set into fixed and free subsets, as well
as specifying constraints for the parameter search.
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86 Annotated ldKit Sessions

å----'----- -------'-'-'--s
if t SË ec 0 i, rhen Exp='J'; kf=o.oo5,
else Exp="S1'; kf=52; fl;à---------------,- ---- - --,
cs_seLd 1.0 $Exp
rm r.c .ikbase/rexe; ln -s dI/1124/'.c .; mcomplÌe

cs,sets 3 sExp
cs_setpo -d -q slgm4=1 s1gm5=20 d=0 mr=o kf=$kf bl=0 b2=0
cs_selp0 -q sw0=1 s{l=1 sw2=2 se3={
cs_seLpo.u0 sExp
cs_6eLpo.x0 SExp
cs_seLpo.cf sExp

cs,rrltepo'S0_$Exp' -p0_0
s----------------- -------,--å
cs_setp -q qscf qfcf Sigm4 Sigm5 L0 xro

cs_seip -q qscf qfcf Stg@4 Sigm5 L0

cs_sêlf iterations=20 step=1 reg:0
lime ti! -d0 -d1

cs_erilep0 .$0_SExp' -p0_1

100
r01
102
103
104
105

106
107
108

109
110
r11
tt2
113
114
t15
116
tl7
lr8
119
t20

122

124
\25
126
127
r28

r30
l3r
132
133
134

138
139

140
141
142
143
144
145
146
141
148
149
150
151
162
r53
154
155
156
151
158
159
160
161
162
163
164
165
166
r67
r68
169
170
171
172

174
175
1?6
177
1?8
179
180

s-

10
11

12

l4
15

16
17
18
19
20
21

24

26
27
28
29
30
31

35
36

38
39
40
41
42
43
44
46
46
4'l
48
49
50
5t

54
55
56
67
58
59
60
61
62
63
64
65

67
68
69
70
71
72
73
74
75
76

78
'19

80
81
82

"so_SExp'-p0 5

{ Iniclalize posiLive-valuêd sêarch wiLh
cs_secpo -q d=1e5 mr=le5
cs_secp -q qscf qfcf Sigre4 S1ry5 d=s mr=5 ks L0

Èime flt -d0 -dl

cs_wrirep0'S0_SExp.-p0_9
å-
# ConÈlnue wlth an unbounded search, uslng posttlve-bounded search
S resuìts as Lhe stãrtin9 point. RepeaLing this resLs Lhe globaìiry
* or localily of the resulÈ.
cs-seLp q qscf qtcf sigM{ Sigms d=l mr=1 ks L0

Clme flL -d0 -dl

c6_vrllepo'S0_5exp" -p0_10å' . .'
* Check lf msses are less than a limlL; !f so. use prevlous
I imi t=100000
d:,vrllepo 11
m-'qriÈepo 12
1f ISd rr
elif { Smr -lr
$ Then ser the

{pr
{p'

inr
inÈ

s3
s3

cs_serpo -q L0=0
cs_secp q xro

cs_self sc€p=0.5
¿ime fic -d0 d1

cs_eritepo'S0_SExp'-p0 2

t--------'--
cs_seLp -q qscf qfcf S19re4 S19m5 L0

¿ime fic -d0 -dt

Ìimi¿ l; rhen d=0;i$o_sExptr-p0-6;
limir l; then m=0;r$0_$Exþ¡-p0 7; fi;
ree paramerers accordingly, adding Ad !o the set

case 'Sd, Smr' ln
0,r) cs_setp -q qscf qfcf sigm4 sigm5 m=1
r,0) cs_seÈp -q qscf qfcf SigMA Sigm5 d=1
.,r) cs_setp -q qscf qfcf Sigm4 Sigms d=l mr=l

esac;

!lme flÈ -d0 -dr

cs_qr1Èepo áS0_$Exp"'p0_11
t-----------------
cs seÈp0 bl=1

Àd ks L0;
Àd ks L0;
Àd ks L0;

cs_wricepo,,$0_SExp"-p0_l
{--- ----------------------

lime fir -d0 -dt

cs_wrirepo "$0_$Exp'-p0_12
H .----
case ">rc,Þm¡" rn

0,') cs_setp -q qscf qtcf Sigma Sigre5 mr:1 Àd ks
',0) cs seÈp -q qscf qfcf Sig@4 Sigm5 md=l Ad ks
", t) cs seÈp -q qscf qf ct Si9@4 SigM5 d=l m=1 Ad ks

valid

Èime fiu -d0 -dl

cs_vrirep0 "$0_$Exp.'p0_13

cs serp -q qscf qfcf Si9m4 S19M5 ks L0

valid
fl--------- -,,----
cs_serpo -q ks=4.8
cs_seLp -q qscf qfcf Stgm4 5i9ms L0

rime fir -d0 -d1

cs_wricepo'S0 5Exp.-p0 4

L0 bl
L0 bl
L0 br

cs_serp -q qscf qEcf Sigm4 Stgm5 ks L0

valld
d--.-----.
cs-secp -q qscf qfcf Sigm4 SiqMs ks L0

time fir -d0 dI

cs_wri¿ep0 "50_SExp" -p0_5
H --------
cs_setp -q qscf qfcf S19m4 SigM5 d:1 ru=1 ks L0

-- -- - ------+

-----$

case 'rSd, Smr. in
0, r) cs_serp
a, 0) cs_seÈp
',') cs-seEp

q qscf qfcf sigm4 s19m5 u=l
q qscf qfct Siqm4 S1sm5 d=l
q qscf qfci Sigre4 Slgms d=l t=1

Àd ks L0 xio
Àd ks L0 xio
Àd ks L0 xio

- --------------Ë
å----------
cs-setp -q qsct qfcf Sigm4 Sigm5 ru=1 k6 L0

tlne f1¿ -d0 -d1

cs erilepo 'S0 SExp'-p0 6

case "Sd, SG' 1n
0,¡) cs_6erp -q qscf qfcf si9E4 S1g@5 m¡:l
1,0) cs_setp -q qscf qfcf Sigm4 S1gE5 d=1
', " ) cs_setp -q qsct qf cf si9m4 Slgms d=1 tr=1

valid

Àd ks L0 bl
Àd ks L0 bl
Àd ks L0 bl

d------ --- # 181 case ñSN, Sru' in
83 '90_SExp'-p0_s
84 ce_setp -q qscf qfcf si9m4 sigMs d=¡ ks Lo

86 setf -o
87 time fi! -do -dl
88 ackes!
89 sensl!
90 cs_sriÈepo "S0_çExp. -p0,?
9r s- --.-
92 "$o_5sxp'-po_5
93 cs_serp -q qscf qfcf Si9@4 S19m5 d=1 M=1 ks LO

94 senslr
95 seEf -o
96 rime fir -do -dr
97 acke6c
98 senslr
99 cs,wÌllepo 'S0 SExp'-po I

182
183
184
r85
186
187
188
189
190
191
192
193
104
195

0,.)
.,0)

cs_setp -q qscf qicf Sigm4 Slgm5 mr=l
cs-secp -q qscf qfcf SlgG4 S1gm5 d=1
cs selp -q qscf qfci slgG4 slgm5 md=l m=1

Ad ks L0 bl
Ad ks L0 bl
Ad ks L0 bl

valld

Èime fit -d0 -dl

cs_{r1Lep0 iS0,SExpi-p0,14
{-------------
exll 0

Listing C.7: M3-Exp-Command script used to investigate the third-order model structure
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o 0 2 4 o 7 8 9 l0 l3 t4

?36, 233, 3t.4,432,295
o,40,38, ¡ I

sw0 l,1.2.4
qscf
qrcI

Slqmâ1
Slgma2

s19ma3
S1gma4

slgmã5

kf

LO

xl0
b1
b2

PO

0-?53
5.575

.00r

9.908
o.o5

0.2553

5.6203

3.67ó
36.63

0.082 ;

0.038r

0.2óó3

ó.620{

3.589

36.89

-o.0004

0.2óó2
ó.69t ¡

3ö.E{

,.,
0.0008

0.2óót
õ.6:01

3.099

3-3Ìl
-0.002

o.?551

5.62!7

0.18ól
3?-8ó

4.26¿ó

7.067

0.0æE

0.2õ52
ó.6231

i.nrro
35.48

1.2ó¿5
o

Lo,,
¡-00r 6

o.:óól
Ln227

0.4848
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(a) Experiment E, full load, perturbed steam florv.

(b) Experiment A, full load, perturbed fuel flow

(c) Experiment B, full load, perturbed feed-water florv.

Table C.2: Optimization results for .L4e with À¡ : 0.001 fixed
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(d) Experiment J, partiaÌ load, perturbed steam flow.
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(e) Experiment F, partial load, perturbed fuei flow
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(Ð Experiment G, partial load, perturbed feed-water flow.

Table C.2: Mz, kt : 0.001 (continued)
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(a) Experiment E, full load, perturbed steam flow.

(b) Experiment A, full load, perturbed fuel flow.

(c) Experiment B, full load, perturbed feed-water flow

Table C.3: Optimization results fot Ms with À/ : 0.005 fixed
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(d) Experiment d partial load, perturbed steam flow.
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(e) Experiment $ partial load, perturbed fuel flow.

e 0 2 3 4 5 6 7 8 9 to Ìl 12

t22,t2\, r7.3,222,215
0,40!38, tl
100,0

s{0 1. r.2,4
qscf
qfcf

Slgmal
slgma2
Slgmà3

Stgmå4
slgmâ5

kf

LO

x10
b1
b2

PO

o.257

6.1 21

o

0

0
I

20

0

0

20

0.005

0

0
0

o

0

0

8.793
0.05

o.26'17

6.07t I

1.338

17.05

0.045 ;

0.0{38

o.2547

6.071

ì,,,
77

-i.ooot

o_2549

6.0739

0.6891
t7.74

4.4

o.oo54

0.2549
6.07{5

i.uu*
1 8.2

5.286

0.0061

0.2549

6.071{

o.roro
17_33

6.1?¿5

4.721

0.004

0.2ó{9
6.0709

o.roil
15.92

0.26e5

0

1.,0,
0.0036

o.?5{9
6.071

o.roro
l0.oE
5.5e5

7.99e4

Loo,
0.0036

_

0,2ó49

6.0709

0.2055
rõ.95
6.3{eó
2.21e4

l,o,
0.0036

o_2549

6.OT07

0.20ó4
15.{7
E.ó?e5

-?.09eó

1.,,
!.003{

o.?552
6.O772

0.2063
1 0.57

6.leõ
0

21.19

5.27)
!.00{E

o,255J
ß.4742

0.206
I 1.21

0.?e5

24.89

5.257

-0.01

I

6.0697

0.2086
6.71

5-72ei

21.43

5.299
o.14

-7.411

0.2õ{9
6.07

o.2052
5.71 6

6.09e5

22.27

5.061
o.1l

-ð.931
3.873

lvl 0 ó I 5 6 7 7 E E E 9 l0
Álc
L

?073.óå

14a1.77

2954.68

1470.3{

2962.66

1476.28

2t25.08
1257.54

2523.87

l2ó5.94
16{3.26

81{.03
ló82.29
78{.1{{

ló91. l9
767.595

158õ.E0

7E{.928

I õ64.t7
i71.236

129¡. l9
638.595

lJ35.O9

659.ó{5
970.700
479.383 4r6_263

-t0.7
I | 16.6

-l _36

r :03.9
-lo.l
36.1

-3.0ó
54.O

-0.336
t i 2{.1

-4.0J
I | 59.4

'2.42
¡ :59.4

-3.r8
2 .23.2

-0.0r9
3:09.7

-o.274
õ3.E

- r.73
I :20.8

-6.{7
| .2O.7

-2.42
2 | t6.7

-:t 55

tt37.2

(f) Experiment G, partial load, perturbed feed-water flow.

Table C.3: Mz,lcÍ : 0.005 (contiruted).
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C.2 Investigation of M¡ 91

e o 2 3 4 6 8 I lo lt l2 ¡J

:t 7,214, 30.5.416, 289

0, to, 38, 1 I
t00.0
t. t.2- 4

qfcl
S19ma1

Stgme2

Slgmål
slgnâ4
slgmâ5

kf

LO

xl0
bl
b2

PO

o.267

ó.612

0

0

0
I

?o

o

0
20

o.ol
0

0

0
0

0

0

I 0.61

0.05

0.?0E7

5.4426

Lo.o
,lj.s

-o.a 0

0.l l

0.2087

i.t122

3.J 16

40.4

-0.002

o.267ß

5.ô{73

t.E7t
24.37

4.8

0.0r4

o.?074

5.6507

t.ó13
33.09

7.018

0.02

o.?0itr
5.6511

0.1789

24.61

3-{?{5

8.1

0_0r5

o.?67{
5.051 7

0.r786
27.68

3.1ór5

0

8.107

0.ot{

0.267t
ó.ô623

0.1788

-2.50e5
0.05e5

8.t
0.016

o.267.1

5.612 |

i.'rn,
24.67

1.3{el
3.3óe5

8.1

{.0t5

o.?67 1

5.65?4

o.rru,
22.44

-3.õ6e5
7.O2e5

ì.rou
0.0r6

:

0.2073

6.65

7,,,,
¡ t.ó0
0

3.{5e5
27.18

8.r29
0.013

o.207 4

5.6511

0.1 778

t 3.1

3.45e5

26.t4

E.l 28

o.o27

I

0.267{

5.051 5

o.t777
12.50

3.44e5

20.01

8.15

0.034

1.51 {

o.1777
12.50

3.44e5
26.0¡

8.r 5

0.03{

1.519

0.00200

l"l 0 5 I 6 7 E ð E a ö

AIU
L

4232.24
2t 11.12

460E.22

2303.11

1232.72

2l t1.30
3506.7?
Ì779.36

3õ30.3
I 759.1 ó

178E.75

887.375

ta72
9?E.998

r739.38
86r.69r

7721.6

E5{.298

I50{.41
7{4.206

I 337.10

060.594

I 30E.74

645.37r

1310.7

645.349

time
-2.05
I :30.3

-0.?{ó
r : 13.9

- 1.07

53.4

0.52

1 : 11.7
-0.0ó8
3 :29.1

, -1.09
i2, {1..1

- 1.J?
I :59.6

-r.58
2 : 51.3

o.{l{
8: õ0.9

-2.t3
I :20.3

-0.0E
I :20.{

-5.19
1 : ?3.6

-1.58
58.{

-4.89

(a) Experiment E, full load, perturbed steam flow.
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(b) Experiment A, full load, perturbed fuel flow
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tE93. l3
003.505

l8tE.E3
901.4 l7

r3ô8.ó9

ô70.295

t349.72
0E0.861

1082.9Õ

332.475
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447.U2

-4.35
1 : ¡5.6
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I : 12.9

-5.06
ó6.5

-t2.1
I : lû.0

-0.337
r ::8.8

-l.rJ
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-0.653
ì | 15.6

- 1.23

r r 2ó.6
-t.35

4: {6.2
-1.08
50.9

-0.0i1
3 : lS.2

-1.55
t i 25.3

- 1.17

4 :09.5

-i1

2:53.4

(c) Experiment B, full load, perturbed feed-water florv.

Table C.4: Optimization results for Ms with A¡ = 0.01fixed
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(d) Experiment J, partial load, perturbed steam flow.

(e) Experiment F, partiai load, perturbed fuel flow.

(f) Experiment G, partial load, perturbed feed-water flow.

Table C.4: Ms, Àr : 0.01 (continued)
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I
2
3
4
5

6
7
I

r0
t1
12
13

14
15

\7
18
19
20

22

24

26

28
29
30
31

34
35
36
31
38
39
40
41
42
43
44
45
46
4'l
48
49
50
51

54
55
56
57
58
59
60

62
63
64

67
68
69
70
7l

't4
75
't6

78
19
80
81

83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

{--- - --- - ------- , -,---i
tf { 5{ eq 0 l; then Êxp='J'; kf=0.005,
else Exp=i$li; kf=52; fi;
l------------ --,--,-- --- d

cs_seLd 1.0 SExp
rm ¡.c .1kba6e/'exe; ln -s dl/l120/r.c .; mcomplìe

cs_sets 4 SExp
{ Use ¡esults ôt Chird-order rcdel as dêfâult par¿meaer serrings.
".. / 7 lkf / tkr /ú3 _Exp_$Exp-p0_1r'
cs_serpo -q seo=1 srl=1 sr2=2 sw3=0 mr=0 md=0 kf=skf br=0_7 vsdo=8

cs_writep0'S0_SExp' -p0_0
å-------- ------- -----------Å
cs_setp -q qscf qfcr Si9@4 Si9m5 mr=1 Ad ks L0

cs_seÈf itê¡arions:20 s¿ep=1 reg=o
timê fiL -d0 -d1

cs_wrlrep0'S0_9Exp'-p0_1
$----------------- ------,----*
'S0_SExp" -p0_0
cs,setp -q qscf qict SigM4 Sigm5 d=1 Àd ks L0

¿lme fl! -d0 -d1

cs_erirep0'50-$Expt-p0_2
fl-- -------------- -----------fl
'S0 $Exp"-p0 0
cs,selp -q qscf qfcf Si9m4 Si9m5 md-l mr=l Àd ks L0

Lime f1È -d0 -d1

cs_vriLepo'S0 SExp"-p0_3

99
100
101
t02
103

101
105

106
r07
108
109

110
Itl
tt2
113
11{
115
116
tt7
r18
119
120
12r
122

124
t25
126
127
128
129
130
131

134
135

136
137
138
139
1¿0
lJl
l{2
113
14{

) cs_serp -q qsc: qfcf slgm4 slgms d=1 nr=l Àd k€ L0 vsdo

vaì id

{-------.
i Perfôn the ÀLMp Èest rith dvero frêe
case 'Sd,'mr' 1n

0,') cs_seLp -q qscf qfcf Sigm4 Slgm5 ñr=r Àd
r,0) cs_selp -q qs.f qfcf S1gm4 Sigms d.l Àd

',') cs-seLp -q qs.f qfcf 51984 Si9m5 d=l mr-l Àd

vaìld

s------------------
å FÍÈ bl and lq lhe ÀtC tesE resul!.
case'Sd,Sru'in

0,') cs_serp -q qscf qtcf 519@4 Si9m5 mr=l Àd

'.0) cs_seLp -q qscf qtct S19m4 Sigm5 d=1 Àd

',.) cs_selp -q qs.a qfcf sigm4 Sigm5 d=1 m¡=l Àd

cs_seÈd 0.5 SExp

lire fir -d0 -dl

ks L0
k6 L0
ks L0

ks L0 b1
ks L0 b1
ks L0 b1

cs_erirep0'$0_SExp'-p0,7
fl---- .

{ FiÈ vsdo and ìq the À:c rês! re6ulc.
case "Sd, Smr' in

0,') cs-setp q qscf qfcf SigM4 Sigms mr.l
',0) cs se¿p -q qs.¡ qfcf Sigm4 Sigm5 M=t
.,') cs_seÈp -q qs.: qict s1gm4 sigm5 d=l mr=l

Àd ks L0 bl
Àd ks L0 b1
Àd ks L0 bl

å Betore fiÈÈing vsdo, l:x b1 because of c¡oss coupling eiLh V6d0
case 'Sd, Smr' in

0,r) cs_setp -q qs.: qfcf si9G4
,,0) cs_secp -q qs.: qfcf SigM 
.,.) cs,setp -q qsc: qfcf Sigm4

Èime fiÈ -d0 -dl

Sl9m5 nr=1
Sig@s d=1
Sigm5 d=1 mr=1

Àd ks L0
Àd ks L0

'S0_5Exp'-p0_0
{ ¡niLlatize posi!lve-valued search with
cs_seLp0 -q d=1e5 mr:1e5
cs_setp -q qscf qfcf Sigm4 Si9m5 d=5 mr-5 Ad ks L0

!1me llc -d0 -dl

cs wriÈepo ñso_SExp'-p0 4

fl-- -'--- -------- - ------{
S Continue rlÈh an unbounded seâ¡ch, uslng positive bounded sea¡ch
S results âs Èhe sra¡ring poinÈ. RepeaCing rhls resLs the
{ globalicy or localiry of rhe resul¿.
c6_setp -q qscf qfcf Sigm4 S19ms nd=1 mr=t Àd ks L0

lime fl! -d0 -dl

cs_rriLepo'$0_$Exp" po_s
#------------- ---------------------ë
* Check 1f msêes âre less Ehan a limi¿; 1f so use previous resulrs

145 sensi¿
U6 cs_eli¿epo "S0 SExp'-po-6
l{7 å--,-,-------
118 cs_serd I.0 SExp
r19 ¡m..c .ikbase/*exe, 1.'s dl/r121l¡-c .; mcompile
150 cs_serm a

1ó1 cs_seLs 4 SExp
lõ2 å Use ¡esults of 6-¡h eçerimen¡ lo slarl; Èhis secs the rrêe param'
153 "S0 SExp'-p0 6

15{ cs_serpo -q sro=r ss1:1 sr2-2 sv3=l bl=0.?
155 cs_seÈf ì¿era¿ions=20 s:eÞ:1 reg:0
156 S FiÈ eiÈhout c1ming to ierermine 1f lhe mÊs distrtburlon is

Ilmìl=100000
d='vricepo 11
mr='eritepo 12

I awk '{p¡1nÈf "td', $3},,
I a{k '{prinÈf 'td', Sl}"

158
r59
160
161
162
r63
t6{
r65

l6?
168
169
170
t7L
172

174
175
176

178
t19
r80
181
182
183
184
185
186
187
188
189
190
191
192
193
19{

È aftecred by the switci ìn the hwoEhesis.
fiE

d-'w¡irepo 11 | a*k'(prliÈf id', 53Ì"
mr='rriÈepo 12 | awk '{r:inrf 'åd', S3)"
1r t 5d -lc Slidc l; rben d.0; 'So_SExp'-p0_1;
elif t sru -lr Sllmtc l; rhen nr=o; 'So_SExp'-p0_2; fi
cs_seÈpo -q sç0=1 srt=1 ss2=2 sr3=1 b¡=0.?
å The ser or free pãrarêre¡s is Êer by rhe mcro'50_$Exp'-p0_6
# Use rhe coffind scr¡p¿ !o query ¿he dimension of rhe €e!.

time f1r -d0 -dl

cs_wrirepo'S0_SExp' -p0_t

ir t Sd -lL $limic l; lhen d=0;"S0_SExp'-po-1;
elif t Smr -lL 91imiE l; rhen nr=0;"$o_SExp'-p0_2; rir
# Thên set the free parâmeters accordlngly.
case ^Sd, Smr" 1n

0,*) cs_seÈp -q qscf qtct SlgM4 Slgm5 nr=t Àd ks L0;;
*,0) cs_setp -q qscf qfcf slgß4 S19m5 d=I Ad ks !0;;
',') cs-seEp -q qscf qfcf SigM4 Sigms d=1 mr=l Àd ks L0;;

I Then re-f1l lhe dacâ to prepare for an ÀLMÞ ¿esÈ. Note thaÈ this
# seL of rree parameters dupìicates rhaÈ ot the 1sr, 2nd or 3rd
# fi!. By ¡epearing Lhe il¿ with f¡om ¿he srar!, we

s lesr Lhe globaÌiry/Ìocaliry of rhe resulrs.

S Perfom the ÐMP !êsr virh b1 free
case "Sd, Sm¡' tn

0,.) cs_serp -q qsc: qfcf sLgm4 Slgms mr=1 Àd ks L0 b1;;
r,0) cs-se¿p -q qsc: qfcf SLg@4 Si9@5 d=1 Àd ks L0 b1;;
r,r) cs_setp -q qsc: qfcf S1gm4 Sigms d=l f,¡=I Àd ks L0 b1;;

valld

Clme fl¿ -d0 -d1

cs-r¡lCepo iSo_$Expi -p0_5
s------------------------
# Perfon the &MP resr etLh bt free
case "Sd, Snri in

0,*) cs_se¿p -q qscf qfcf S19m4 519@5 mr=l Àd
*,0) cs_seÈp -q qscf qfcf Sl9m4 Si9M5 d-1 Ad

',') cs_setp -q qscf qfcf Si9m4 Si9M5 d=1 mr=1 Àd

ks l0 bl;

ks L0 b1;

fl Perfom lhe eMP
case 'Sd,9mr' in

0, I ) cs_setp
r, 0) cs_seEp
.. r ) cs_selp

valid

*----------------

tesc ¡iih Vsd0 fEee

-q qsc: qfcf Sigm4 Si9m5 mr=l Àd
-q qsci qfcf S19ru4 S1gm5 d=1 Àd
-q qsct qfcf S19G4 Slgm5 d=1 n¡=1 Àd

ks L0
ks L0
ks L0

fl-----------------
il Perrom the ÀLMÞ LesL wirh vsdo;;;.
caÊe d$M,Smr" 1n

0.r) cs_selp -q qsct qfcf S19re4 Slgm5 mr=1
r,0) cs_serp -q qsct qfcf si9m4 si9G5 d=1

Ad ks L0
Àd ks L0

vsdo;; 195 å Perfom the ÀLMP LesÈ yt¿h dvwro free
vsd0;; 196 case iSd,Smr' in

197 0,1) cs serp -q qs.: qfcf sigm4 sLgE5

Listing C.8: M4-Exp-Command script used to investigate the fourth-order model structure.
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95

198
190
200
201
202
203
204
205
206
207
208
209
210
211
2t2

215

218

220
221

224
226

228

230

234
235
23t)

238
239
240
241
242
243
244
245
246
241
248
249
250
251

254

256
257
258

260
261
262
263
264
265
266
267
268
269
270
271

274
275
276

27a
279
280
281
282
283
284
285

å--------------'--
S Pelfom the ÀLMp tes! îiih dvelo free
case'Sd,Sn¡'in

0,r) cs_selp -q qscf qfcf sigm4 s1gM5
r,0) cs_selp -q qscf qfcf Sigm4 Slgms
¡,') cs selp -q qscf qfcf sigm4 Sigm5

valtd

# --. - --.-------
$ Fi! bl and lq Èhe AIC !es! reêul!.
cåse .Sd, Sû' ln

0,') cs selp -q qscf qfcf sigre4 s19m5
,,0) cs_selp -q qscf qfcf slgm4 sigms
ì,¡) cs-seÈp -q qscf qfcf sigE4 slgm5

cs_setd 0.5 SExp
seCf -o
!ime f1! -d0'd1

r,O) cs_secp -q qscf qfcf Sigre4 Sigms d-l Àd ks L0 dvqro,;
',r) cs,setp -q qscf qfcf Slgm4 si9m5 d=l mr=l Ad ks L0 dvwto;;

våÌid

{ ---,--,------------- -- ---- --------------l
f Flc b1 and lq Che ÀIC lest resulÈ.
cãse 'Sd. Smri ln

O,¡) cs se¡p -q qscf qfcf Sigm4 Sigre5 mr-l Àd ks L0 b1=5;r
r,o, cs_setp 'q qscf qfcf slgm4 Sigms ú=1 Àd ks L0 b1=5;;

',') cs-serp -q qscf qfcf Sigm4 si9m5 d=1 mr=1 Àd ks L0 b1=5;;

cs_seÈd 0.s SExp

tlmê fit -d0 -dl

cs_wrlLep0'S0_SExpi -p0_r0ß----------------- ----- -----*
cs_setd 1,0 SExp
rm r.c .lkbase/rexet I^ -s ñr/tr22/'.c .r mconpltê

cs-sers 4 SExp
i use resulls of 6-rh experlmenÈ ro sLa!!, lhis 6ets lhe free palam's
iS0_5Expi -p0_6
cs_setpo -q sw0=1 swl=1 sw2=2 ss3=2 bl=t
cs_seLf iCera¿ions=20 step=l reg:0
# Fl! eichout rlmlng !o derermine if the Mss distrlbuEion is
# affecred by Èhe 6viLch iñ rhe hwothe6is.
fir

d.'rrltepo 11 | awk '{prinlf 'ìd", 5l}"
nr=!ericepo 12 | a{k '{prin!f '?d', 53}"
if t Sd -lL SlimlÈ l; Lhen d=0; 'So_SExp'-p0_1;
elit I Sñr -1! SÌimi. ì; rhen mr=0, "S0_$Exp'-p0_2; rl
cs_seLpo -q swo=l Sel=I s!2=2 Swl:2 bl:1
å The 6er of free para¡nerers is seh by Lhe mcro "So_SExp"-p0-6
ì Use lhe comnd sclip¡ ro query Che dlmension ot the 6ec.

tlme tl! -d0 -dl

cs,wrlrep0'S0_$Exp' -p0_11

I affecled by the s¡itch in lhe hFoLhesls
ftc

297
298

300 {prln¿t'rd', Sl)
{printf "*d', $3}

302 Lt f 5d -rL SliriÈ l; Èhen d=0; "So-SExp"-po-I;
303 eIlf f Smr -lÈ SliiiÈ l, then mr=0, 'S0,$Exp''p0-2; fl
304 cs_serpo -q s{o=r st1=l se2=2 swl=3 bl:l
305 å the seL of fE€e parareters 13 sel by the mcro "S0-SExpr-p0-6
306 { Use Èhe comnd scrlpc Lo quely lhe dlmenslon of lhe se!.

d='wricep0 11 I åvk
301 mr='wrirepo 12 I avk

30? cs_serp -m
308 sensir
309 serf -o
310 Èire flr -do -dt
3ll ãckésr
312 sensir
313 cs_wrilepo'S0_Ssrp'-Po_rl
311 t-------------
315
316
317
318
3r9
320
321

325

327

328

330
331

33r

338
339
310
341

34{
3{5
3{6

348
3r9
350
35r
352
353
354

357
358

á Perfom lhe ÀL!?
case '$d, Smr" 1n

0,') cs_selp
', 0) cs-se¿P
., r ) cs_seÈp

valld

tesr wiÈh bl

-q qscf qfcf
-q qscf qfcf
-q qscf qfcf

free

Sigm4 Slgm5 M=l
Sigm4 S1gm5 d=l
S1gm4 S1q@5 d=1 mr-1

Àal ks L0 bl,
Àd ks L0 b1,
Àd ks L0 br;

Àd ks L0
Ad ks L0
Àd ks L0

Àd ks Lo
Àd ks L0
Àd ks L0

Àd ks L0 bl
Àd ks L0 bI
Àd ks L0 b1

I Perfom the ÀLMP iesÈ {lth vsdo tree
case 'Sd, St' 1n

0,.) cs_setp -q qscf qfcf SigG4 Slgms mr=1
r,0) cs_ser? -q qscf qfcf Sigm4 sigrus d=l
r,rl ca_ser? -q qscf qfct Sig@4 SigË5 d=1 mr.l

valld

*----------------
i Perfom the &v!
case '5d, Smr' 1n

0,') cs_serp
', 0) cs_ser?
., . ) cs_serp

valtd

ð---------'------

-----*
:esÈ wiÈh dvelo free

-q qscf qfcf SigM4 SigE5 mr'l Àd
'q qscf qfcf Si9m4 S1gm5 d=1 Àd
-q qscf qfcf sigm4 sigm5 d-1 mr=l Ad

ks L0
ks L0
ks L0

* PeÌfon che ÀLHP ÈesL wirh b1 tree
case "Sd, Str' in

0,r) cs_serp -q qscf qfcf Si9m4 Sigm5 m¡=1

',0) cs_serp -q qscf qfcf Si9M4 Slgm5 d=l
r, *) cs_serp -q qsci qfcf Sigm4 Si9@5 d=l mr=l

valid

* Flr br and lq iie ÀIc tesÈ result
case 'Sd,sru" tn

0..) cs_setp -q qscf qfcf Sigm4 Slg@5 mr=1
., O) cs,seÈp _q qscf qf cf SigM4 Sigm5 d=1
r,r) cs-serp -q qscf qfcf sigre4 s1gm5 d=1 m¡=l

cs_setd 0.5 SExp

Èime fìÈ -d0 -dl

cs_w!1rep0'S0-S¡xP'-P0_14

-------,------f
* Pelfom lhe ÀLMP

case rSd, Sru' in
0,'I c6_se!p
',0, cs-serp
r, r) cs_serp

va1 id

test çith Vsdo flee

-q qsct qfcf Slqm4 Slgms tr=1
q qscf qfcf Sigre4 Sigms d=l

-q qscf qfcf sigre4 5igm5 d=1 mr=1

Àd ks L0
Àd ks L0
Ad k6 L0

Àd ks L0
Àd ks L0
Àd ks L0

mr=1 Àd ks L0 dvwro;;
d-l Àd ks L0 dvwro;;
d-1 û=1 Àd ks L0 dvwro;;

-----'---------{

---- - --- ---------l

b1=5r;
b1-5; ì
b1=5;;

286 cs_rrlÈepo'$0_SExp'-p0_12
rB7 #------------- ---------------{
288 cs setd 1.0 $Exp
289 ¡m ..c .ikbå6e/rexe; rn -s dI/1121/..c ., rconplle
290 cs-seh a

291 cs_sers a SExp
292 S use resultÊ of 6-lh experiment to slart, thls aeLs ¿he free patam's.
293.S0_SExp"-po_6
294 cs_6erp0 -q sro=1 swl=l sw2=2 sç3:3 bl=1
295 cs_serf iLerarlons-20 sÈep=1 reg=0
296 å Flt wiÈhouÈ tlming !o deÈernine lf rhe Mss disÈrlbuElon ls

Listing C.8 M4-Exp (continued).

Dept. of Automâtic Control
J. Sørlie, J. Eborn

LUTFD2/TFRTI. -7563. -SE
1998.8.14

Lund Institute of TechnologY



96 Annotated ldKit Sessions

e 0 2 J 6 7 8 0 l0 ll t2 IJ l4

217,2l{,30.5,4t6,2E9
0, tro, 38, I I
rm,0

sq0 I, 1,2,0 l,1,2, I

qfc f
slgmal
s19må2

S19mâ3

s19ña4

slqmâ5

kf

LO

x10
b1

PO

o.267f,

õ.6491

0

0

0

0. r775
18.54

0

o

2a.\7
o.mt
8.143

0.015

0

0.7

8

0
I 0.6!
0.0185

0.2674

5.6ól I

i.rrro
12.25

3.17¿å

29.36

8.107

!.021

o.2674

5.651 4

0.1 779

ll.4l
3.18e5
o

29.1 0

8.1 1

0.021

0.1674

5.6óró

0.r 779

11.08

1.77eõ

- L59eó

29.ti

8.tló
0.02t

0.2671

ó.66 l {

0.1 7at
I1.15
3.03et
l.74e.l

8.1 I
0.021

0.2674

õ.6i¡ 6

0.t779
10.86

5.85eó

-2.68e5
29.1 ?

8.¡ Ia
o.o22

o.:67{
5.6ôl I

o. rru
11.39

3.19eó

0
29.19

8.lt
o.o:l

o_267 1

5.6õ!3

0.176 I

8.811

3.17có

30.7

8.123
0.021

1.209

0,267i
ó.6;23

o.l 763

E.E37

3.1 7¿ã

30.7

8.123

0.02{

7.733

0.2ô71

ó.6ól

o.,trn
I 3.38

3. I Eeó

,.,,
0.026

o.7

E

0.167{
ó.6¡27

0. l 763

8.50;
3. 1 7¿ó

J?.78

8.132

0.0{8

r.3.t6

0.2671
5.8504

0.1 77E

¡ 4.ó3
i¡. I 7¿5

26.9

8.121

0.028

I

o.2671

i.632t)

o.,ru,
7.863

3. l8¿5

26.24

ì.,0,
0.066

I _984

0.!673
5.6497

o.,rru
16.77

3. l?f5

27.64

,.ril
0.017

I

_

o.2674

ó.6ót 6

o.,ruo
0.71 9

3. I 9c5

,.tto
o.o'¿2

4.149

lvl 0 I 8 9 I 8 9 I I 9 8 9 8 9

Àtc
L

r289.6
63€_AO2

I2JE.44
61t.222

I 220.0t t244.O5
6l 3.O23

\z0it.7 |

á93-855

l?38.3{
6il. ì 7:

loól.7:
ã r6_86

toð1.7?
ót 6.859

l3óJ.O{
668.ó l9

to:3.9?
õ0:.9õ8

14 I l-6?
697.8r 2

968.358
475.1 79

I513.6l
74E.80á

ll 19.7

550.851

tiDe
-1,6J
I : 42.2

-r_3E
l:43.0

- 1.12

I : ó3.5 4 : O2.9
-3.7

l:2ó.1
-9.73
2ó.{

-4.13
3:46.3

-1.ól
ó6.3

-6.98
I : 17.ó

-õ.?3
{:17.ó

-6.01
I : 29.7

-6.22
8 ì 48.2

-ó.06
t :30-ó

-\.21

o o I 3 6 7 9 to ll t2 l3 l4

236,233, 31.4,432, 29ó
0,40,38, r I
t 00,0
l. t.2.0 2, t, Ì,2,J

qfcf

s19ru1
slgma2
slgma3

Slgma4
S19må5

kf

LO

xlo
b1

PO

0.?ö5?

ó.6242
o

0
o
o.47ô2

2t.9
0

0

28.36

o.mt
7.662
o.ol
o

o.7
I
0

9.998
0.o3a1

0.25ól
5.6231

o.nrru

Ll7e5
20.66

0.0063

0.25ól
5.6228

o.tru
r 9.93
4.15e5
o

29.24

7.793

0.0064

0.25ó1

ó.6?3

o..,rau
19.õ6
l.l7eó
3.01¿5

25.64

7 .7.Ii
o.006¡

0.2ó5t
6.623

o.4766
19.49

ô.'e4
3.6óe5

?9.59

7.726
0.0062

0.2óõl
ó.6231

o.trru
r 9.44

-l-{ôe4
4.34e5

29.67

7.72
0.0063

5.6Ì31

0.i7ó6
19.{ö
o
1.:e5

?9.6õ

7.72
0.m63

0.25õl
ó.6?t 7

0.{75E
1 8.38

4.22¿6

7.796

0.00r3

¡.t45

ó.ô:l 7

0.¡759
t8.3õ

¡ l2Pi

31.76

7.794
0.ool4

7.226

0.2ó52

5.6:3ó

0.47óó

20.0ó

¡. I S.5

30. I

7.703
0.011

o.7

8

o. lö5 I
i 6ll¡

o. l?6ó
1 7.8¡

L 23c5

3.!.85

7.a{6
o.o27

2 0ß2

o.?õõ2

6.6234

o.{7ó4
20.19

4. l9e5

27.79

7.693

0.0078

0.25tr
3.6214

o.476
18.02

4.22es
26.83

7.80õ

0.021

2.562

o.2õi2
5.6t34

o.rrñ
20. l9

4. l9e5
27.74

?.691

0.0076

I

0.2551

o.4757
r8.47

1.2ei
26.87

7.769
0.0014

3.1 96

o 8 8 9 9 I E I 9 E 9 E

AIC
L

2331.{4
tt67.72

23{9.39
I 166.7

?337.19
I ró9.6

2334.75
I 164.37

2332.84

rt57.42
?331.3ó
I I ó?.68

2293.2

I 137.ô

2291.9
I 136.9ó

23ó3.04
I 168.ó2

227 t.1 1

ll?6.óô
?358.03

I l7l.02
2279.19
I r30.59 I 170.0

2296 itz

1139.16

time
- r.07
I :50.8

-1.04
I :44.3

-l.3ó -1.05
2 : 26.6

-4.99
58.2

-0.8i3
26.0

-0.9ó9
3:5?.3

-6.?ó
I : ó6.5

-3.?6
ó0.9

- {.12
7:3t.7

-2.43
59.5

-0.98
a:5O.8

-2.J1
1 :07.8 5:00.9

(a) Experiment E, full load, perturbed steam flow.

(b) Experiment A, full load, perturbed fuel flolv.

(c) Experiment B, full load, perturbed feed-water flow.

Table C.5: Optimization results for M+ with À¡ : 0.001fixed.
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C.3 Investigation of Ma 97

o 2 3 4 6 I l0 ll l2 t3 Ì4

qs10,,.. t22, t2t, t7.3,222,215
0,40,38, I I

100.0

Swo. I, I,l,O l. l,2. l l.1,2.! 1,1,2,3

qfcf

s igmår
slqma2

Slgmal
slgmà4
slgmas

kf

LO

x10
Þ1

PO

0.!56{
8.2348

0
o

o

0.3 I 44

30.8 l
0

0

26.75

0.ool

-0.0015
o

o.7

8

0

8.713
0.02E3

o.256ó

6.2409

o.rro,
9.469

3.93c5
27.2

4.246
o.ol3

o.2567

6.241 |

o.r t n,
7.937

3.89.5
0

17.97

4.608
0.013

0.2567

6.?414

i.,,n,
?.936

3.4ôe5
4.47¿4

27.a4

4.553
0.013

o.2667

i.,, n,
7.936

3.51 e5

{.oge4
27.44

4.558

0.013

0.256?

6.?414

0.a,, u

7.917

3.7c3

2.1 l¿4
?7.9

4.583

0.0r3

0.t507
6.til{

o.3r.tó
7.9?2

3.91eó
o

{.61
o.ol3

0.1567

6.?t I 1

0., to,
7.3ó7

*.r,

1.68 I

0.0¡3

0.7331

0.?567

0.3r03
7.8õl
3.88e5

?8.3å

{.68
0.013

: ..-

o.2i66
6.2il8

0.31E
I 0.35

3.97eó

27.86

4.337

0.0?6

o.7
E

0.2567

ß.24t7

0.3102

8.638

3.89c5

29.44

i.urt
0.03

o.4277

0.256å

8.2396

0.3 I 89

t6
3.95¿5

2:t.4

o.,,'
o.o27

I

o.2667

6.24t4

0.3102
6.1 37

3.9e5

21.t4

l.*
0.05

I _438

o.2ô64

6.?366

0.3táI
24.81

3.52¿5

25.31

ì.0u,
o.oo35

t

0.2566

6.239t

0.3107

7.912

3.96eó

25.0?

ì.,n,
o.o1 1

3.06t

0 E 8 9 I 9 E I I 8 I 8 I 8 I
Alc
L

1529.09

756-540
1389.15
686.727

l39l.9t
686.956

I392.05
687.0?6

l 391. I

686.óó

I 3S9.{6

636.i?8
137ô_Ol

679.m{
I 37ó.3?
678.6t

lóE9.ó7
786.783

t443.72

?12.86
1903.27
943.633

1197.88

589.94

2206.06
1095.03

1380.6

68r.298

lime

_l.E
2 ì 16.0

Ì8.14
2:08.0

-6.68
2 t 22.9

-0.09?E -3.69
56.9

-1.69
:5.õ

-3.7
ó3.2

-3.46
I : 19.0

-4.17 -6.48
?:03.5

-ó.1 6

ó:31.4
-4.33

2. 24.9 9,77.2

(d) Experiment J, partial load, perturbed steam flow.
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(e) Experiment F, partial load, perturbed fuel flow.

(fl Experiment G, partial load, perturbed feed-rvater flow.

Table C.5: Mq, kÍ: 0.001 (continued).
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(a) Experiment E, fuÌl load, perturbed steam flow.

(b) Experiment A, full load, perturbed fuei fiow.

(c) Experiment B, full load, perturbed feed-water flow

Table C.6: Optimízation results for Mt with fr¡ : 0.005 fixed
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(d) Experiment d partial load, perturbed steam flow.

(e) Experiment 4 partial load, perturbed fuel flow.

(Ð Experiment G, partial load, perturbed feed-water flow.
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(a) Experiment E, full load, perturbed steam flow.
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(b) Experiment A, full load, perturbed fuel flow.

(c) Experiment B, full load, perturbed feed-water flow.
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(d) Experiment J, partial load, perturbed steam flow.

(e) Experiment F, partial load, perturbed fuel flow.

(f) Experiment G, partial load, perturbed feed-water flow.
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LO

xl0
Þ1

PO

0.2ó53

6.0775
0

0

0
0.206?

t0.65
0
0

24.58

0.0I
5.263

0.m45
0

0.7
8

0

8.793
0.0ó71

0.2óó
6-O73

0.2066

6.Ì3

ó.99có
26.62

5.173

-0.m4

o.2ó5

6.O732

o.2074
6.1 9ó

5.92eó
o

26.63

5.2{6

-0.004

0.2óó
6.073

i rou,
6.162
2.64eó

26.61

5.203

-0.004

0.25ó

i.0729

o.roru
6.157

7.93e4
5.42e5

26.59

5.175

-0.004

0.25ó

6.O729

0.20õ7
6.149

5.13e4
5.7e5

26.58

-0.001

6.07?9

o.æ56
6.146

0
6.22eõ

26.59

5.162

-0.00t

0.25ö
6.073

i.,u,
6.161

6.2:eó
?6.56

ó.¡ 7:
-0.æ1

0.690{

0.20fl
6.16

6.2:eó

5.171

-0.mn

7.888

0.25ól
6.O71

0.r07
6.336

6. leó
27.17

5.31.1

o.0r

o.7
E

0.2õ5

6.0728

o.2042

0.m4

6.24es

28.08

5.1 39

0.014

0.8404

0.2551

6.0748

0.2079
?.0ó2

6-02¿5

23.64

5.374
o.0t

I

0.255
6.0728

ì.rou,
5.96

6.22ei
23.1å

5.1{4
0.019

r.34

0.2õ5r

6.0754

i.rorn
7.825

6.Ot¿5

23.8

5.377

0.0m7

I

0.255

6.O727

o.2062
6.O2

6. l9€5
23.16

-0.004

1.8ó

lul 0 I 8 I I 8 9 9 8 I 8 0 6 I

ÀIC
L

902.EÌ4
4{3.407

9t3.42
448.7 r

007.702

444.8ól
901.847

443.424

904.Et7
{13.409

90t.937
412.969

æE.619
443.31

908.394
44á.197

9Ì8.883
tó6.{{2

EEo. l6
435.58

1008.82
d96.41

884.?3ó
433.1 l8

1083.75

533.876

ö91.106

436.553

ti¡nê
-0.37ó
l:44.0

-o.427
I . 42.7

*0.694
I | 54.ó

-1.09
2 :24.1

-0.64E
:E.3 51.9

r0-386 -3.:7
l : Ol.: I : 16.8 2:4S.5

-4.6
t | 39.7

-4.63
5 : ö9.6

-2.25
I:42.5

,0.0ö21

5:02.9
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I

3
4

5
6
7

I

10

1l
t2
l3
14
lõ
16
fi
18

l9
20

24

26

2A
29
30
3r

34
35

38

40
4t
42
4t
44
45
46
4'l
48
49
50
51
52
53
54

57
58
59
60

64
65

t;7
68
69
70
71

74
75
76
17
78
79
80
81
82
83
84
85
86
87
88
89

#--- -------- --- rime fit d0 -d1

cs_rrlLep0 "S0_SExP' -P0_l

tt I Så -eq 0 ì; ¿hên ÉxP='J'; kf=o 005;
else Exp='91'; kf=$2; f1;
#-------,-- ----------------ð
cs_setd 1.0 SExp
rn r.c .lkbase/rexe; Ìn -s dl/Ì120/r.c .; rcomplte

cs_set6 5 SExp
I uêe resulLs of fourth-order lnvestlgaÈlon as lnltial guesses.
R . . / 4 / kÍ | SkÍ / M4 _Exp,SExp-p0_5 "
ca_{ri!epo "S0_SExp' -p0_0
#--------,-------- -----------A
å Fi¿ wtrhouc rLnlng to determtne if rhe MBs dislribucion is
* affecLed by rhe s*1Èch ln the rcdel slructure.
cs-setf ireraclons=20 sLepEl reg:0
ftÈ -d0 -dl

I imll= r00000
d='wrllepo 11 I awk '{prinLf 'td", $3}"
mr='!wrLrepo 12 | ark '{prtnrf "td', $l}"
tf I Sd -l! Sllmtr l; then d=0;
ellt I smr -lt Sllmlt ); then M=0; fi
# then se! ch€ f¡ee parameLers accordlngly.
case'Sd.Sru'ln

0,r) cs_serp -q qËcf qtcÉ Sigm4 Slg@5 mr=I Àd ks L0;;
.,0) cs_setp -q qÊcf qfcf SigM4 Sigm5 d=l Àd ks L0;;
', ¡) cs selÞ -q qscf qfcf si9M4 s1g@5 d=1 tr=1 Àd ks L0;;

setf -o
Èlme t1t -d0 -dl

cs,writep0 i$0_$Exp' -p0_r
#----------------- ---------------'-S
S Perfom Èhe ALMP test slrh bl free
case '$d, Smr' in

0,,) cs_serp -q qscf qfcf Slgm4 SigM5 m¡=l Ad ks L0 b1;;
¡,0) cs-seCp -q qscf qfcf Si9G4 Slg@5 d=1 Àd ks L0 b1,;
',r) cs-seEp -q qscf qfcf Sigm4 s1gm5 d=1 m¡=r Àd kÊ L0 b1;;

val id

#----------------- --------- -å

vã1id

*----------------
* F1¿ bl and log rhe Àrc les¿ resul!.
case iSd,Stri ìn

o,') cs-seLp -q qsct qtcf si9m4 slgms ñr=1 Àd
*, O) cs selp -q qscf qÉcf Si9G4 S1gm5 d=I Ad
j,') cs-seEp -q qscf qf cf s19re4 s1gm5 d=r m=1 Àd

cs_seÈd 1.0 SExp
rm 1-c ikhÁse/.exe; ln -s dl/1121/' c .; mcomplle

cs_se¡s 5 SExp
{ use results of fcurÈh-order lnves!lgaLlon as lnLLlal paraneÈer
" . . / 4 /kr / Skt /M4 _Exp_sExp-p0-9i
{ Fit çllhouÈ ¿imtng to deLermlne lf Lhe ß6s dlsL¡lbullon i6
* attecLed by the sei¿ch in the rcdeÌ slluccure.

fir -d0 -dl

d='wrirepo 11 | ark'{prlnrf'?d", 93}"
tr='Hrirepo 12 | awk '(prinLt "td', 53)"
1f t $d -lE slinlE l; Èhen d=0;
errt f Str -lc StimiÈ l, lhen ru.o; fi
I Then ser rhe free parameters accordlnqly.
case'Sd,SM'in

0,r) cs_serp -q qscf qfcf Si9ù4 Sigm5 mr=l
r,0) cs_seÈp -q qscf qfcf Si9m4 Slgm5 d=1
r, . ) cs_serp -q qscf qf ct sigm4 S1gm5 d=1 mr=1

cìme fir -d0 -dl

m
9l
92
93
9{
95
96
97
98
99
r00
l0t
t02
103
104

10õ
106
10?

108
109
110
1ll
tt2
113
114
115

116
tr7
118
119
r20
t2l
122
t23
124
t25
126

121
128
129
130
131
132

131
135
136
t37
138
139
140
t41
142
t43
144
14ã
146
147
148
149
150
151

154
155
156
167
158
159
160
t6l
162
163
164
165
r66
t67
168

Ad ks L0
Àd ks L0
Àd ks L0

-s

------------*

-rri¿ep0 "50,SExp" -p0_4

Perfon che ÆHP !es! HiLh bl iree

¡ Perfom the ALMP Les¡ wiÈh vsdo iree
case '5d, $mr' tn

0,r) cs_se¿p -q qscf qfcf S19ru4 Sigm5 nr=1
¡.0) cs_selp -q qscf qfcf St9M4 Slgms d=l
.,') cs_selp -q qscf qfcf st9É4 sigm5 d=r mr=1

Àd ks Lo
Àd ks L0

vaìld

I PerÊom rhe ALMP rest w1Èh dvwro free
ca6e "Sd, Sm¡, in

0,1) cs_serp -q qscf qfcf slg@4 sigm5 mr=l
i,0) cs,selp -q qscf qfcÉ Slgm4 Sigm5 d=1
',r) cs-selp -q qscf qfcf slg@4 Sigm5 d=l mr=1

Àd ks Lo
Ad ks L0
Àd ks Lo

Àd ks L0
Àd ks L0
Àd ks L0

case '5d, SM" ln
o,') cs-serp -q qscf qfcf Slgm4 slgm5 m!=1
*,0) cs-secp -q qscf qfcf S1gm4 s19@5 d=l
r,r) cs se¿p _q qsct qfcf sigm4 si9û5 d=l mr=1

å----. .-----.-
{ Pertom Èhe ÐMP resE wllh vsdo free
case 'Sd, St" ln

o,') cs-setp -q qscf qfcf sigm4 sigms
r,o) cs-setp -q qscf qfcf sigm4 sigru5
r,r) cs,setp _q qscf qfcf s1g@4 5i9ru5

valid

H---------.
È Perfom Lhê &MÞ lesc wilh dvwto free
case'Sd,Smr'in

O,r) cs_serp -q qscf qfcf S1gm4 S19m5
.,0) cs,seÈp _q qscf qfcf sig@4 sigre5
r,r) cs,setp _q qscf qfcf sigffi4 si9G5

val !d

d=1

b1= 5

b1= 5

bl-5

Àd ks L0 bl;
Àd ks L0 bt;
Àd ks L0 bl;

Vsd0Ad ks L0
Àd ks L0
Àd ks L0

ks L0
ks L0
ks L0

d=1 Àd

ks L0
ks t0
ks L0

d=l Àd

mr=1 Àd ks L0
d=1 Àd k6 L0 dvrt
d=l ñr=1 Àd ks L0 dvwt

ks L0 bl.5;;
k6 L0 b1-5;;

cs_seLd 0.5 SExp

line fir -d0 -dl

cs_rrlrepo'90_SExpt -p0_2
#-----------------
# Perfom the ÀLMP tes! wlth Vsdo flee
case '5d. Sû" 1n

o, ') cs secp -q qscf qf cf slgM4 slgm5 tr=1
*, o) cs,serp -q qscf qf cf slgm4 Si,gms d=1
r,.) cs_secp -q qscf qfcf S1g@4 sigM5 d=1 m-l

valid

# F1c vsdo and lq the ÀIC lesL Èesull.

169 0..) cs_seÈp -q qscf qfcf s1g@4 slgMs
170 r,o) cs,setp _q qscf qfct s19m4 sl9@5

b1=5 vsdD?¡;, ...) cs,setp -q qsct qtcf Slgm4 Sig@s
b1=5 v6d¡73;çsac;
br=s vsdD?.1ì;serv -o

1?4 valid
175 sensil
t76 * Fir vsdo and 1€ the ÀIc lesc resul!.
1?7 seLf -o
l?8 ¿1me fiL -do -dl

ks L0 b1=5;;

å EIL bt and lq rhe ÀIC lesE resul!.
case '5d, Sm" in

0,') cs serp _q qscf qfct st9m4 si9@5
.,0) cs-selp _q qscf qfcf sigm4 slg@5
',r) cs seÈp _q qscf qfcf slgm4 sl9@5

cs_serd 0.5 SExp

Llme fiÈ -d0 -d1

cs_rrilep0'S0_SExp'-p0_5
{--------..-------
S Perfom the ÀLHP tesl tiLh vsdo free
cãse'sd,Sd'ln

Listing C.8: M5-Exp-Command script used to investigate the fourth-order model structure.
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179
180
r81
182

183
184
185

186
187

188
189

190
191
192
193

194
195
196
19?
198
199
200
201
202
203
204
205
206
20't
208
209
2r0
211

213
214
215
216

2t8

220
221

224

226

228
229
230
231

234
235
236

238
239
240
24I
242
243
244
246
246

248
249
250
251
252

254

256

260
261

263
264
265
266
267

cs_rrÍtep0 "S0_SExp' -p0-6
l------'----------- --------------{
cs_se¿d 1.0 SExp
¡m r.c .ikbase/rexe; ln -s mdl/1122ll.c .; mcompiìe

cs-seLs 5 SExp
å Usê resuìrs of fourth-order lnvestigâ¿ion ås initi¿1 parameter guessês
" . . / 4 / kf / lkt /M4 _Exp,$Exp-p0_11 "
ð FlÈ withouL !1ñ1nq co deÈermlne if the msÉ disrribucion is
$ affected by Èhe switch in the rcdeì st¡uctu¡e-

fiÈ -d0 -dr

d='uritêp0 11 I avk,(pxinlf'*d', Sl)..
tr='w¡lÈepo 12 I åwk '{pitnÈf .td', Sl},.
1r t Sd -lr Sllmlt l; Èhen d=or

268
289
270

272
273

276
277
218
279
280
281
282

284
285
286
287
288

290
29r
292
293
291
295
296
291
298

300
301
302
303
304
305
306
307
308
309
310
311
312

314
315
316

318
319
320
321

323
324

cs_rri¿€p0'S0_SExp" -p0_9
¡------. ------
cs_seÈd 1.0 SÈxp
rm ' .c . ikbase/.exe; ln -s dÌ/1121/'.c - ; ncompile

cs_seLs 5 SExp
å Use resulrs of fourrh-order lnvesrigaLlon âs iniriâl paramecer
, .. / 4 / kt / lkt /ú4 -Bxp_$Efp-p0_13'{ Fir elthou¿ timing Lo dêÈermine 1t the Gss disErlbutlon ls
å affected by che sHitch ln th€ rcdel 6¿rucrure.

fir -d0 -dl

d='w¡lrep0 1r I awk '{prinrf 'ld', Sl}"
tr='wriLepo 12 | awk '{prinlf 'td', Sll"
if t 5d -lÈ SlimfE l, Èhen d=0;

elif t Str -lL 5Iini. l; lhen mr=o; fi
{ then set lhe free paraneters accordlngly.
câse 'Sd, Snr. in

0,r) cs setp -q qsct qfcf Siqm4 Siq@s Ad k6 L0
Àd ks L0
Àd ks L0

eÌif t Smr -Ìt Slimil l; lhen
S Then seÈ ch€ free pa¡aretêrs
case "5d,'mr' in

0,') cs_setp -q qsct qfcf
,,0) cs_seLp -q qscf qfcr
',') cs seÈp -q qsct qtcf

rire flt -d0 -dl

cs rricêpo's0,sExp'-po_r0

mr-0; f1
accordlngly.

SlgM  Sigm5 nr.l
sigM4 s1gm5 d=1
Sigm4 Siqm5 d=1 G=L

Ad ks L0;
Àd ks L0;
Ad ks L0;

0) cs_seLp -q qscf qfct Sigm4 Sigms d=l
*) cs_serp -q qscf qfcf sigm4 sigms d=1 nr=I

tlme flL -d0 -d1

cs,Hrilepo "$o_SExp' -p0_?
{-----------------
f Pertom Lhe ÀLMP Lest wi¿h br ire;
case "td, Sm¡' in

å-----------------
ñ Þerfom lhe ÐMP tesc airh b1 free
case "Sd, Sñ' tn

0,¡) cs_seÈp -q qscr qfcf Sl9M4 Sigms mr-l Àd
r,0) cs_sêrp -q qscf qtcf Sigm4 Sigms d=1 Àd
*,r) cs_setp q qsc: qfcr Sigm4 Sigm5 d=1 nr=l Àd

ks L0 b1;
ks L0 b1;
ks L0 bl;

*,0)
cs_serp -q qscf qfcf SigGA Sigm5 tr=1
cs_selp -q qscf qfct Sl9G4 Sigm5 d=1
cs_se¡p q qscf qfcf Sigm4 Sigms d=1 m¡=l

Àd ks L0 bl
Àd ks L0 bl
Àd ks L0 bl

valid

valld
i Perfom che &üP LesÈ ?irh vsdo free
case "Sd, $nr' tn

0,') cs,serp -q qscf qicr Sigm4 s19re5 mr:1
',0) cs_seip -q qsc¡ qicf sigM4 si9E5 M=1
¡, r ) cs_serp -q qscf qf cf Sigffi4 S19m5 d=l N=l

val id

I Pertom Lhe ALMP lesc airh Vsdo free
case "Sd, Snr' in

0,¡) cs_selp -q qscf qfcf Sigm4 Sigm5 mr=1
r,0) cs_serp -q qscf qtcf Sigm4 Slgm5 d=l
r, r ) cs-serp -q qscf qf cf Slgm4 Slgre5 d=l mr=1

Àd ks L0
Àd ks L0
Àd ks L0

Àd ks L0
Ad ks L0
Àd ks L0

vâlid

å----------- ---
* Perfom lhe ÀLMP
case "Sd,smri in

0,r) cs_6êLp
', 0) cs_seLp
*, ') cs_setp

valid

lesr wich dvwto free

I Perfom lhe ALMP
case "Þrc, Þmr" rn

0, r) cs_setp
',0) cs-seÈp
', ') cs-setp

tesr rilh dvet0 free

-q qscf qtct sìgm4 Sigm5 mr=1
-q qscl qfcf s19m4 SigG5 d:l
-q qscf qfcf SiqM4 SiqM5 d=1 mr=1

Àd ks L0
Àd ks L0
Ad ks L0-q qscf qfcf Sigm4 Sigm5 mr=1 Ad

-q qsct qfcf sigm4 sigm5 md=l Àd
-q qscf qfcf Sigm4 Sigm5 d=l tr-1 Àd

ks L0
ks L0
ks Lo

325 valid
326 sensir

328 å Fir bl and lq Lhe Àic lest result.
t------- -

{ Flt bl and Ìog Èhe ÀIC lesL resulÈ.
case "$d,sf i in

0,r) cs_serp -q qscf qfcf Sigm4
a,0) cs_serp -q qscf qfcf S1gm4
*,r) cs_serp -q qscf qfcf SigE4

cs seEd 0.s SExp

!ime fit -d0 -d1

cÊ_erlÈep0,,90-SExp" -p0_8
d----
$ Perfon the ÀLMP test vith vsdo free
case "5d, $û. tn

0/r) cs_setp -q qscf qtcf S19G4
r,0) cs_setp -q qscf qfcf sigma
*,,) cs_seÈp 'q qscf qfcr sigm4

valid

il Fir vsdo and lq rhe Àrc !es! result

!1me fiÈ -d0 -dl

329 case "sd. sü" in
330
331

334

336

338
339
340
341
342
343
344

0,.) cs_secp q qscf q!c! Sigm4 Sigm5 tr=1
.,0) cs_serp -q qscf qfcl si9M4 sigms d=1
*, r ) cs_seÈp -q qscf qf cf SigM4 SlgGs d=1 M=l

cs_serd 0.5 SExp

Èime flc -d0 -dl

cs_w¡i!ep0'S0_SExp'-pC_11

Àd ks L0
Àd ks L0
Àd ks L0

bl

S19m5 tr=l Àd
Sigms md=l Àd
Slsm5 md=l tr=1 Àd

ks L0 b1=5
ks L0 b1=5
ks L0 bt=5

b1

------#
$ Perfom ¿he MP lesr,l!h vsdo free
case '5d, Su' 1n

0¡r) cs_seLp -q qsci qfcf SigG4 Si9m5
r, 0) cs_setp -q qsct qf cf slgÉ4 slgms d=l Àd ks L0

Si9m5 mr=l Àd ks L0 b1=5 vsdo3lt; r,.) cs se¿p -q qscf qfcf S19m4 sigms d=l ru=1 Àd ks L0
sigms d=¡ Àd ks L0 b1=s vsd0g16;esac;
Sigm5 d=l ü=1 Àd ks L0 b1=5 vsdoSõ7 ; serv -o

348 valid
3.19 sensir
350 { Fir vsdo and l€ lhe ÀIc rest resulr.
351 seÈf -o

3:3 ::ff":"-u'-o'
354 sensir
3ã5 cs_wriÈepo r50_SÉxpi-po,l2
356 à--.----------
357 exl! 0

Listing C.8 M5-Exp (continued).

vsd0=5;
vsd0=5;
vsd0=5,

Dept. of Automatic Control LUTFD2/TFRT..7563..SE
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e o I 2 3 6 7 E I t0 ll tz

qs10,.. ,

Tcf, qlrng

2r 7,2u,30.5,1 I ô, 289

0,40,3E, tl
lm. o

swo, l.1.2.0 L 1.2. I I,1,2,2 I , t.2.3
qËcf

qfcr

Slghå¡

slgñâ2
slgmal
Slgmâ4

slgmà5

kf

LO

x10
Þ1

PO

o.2ß74
5.05 l{
0

0

0

0. ¡78
11.39

3.1 9e5

0
29.19

0.001

8.1I
0.021

0

o.7

E

0

10.01

0.0485

5.651 I

0.178

I t.87
3.I9e5

29.14

8.1 l0
0.021

o.2a7 l
5.0521

0.1 703

9.{{2
3. l8e5

3l.4

8.132

0.025

t.242

o.2a?4

5.0524

i.,ro,
9.373
3.lae5

31.54

ì.,,"
o.o25

t.296
2.479

o.2674

5.6ól

0. l?79
13.60

3. l8€5

30.23

i.',,
0.020

0.7

8

0.207{
5.65?8

i.,ru,
8.974

3. l8eó

33.{0

,.,0,
0.0ó

t.375

o.t ro,
E.909

3.18¿5

,.tn,
0.05

1.369

7.91õ

0.2073

õ.û501

o.rrru
t4.78
3. l7¿ó

27.Ol

,.,r,
0.02E

I
8

o-2471

ó.65?0

i.,,u,
8.48E
3.19e5

26.74

i ,,,
0.067

2.O2B

o.247ô

5.0528

o.170ó

8.0?9

3. l9e5

?5.5

8.l l
0.070

3.349
2.A09

o.20?3
5.6497

o.t770
10.92

3.17e5

8.t35
o.ol?

I

8
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(a) Experiment E, fulÌ load, perturbed steam flow.

(b) Experiment A, full load, perturbed fuel flow.

(c) Experiment B, full load, perturbed feed-water flow.
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(d) Experiment J, partial load, perturbed steam flow.

(e) Experiment B partial ìoad, perturbed fuel flow.

(fl Experiment G, partial load, perturbed feed-water flow.
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(a) Experiment E, full load, perturbed steam flow.

(b) Experiment A, full load, perturbed fuel flow.

(c) Experiment B, full load, perturbed feed-water flow.
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(d) Experiment J, partial load, perturbed steam flow.

(e) Experiment F, partial load, perturbed fuei flow.

(0 Experiment G, partiaÌ load, perturbed feed-water flow.
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(a) Experiment E, full load, perturbed steam flow.

(b) Experiment A, full load, perturbed fuel flow.

(c) Experiment B, full load, perturbed feed-water flow.

Table C.10: Optimization results fot Ms with k¡ : 0.01 fixed
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(d) Experiment J, partial load, perturbed steam flow.
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(e) Experiment $ partial load, perturbed fuel flow.

(Ð Experiment G, partial load, perturbed feed-water flow.
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