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Chapter 1

Introduction

Most of the advanced control and diagnosis methods are based on dynamic
models of different kinds, therefore the efficient construction of dynamic models
is a key limiting factor in these activities. Despite of this fact, there has often
been a lack of modeling expertise, because model building requires a strongly
interdisciplinary background that includes not only a deep understanding of the
application field and systems and control theory but also some knowledge of
applied mathematics and numerical analysis.

Not only the process of constructing a ”"good” dynamic model is difficult,
but either there exists no general agreement on what ”good” means in this
context. That is why the ”best engineering practice” in model development
has been worked out for process system models [7], and adopted to the wide
class of dynamic models based on first engineering principles in this book. Here
we discuss (thermal) energy, mechanical, electrical and (bio)chemical dynamic
system models and the combination of these, like thermo-mechanical models.

Because of its inherent complexity and difficulty, model building on an ad-
vanced level is sometimes considered as art. This highlights that teaching some-
one how to construct a good model is even more difficult and cannot be done
by giving simple instructions. Instead, the principle of "learning by doing” and
following an expert’s activity in one’s model building process is to be followed
[1]. Therefore, this book provides numerous worked out examples of construct-
ing simple dynamic models for energy, mechanical, electrical, (bio)chemical and
mixed (like thermo-mechanical, bio-mechanical etc.) systems.

This book is written as a textbook for an MSc course in constructing dynam-
ical models for control and diagnostic processes, where students in information
technology take part. Therefore, basic knowlege in systems and control theory
and applied mathematics is expected, and only a solid background in highschool
physics is assumed. The material consists of a general part dealing with dynamic
system modeling for control and diagnosis in all application fields (this includes
chapters 2-5, and chapters 8-9), while the material presented in chapters 6 and
7 can be included or omitted depending on the focus of the course and its au-
dience. Some of the more complex examples are given only for the sake of the
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8 CHAPTER 1. INTRODUCTION

most interested and motivated students, they can also be omitted or replaced
by simple ones when needed.

We hope that not only the students will find our book a useful help in their
course work and self-study, but also our colleagues can use the book or its parts
in their teaching activity, too.

The material in this book is based on joint work with a number of colleagues
over the years who are (in alphabetical order) Piroska Ailer, Tan Cameron, Dévid
Csercsik, Csaba Fazekas, Attila Fodor, Attila Gébor, Attila Magyar, Erzsébet
Németh and Gabor Szederkényi. Their contribution and support is gratefully
acknowledged.

This book is written in the framework of the TAMOP -4.1.2.A/1-11/1-2011-
0104 project ”Development and modernization of the quality of information
technology education at the university”, the support of which is also acknowl-
edged.

Veszprém, 31 March 2013.
Katalin M. Hangos and Rozélia Lakner

University of Pannonia
Faculty of Information Technology



Chapter 2

Dynamic modeling based on
first engineering principles

Although it is widely believed that constructing a good model is ”an art”, but
there are powerful aid the modeler can rely on. If one wants to build a model of
an engineering object, a so called engineering system, that the basic principles
that govern the behavior of the system can be and should be used.

Furthermore, model building is also an engineering activity, a construction,
for which ”"best engineering practices” have already been developed and suc-
cessfully applied (see for example [7]).

This chapter provides an introduction to the modeling problem itself by
describing and discussing its basic ingredients, and gives a brief introduction to
the notions and tools of systems and control theory that will be used throughout
the book.

2.1 The modeling problem

It is intuitively clear that one should give the object to be described if a model
is to be constructed. It is less obvious that one should in addition specify the
intended use of the model, that is the modeling goal. This section describes the
basic ingredients of the modeling problem specification that are based on the
notion of the model.

This implies that a general problem statement should include two given items

e the object (system) to be modeled,

e the modeling goal.

2.1.1 The notion of model

Real objects — for example trains, large equipment, the Sun or a lake — are most
often too large, too expensive or simple unique to perform experiments on them

9



10 CHAPTER 2. DYNAMIC MODELING PRINCIPLES

if one wants to understand their sometimes complex behavior or to design an
action or a controller for a given purpose. Therefore, we apply substitutes —
these are called models — that are

e simpler, less complex, less expensive and more handy, but

e describe only certain aspects of the behavior that are relevant for the given
purpose.

It is important to emphasize that there is no point in constructing a model
that describes the original object in full details, but we have to extract those
properties of the object that we are interested in and model only those.
Models can have very different nature. Physical models implement the be-
havior of the original object, for example a locomotive, using different physical
phenomena. This is the case, when an electrical circuit model of the locomotive
is constructed. Mathematical models use different mathematical objects, for
example equations or graphs, to describe the behaviour of a physical object.

Different models of the same object Fig. [Z1] shows a picture of an old
fashioned a coffee machine that can be modeled for different purposes.

Figure 2.1: The coffee machine

Some of these models are shown in Fig. The first model in the sub-
figure2:2(a) is a flow-sheet that describes the coffee machine qualitatively from
the viewpoint of its operation, the inlet of the cold (with the flow rate v;) and
outlet of the hot water (with the flow rate vp) and the electrical heating (coil
icon). The second model in the sub-figure Z2(b) is even more simplified. Here
the model is in the form of a graph that shows the effects between the variables
(temperature T', level h, valve positions k; and ko and heating switch kg ).
The most widespread form of mathematical models — that is also used almost
exclusively in this book — is the form of differential and algebraic equations.
Fig. 22(c) shows a simple mathematical model of the coffee machine. Here
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the details of the nice shape of the coffee machine and its sub-equipment are
completely neglected, but a cylinder shape with constant cross-section A is

assumed.

ki

/\Tﬂ

Vi

(a) flow-sheet

(N g
L

(b) structure graph

(¢) mathematical model

ﬂ
il
E
il

Hiey

ATE

ty 3 QH
—k — 1 —
Al i cppAh
h{“} = h“. T':”J o .I_I_l

(1 H

Figure 2.2: Different models of the coffee machine

2.1.2 Specification of the object to be modeled

The object to be modeled is usually described in a verbal way. However, a more
precise specification is required in most of the cases. This is especially needed
when we develop models for control and/or diagnostic purposes, when the time-
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SYSTEM
u(t) y(t)
— > S -
inputs outputs
states  x(t)

Figure 2.3: The signal flow diagram of dynamic systems

dependent, i.e. dynamic behavior of the object is of primary importance. In this
case the notions and descriptor forms of systems theory [9] can be applied and
the object is simply regarded as a system.

”System” is a basic notion in system theory that means an object that has
a time-dependent behavior. A system is specified by giving its boundaries, that
is used to decide if anything belongs to the system or (alternatively) to its
environment: a similar concept to the specification of a set.

A system interacts with its environment through signals, that are time-
dependent functions. The input signals of the system describe the effect of the
environment to the system, and act as cause for the system behavior. The
reaction (i.e. back-effect) of the system to its environment is described by the
output signals. Usually, a set of auxiliary signals called state signals used for
the mathematical descriptions are also defined.

Fig. depicts the signal flow diagram of a system, where the system is
denoted by a rectangle, and signals are denoted by arrows.

The above implies that a system specification includes not only the system
boundary definition, but also the description of the potential system inputs and
outputs, that is the interaction with its environment.

2.1.3 The modeling goal

As it has been emphasized before, the modeling goal constitutes an important
part of the modeling problem description together with the system specification.

In various engineering sciences one can find quite similar and typical mod-
eling goal types. The most important and relevant modeling goals are listed
below.

e Dynamic and static (steady-state) simulation

Simulation is a ”classical” modeling goal, that is applied when one wants
to make experiments with the model to test its behavior in different cir-
cumstances. Here we assume that a complete and validated system model
is available. The static simulation is used for determining the steady-state
static values of some (state and output) signals if the input signal values
are given. In the dynamic cases it includes dynamic prediction and also
”what-if” type dynamic analysis with different given hypothetical inputs
to the system. Dynamic simulation is also used as an auxiliary sub-task
in process control problems.
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e System design
This is also a traditional task, the inverse problem of simulation in a wide
sense. Here one assumes that the set of possible system elements are given
with their parameters (such as types or sizes) to be determined during
the design, such that the design specification, i.e. expected input-output
behavior of the system is met.

e Process control

This type of modeling goal requires having a complete and wvalidated dy-
namic system model together with a control aim, i.e. an expected way of
system behavior. These are used to develop a method (algorithm, proce-
dure etc.) that makes the system behave as expected, i.e. to fulfill the
control aim. As a complete and validated dynamic model is rarely avail-
able or it may change in time or under disturbances, there are auxiliary
tasks — that generate corresponding modeling goals — in process control
[9]. These include dynamic prediction, regulation, optimal control, iden-
tification, diagnosis, etc.

More about the process control related modeling goals follow in subsections
and

The importance of modeling goal becomes apparent, if one considers the
effect of the modeling goal on the properties of the model to be developed.

e The modeling goal determines the (validity) domain of the model.
e In addition, the modeling goal influences the following model properties.

— It indicates which mechanisms should be taken into account.

— It determines the mathematical form (algebraic equations, differential
equations, graphs, etc.) of the model.

— The accuracy of the model, that is, the accuracy of the characteristic
variables is also determined by the modeling goal.

2.2 Control or diagnosis as a modeling goal

This section describes the required model properties that control or diagnosis
put on the model as a modeling goal. For this purpose, first we briefly recall some
basic notions in systems and control (see e.g. [9] for more details), thereafter
the specialties of control and diagnosis as modeling goal are given.

2.2.1 Basic notions in systems

The basic notions about systems and their signals have already appeared in
subsection 2.T.2] when the specification of the modeling object as system were
described.
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Dynamic model types

Systems can be classified according to the type of their signals, and to the type
of the signal transformation they represent. A signal u(t) can be

e continuous time signal if ¢ € T C R or discrete time signal if ¢t € Tz C Z,
e scalar (u(tg) € R) or vector-valued (u(to) € R™),
e a function of position, too, e.g. u(z,t).

In this book we only consider position-independent (i.e. purely time-dependent)
signals, that give rise to concentrated parameter systems.

State space models State space models are widely used in model-based con-
trol and diagnosis. This type of dynamic models uses all the three categories of
signals belonging to a system: its inputs, outputs and states.

A state space model consists of two equation types:

e state equations are dynamic (differential or difference) equations that de-
scribe the evolution of the state variables as functions of input variables,

e output equations are algebraic equations, they give the value of the output
signals at any given time as a function of the state and input variables at
the same time.

The simplest state space model of concentrated parameter continuous time
linear time-invariant (LTT) systems shows the above structure

&(t) = Ax(t) + Bul(t) (state equations) (2.1)
y(t) = Cx(t) + Du(t) (output equations) '
with

e given initial condition z(tp) = x(0) and x(t) € R™ ,

o y(t) eRP | u(t) e R", and

e system parameters

AeR™  BeR™" K CeRP DeRP*
Most of the engineering systems, however, are not linear and not necessarily

time-invariant, therefore nonlinear state space models of concentrated parameter
systems are used in the following general form

z(t) = f(x(t), u(t)) (state equations)
y(t) = h(z(t), u(t)) (output equations) (22)

with the state, input and output vectors z, u and y and with the smooth non-
linear mappings

f i R'XR —R" ., h:R'xR —RP

Note that most of the controller design and diagnosis problems require a
state space model of the investigated system.
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Input-output models If the dynamic model of a system is expressed as a
relationship between the input and output signals and their derivatives, we call
it an input-output model.

The simplest case of an input-output model arising, when one constructs a
model for a discrete time linear time-invariant (LTI) single-input single-output
system, is in the form of a linear difference equation:

y(k)+ary(k—1) 4 ...+ an,y(k—ny) = bou(k —d) + ... + by, u(k —d —nyp) (2.3)

where the discrete time instance ¢ is abbreviated as an integer k, and d =
ng — np > 0 is the pole excess (time delay).

The above LTT input-output model can be generalized to the nonlinear case
assuming a unit time delay, i.e. d = 1 to get the following general model form.

y(k) = F (y(k —1),...,y(k —ng),ulk — 1), ..., u(k — nyp)) (2.4)

where F is a nonlinear function.

Note that input-output type dynamic models are used for identification (i.e.
model structure and parameter estimation), and for prediction-based diagnosis
(see later).

2.2.2 Problem statements and model requirements for con-
trol

The problem statement of control

If one wants to specify a control design task, two items should be given:
e a dynamic model of the system to be controlled,
e a control aim, that is an expected behavior of the system.

Based on these items the general control task is to design the input of the system
in such a way that it fulfills the control aim.

Control aims The control design problems can be classified based on the
control aim, that can be

e to keep the system output(s) constant at a desired level, this is called
reqularization,

e to move the state of the system from an initial point to a given target one
in a time or energy optimal way, this is an optimal control task,

e to follow a given reference trajectory with the output(s) of the system,
that is called servo-control, etc.
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Figure 2.4: The signal flow diagram of state and output feedbacks

Feedback controllers

In the general control problem statement one has to design the complete time-
dependent trajectory to the input(s) to achieve the control aim, that is a difficult
mathematical task in the general case. Alternatively, one may choose to com-
pute the value of the control input as a static or dynamic function of the state
and/or the output of the system, such that

u(t) = Fa(z(t)) or u(t) = Fy(y(t)) (2.5)

where F, or F, is a static or dynamic (containing the time derivatives of its
arguments) function of a given functional form with unknown parameters. Then
the controller design simplifies to computing the values of these parameters, that
is usually simpler. The controllers which are based on these principles are called
state or output feedback controllers, respectively.

Figure 24 illustrates the notion of state and output feedback on a signal
flow diagram of the system and its feedback controller.

Model requirements

As we have seen before one needs a dynamic model for the system to be con-
trolled together with a control aim to design a controller. Besides of its dynamic
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character, the following properties are important if the model will be used for
control design.

e The model should be as simple as possible, in particular the number of
state variables should be kept at a minimum.

e Only approximately 5-10 % accuracy is required in the values of the sig-
nals, but the dominant time constants should be modeled in a 2-5 %
accuracy.

2.2.3 Problem statements and model requirements in di-
agnosis

Diagnosis is a special problem class in process control, that is of great practical
importance. Here we assume to have

G1: a dynamic model of the fault-less (i.e. healthy) system

G2: possibly other dynamic models that describe the system’s behavior at
different faulty modes,

G3: measured data from the system in unknown faulty mode.
The task is to estimate

T1: if the system is fault-less or not (this is called fault detection and requires
only the given items G1 and G3)

T2: the faulty mode of the system (fault isolation).

One can use dynamic models for diagnostic purposes in two different ways.
The model is either used for predicting future model outputs that is compared
to the measured ones (prediction-based diagnosis), or the model parameters
are estimated form measured data and these are compared to reference values
(identification-based diagnosis).

Prediction-Based Diagnosis

The general problem statement of prediction-based diagnosis can be formulated
as follows.

Given:

e The number of faulty modes ny The index i = 0 corresponds to the fault-
free normal case.

o A set of predictive system models (Fi,i = 1,...,npr) for the various
faulty modes

y Ik +1) = MENDE]) , k=1,2,...
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Figure 2.5: The principle of prediction-based diagnosis

e A measurement record containing a finite set of measured input-output
pairs
DLk} ={ (u(r),y(r)) | 7=1,....k}

e A loss functional JFD, i=0,--- ,ng
J(Fl)(/r(l)’u) — Z [,r.(l)T(T)QT,(z) (7_) ]
=1

with 7(7) = y(7) — ¥ (1) being the residual signal, and Q is a positive
symmetric weighting matrix.

Compute:
The faulty mode of the system being the model index ¢ that minimizes the loss
function subject to model equations.

The principle of prediction-based diagnosis is depicted in Fig. as a signal
flow diagram.

Identification-Based Diagnosis

The identification-based diagnosis uses the estimated model parameters to de-
rive diagnostic conclusions therefrom according to the following problem state-
ment.
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Given:

o The number of faulty modes nr The fault index ¢ = 0 corresponds to the
normal operation.

o A setl of predictive parametrized system models for the various faulty
modes

y D (k+1) = MEND[LE]; pFD) | k=1,2,...
e A measurement record with the measured input-output pairs
D1,k ={ (u(r),y(7) | 7=1,...,k}

e A loss functional JFD, i =0,... np depending on the parameters p£'%)

JED (plestFD) _ p(Fi)y — jOTQp0) 50 — plestFi) _ p(Fi)

Compute:
The faulty mode of the system being the model index 7 that minimizes the loss
function subject to model equations.

2.3 Mechanisms and related phenomena

Dynamic models can be constructed in two principally different ways that define
the basic model categories.

e Models can be based on first engineering principles, when the model equa-
tions are constructed from the usual equations of the engineering dis-
ciplines, such as thermodynamics, mechanics, electrical engineering etc.
Here we collect all of the important (from the viewpoint of the model-
ing goal) physical and chemical phenomena — that are called mechanisms
— and describe them individually assuming some basic additivity among
them.

e There are also data-driven models, that use a general descriptive model
form — such as polynomials, for example — the parameters of which are
estimated using measured data.

The first category of models is also called white-box models, while the second is
the category of black-box models.

Mechanisms and system classes Within the category of models based on
first engineering principles we shall form different model classes based on the
main and most important mechanisms taking place in them. This way we should
distinguish

e mechanical systems (chapter [6),
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thermodynamical (process, energy) systems (chapter [,

electrical systems (chapter []),
e chemical systems (chapter [7),
e biological systems, etc.

There are also "mixed” system classes, such as bio-chemical or thermo-mechanical
systems, that will also be included in the material of this book.

The above system classes and their modeling specialties will be described in
details in separate chapters that are indicated in brackets in the above list.



Chapter 3

The modeling procedure

This chapter gives a birds’ eye overview of the ”good engineering practice” of
how dynamic models based on first engineering principles are constructed. This
is given in the form of a modeling procedure [7] that consists of seven steps.

3.1 The steps in the 7 step modeling procedure

The modeling process is started when a modeling problem is given by describing
the object of the modeling and the modeling goal (see in section [ZT]).

Fig. B depicts the steps of the modeling procedure in the form that also in-
dicates the workflow of the modeling procedure itself. The steps can be grouped
into three phases of the modeling process as follows.

e Preparatory steps
These prepare the model construction by formalizing the modeling prob-
lem statement, by exploring the mechanisms to be included in the model
and by collecting data for the model.

e Model construction and solution
These related steps are only considered traditionally as parts of the mod-
eling procedure.

e Model refinement and checking
The steps of model verification, calibration and validation belong here,
that are essential to ensure that the model fits to the modeling goal.
These steps control the quality of the model, and as a result - in the case
of any problems - the revisit of previous steps may be needed.

It is apparent from Fig. 3.1l that the steps of the procedure are usually not
executed in a purely sequential way. The results of a particular step may require
revisiting an earlier step and improving its outcome. Therefore, the modeling
is rather an iterative activity that gradually improves the model than a ”one
shot” sequential procedure.

21
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Figure 3.1: The 7 step modeling procedure

3.2 Brief description of the steps

In this subsection we briefly describe in some more details the activity or sub-
steps that are needed when performing a certain step of the modeling procedure.
The naming of the steps follows the box labels of the steps in Fig. [311

1 Problem definition
This step is dedicated to the formal description of the modeling problem
statement and results in the
— system specification
— modeling goal determination
— flow-sheet construction (indicating the equipment and the major vari-
ables)

2 Mechanisms identification
Based on the system specification and taking into account the modeling
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goal, we should collect the list of phenomena (e.g. convection, transfer,
reaction, evaporation) that will be described by the model.

3 Data collection and evaluation
This is a key preparatory step, the result of which may determine the level
of details and/or the mechanisms that one can include into the model by
excluding certain model elements we do not have any information about.
Here we search for and collect any data about the system to be modeled
in the following data sources.

— Constants from data tables are often available either on the web (see
for example [I3]) or in engineering handbooks or reference sources
(e.g. [I0]). Here the key aspect is the accuracy of the available data
that may be as large as 50 % for some of the data types (for example
reaction kinetic data).

— Properties of equipment and operation are contained in equipment
documentation and operating manuals. These are also valuable data
sources containing sizes and types of the equipment and data of their
normal and faulty operation.

— Often there are preliminary measured data available that are mea-
sured on laboratory size or pilot plant equipment. While these con-
tain valuable information about the modeled system, these should be
taken with care of the differences between the real and this prelimi-
nary operation circumstances.

4 Model construction
This is perhaps the most critical step that is directed towards construct-
ing a complete model that is well specified (i.e. mathematically solvable)
and contains all ingredients that document the modeling decisions. The
next chapter Ml is fully devoted to the sub-steps of this step and to the
description of the ingredients of a properly developed model. Briefly, the
sub-steps that are necessary to perform here are as follows:

determination of balance volumes,

— formulation of modeling assumptions,

construction of model equations (conservation balances, constitutive
equations),

determination of initial and boundary conditions.

5 Model solution
In this step one needs to find (or in the worst case develop) a mathemat-
ical method or procedure that provides the solution of the complete and
mathematically well posed model originating from the previous step. The
sub-steps of this step are as follows:
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— Implementation of or recasting a solution method is relatively straight-
forward for concentrated parameter dynamic models that are in the
mathematical form of ordinary differential and algebraic equations
that form an initial value problem. More details about solving this
model class are given in [5].

— Together with finding a model solution method, one needs to perform
rough model checking to collect information about the plausibility
(for example positivity of the variable trajectories) and the accuracy
of the solution. Problems found in this sub-step may require to revisit
the model construction step 4, in order to correct possible mistakes
or to find an alternative, more favorable model form.

6 Model verification

Model verification constitutes an important draft checking of the newly
developed model to find out if its properties correspond to that of the
modeling object. Here we may

— verify qualitative model behavior against engineering intuition (for
example the qualitative properties of step responses),

— check dynamic properties (e.g. stability, controllability or observabil-
ity) on the model.

Chapter Blis devoted to the methods and possible results of model verifi-
cation.

Model calibration and validation

The methods of model calibration and validation are strongly related, as
they both use measured data from the modeled system and a system model
to conclude on some properties of the model.

— Model calibration deals with estimating unknown/uncertain model
parameters using measured data.

— Model validation compares the final model and the real system (mea-
sured data) using statistical methods in order to decide if it fits to
the modeling goal, i.e. it is able to predict or compute the value of
the important key variables in a satisfactory manner. This is also a
control step, that may require revisiting some of the earlier steps in
the case of unsatisfactory results.

The problems and applicable methods of model calibration and validation
are described completely in chapter



Chapter 4

Model equations and their
construction

A key step in the 7 step modeling procedure (see in section B is the 4th step
”Model construction”. Because of its importance, we devote a separate chapter
to this step that presents a sub-procedure of how to construct the equations and
other ingredients of a mathematical model based on first engineering principles.

4.1 Conservation balances

Dynamic models based on first engineering principles are built upon the princi-
ples of conservation. From elementary physics we know that certain quantities,
such as the overall mass or the internal energy of a closed system remain un-
changed: this is stated by the corresponding principle of conservation, for exam-
ple mass conservation. It is called principle, because we cannot prove it (neither
experimentally, nor theoretically), but no counter-example has ever been found.

4.1.1 Balance volumes and equations

Balance volumes We start developing conservation balance equations by
defining the so called balance volumes. These are fixed or variable size parts of
the system over which conservation balances can be constructed. These are

e most often with constant volume, and

e usually perfectly stirred, that result in concentrated parameter or lumped
systems. The conservation balance equations for this type of balance vol-
umes are in the form of ordinary differential equations.

Conserved (extensive) quantities It is well known that only extensive
quantities, that are added together when joining separate sub-systems are con-
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Figure 4.1: A simple balance volume with a convective in- and out-flow and a
source

served. Some of the extensive quantities for which conservation principles can
be applied are as follows:

e overall mass,

e cnergy (enthalpy, internal energy),

e component masses,

e momentum, angular momentum,

e clectric charge, etc.

Note that the different types of engineering systems (such as energy or chemical
systems) have characteristic conserved quantities associated to them.

Dynamic conservation balance Assume a single perfectly stirred balance
volume that is not closed, but has convective in- and out-flows as connection
with its environment. The convective flows are characterized by the property,
that their center of mass is moving with time. Then the general form of the
conservation balance equation for a conserved quantity can be written as

rate of | in- | out- + { source } (4.1)
change | | flow flow - { sink } '
A simple example of a balance volume with a convective in- and out-flow

and the source can be seen in Fig. 1]

Given the problem statement and the flowsheet of the modeling task, it is
usually a simple sequential procedure to identify the relevant balance volumes.
The steps of the determination procedure of the possible balance volumes in
case of a simple example are shown in details in the animation

balance volume determination


animaciok/balvol.avi
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4.1.2 Intensive quantities

Beside of extensive quantities for which balance equations are conserved, inten-
sive quantities are also playing a fundamental role in model development. In-
tensive quantities are not added but they equilibrate when joining sub-systems.

The following characterizing properties make the intensive variables impor-
tant for modeling.

e Intensive quantities (such as temperature, pressure, concentrations) are
usually easily measurable.

e They are potential (driving force) type quantities that drive diffusive flows
and transfer between phases (see details later in chapter Bl dealing with
energy systems).

e There exist pairs of extensive and intensive variables that are related to
each other algebraically, and the intensive variable acts as a driving force
variable for the flow of its extensive variable pair. These pairs are as
follows:

— overall mass m « pressure p
— energy U «~ temperature T’

— component mass myx «~ concentration cy (or more generally chem-
ical potential)

Extensive - intensive relationships As mentioned before, there exist alge-
braic relationships between the extensive and intensive variables of such pairs.
These relationships form an important class of the algebraic constitutive equa-
tions (see later in section 2)). Below we list the two most important ones in
their most simple form that are used to develop the intensive variable form of
conservation balance equations:

o U =c¢,mT + Uy (where ¢, is the specific heat, Uy is the reference value at
T = 0°C and the temperature T is measured in [°C])

e mx = %cx (where p denotes the density and the concentration cx is
measured in [kg/m?] component)

4.1.3 Dynamic conservation balance for the overall mass

The overall mass balance is the basic conservation balance equation of any
dynamic system. Some of its terms may induce related terms in other conser-
vation balance equations, for example convective in- or outflow terms require
the presence of corresponding convective in- or outflow terms in energy balance
equations.

The special properties of the overall mass balance equation are as follows:
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e There is no source/sink term in the equation if the underlying balance
volume has only boundaries with the environment, otherwise mass transfer
through phase boundaries (such as evaporation, for example) may appear
as a source/sink term.

e The overall mass m is measurable (e.g. through level measurement), there-
fore there is usually no need to transform it to its intensive variable form.
In some cases, however, we transform it to the intensive variable form
using e.g. the ideal gas law to have the pressure p as its characterizing
intensive variable pair.

e For perfectly stirred balance volumes the in- (v;) and out-flows (vp) are
mass flows measured in e.g. [kg/s].

Example The simplest example is the mass balance equation for the perfectly
stirred balance volume in Fig. [Tt

dm
E = V75 — VO (42)

4.1.4 Dynamic conservation balance for energy

Energy conservation balance equations are characteristic to thermodynamical
and energy systems, but they play role in almost every system model. They
are closely related to mass balance equations through their convective terms in
these systems. In the case of "mixed” type systems, such as thermo-mechanical
ones, the models are usually coupled through the joint energy balance equation.

The characteristic properties of dynamic energy conservation balances are
as follows:

e There are usually source/sink terms present in the equation that corre-
spond to external (e.g. electrical) heating/cooling, heat transfer @ ([.J/s]),
chemical reaction enthalpy, etc.

e For perfectly stirred balance volumes the convective in- (¢ rvrT7) and
out-flows (c,v0T') are energy flows expressed in unit [.J/s].

e The energy U is directly not measurable, we use the temperature T instead
of it in the equation. Therefore, there is a need to transform the equation
into an intensive variable form.

A more detailed discussion of the energy conservation balance equation and its
transformation to intensive variable form can be found later in section

Example The related energy balance equation to the mass balance equation
[#2) for the perfectly stirred balance volume in Fig. ] can be written in the

following form:
dUu

% = Cp]v]T] — Cp’UoT + Q . (43)
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4.2 Constitutive equations

As it has already appeared before, there are usually algebraic equations that
we can use to develop a more useful form of the balance equations (for example
their intensive variable form). In addition, the describing equations of various
mechanisms that appear as source/sink terms in the balance equations are also
in algebraic form.

These different, usually algebraic further equations that are necessary to
complete the model are called constitutive equations. According to their origin,
the constitutive equations can be of the following most common types:

e extensive-intensive relationships,

e transfer rate equations,

thermodynamical relationships,
e balance volume relations,
e cquipment and control relations.

As most of the constitutive equations are associated with a certain family of
mechanisms, the different classes of engineering systems (e.g. energy, mechani-
cal, electrical etc.) have a characteristic set of constitutive equations. Therefore,
the more detailed description of the above constitutive equation types will follow
in later chapters.

4.3 Modeling assumptions

Modeling assumptions are very important ingredients of dynamic models as
they document the decisions that are taken when developing the model from the
problem statements and from first engineering principles. These assumptions
are not expressed in the form of equations, but in the form of logical statements
about the model equations, their terms, variables and parameters.

It is important to emphasize, that these assumptions are closely related to
the set of model equations, and part of them can in principle be reconstructed
from the developed model, but they are an integrated part of the model itself.

As we will see later, the list of modeling assumptions should be collected
incrementally during the modeling procedure.

Modeling assumption types There are general type modeling assumptions
that are applicable to any modeling problem, but the great majority of them
are strongly problem and system type specific. Below is the list of the most
common modeling assumption types together with a few examples:

e assumptions on the time-dependent behavior of the (sub)systems or mech-
anisms
(e.g. the behavior of the liquid is dynamic, the gas phase is in steady-state)
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e assumptions on the balance volumes
(e.g. the tank contains only fluid phase, there is both vapor and liquid
phase present in the container)

e assumptions on the spatial distributions
(e.g. the balance volume is perfectly stirred or concentrated parameter)

e assumptions on the presence/absence of properties or mechanisms
(e.g. there is no evaporation, linear heat transfer is assumed)

e assumptions on the negligible effects
(e.g. the density depends only on the temperature 7" but not on the pres-
sure p, the specific heat c¢p is constant)

e assumptions on the domain of state variables, and on the required accuracy
(e.g. the temperature T is between 30 and 40 °C)

4.4 Ingredients of a model

The above sections gave the description of the various ingredients of a model
(conservation balance equations, constitutive equations, modeling assumptions)
in details. This section summarizes the list of the necessary ingredients of a
model and the way how these are collected.

Sub-procedure for developing the model ingredients Fig. depicts
the steps and connections of developing a dynamic model from the problem
statement and from first engineering principles. The sub-procedure is sequential
in its steps except for the development of the modeling assumptions that are
made and collected incrementally at each sub-procedure steps.

The list of model ingredients As the result of the above model constructing
sub-procedure and that of the preliminary modeling procedure steps one can
develop a complete dynamic model that consists of the following elements:

S1: System description (flow-sheet, variables)

S2: Modeling goal description

Me: List of considered mechanisms

Bv: Balance volumes description that are indicated on the flow-sheet
As: List of modeling assumptions

Me: Model equations (conservation balance equations, constitutive equations,
initial and boundary conditions)

Vp: List of model variables and parameters

Da: List of model data (with describing the data, its unit, source and accuracy)
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Figure 4.2: The sub-procedure of developing the model equations
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Figure 4.3: Flowsheet of the tank

4.5 Example: tank with gravitational outflow

In this section a simple dynamic model is developed for a tank in order to
illustrate how the ingredients of a model look like.

4.5.1 Problem description

Given a tank with constant cross section that is used for storing water. The
water flows into the tank through a binary input valve, the outflow rate is driven
by gravitation, i.e. depends on the water level in the tank, but it is controlled
by a binary output valve.

Construct the model of the tank for diagnostic purposes if we can measure
the water level and the status of the valves.

The flow-sheet of the tank with the most important variables is shown in

Fig.
4.5.2 Mechanisms and modeling assumptions
Mechanisms

e in- and out-flow (v; and vo are mass flow-rates measured in [kg/s])

e gravitational outflow (driven by the hydro-static pressure)

Modeling assumptions

F1 one balance volume (the tank) perfectly stirred (see in Fig. E4)
F2 only water is present (only overall mass balance is considered)
F3 gravitational outflow

F4 constant cross-section A

F5 density (p) is constant
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Figure 4.4: The balance volume for the tank model

4.5.3 Model equations

Conservation balance equation It is constructed for the overall mass m

d
d_T: = V5 — Vo (44)

Constitutive equations
e m = A-h-p (water level h is measurable)

e vr = vikr (v} is the maximal constant mass flow-rate, valve status kr is
measurable)

e vo = ko -+/2gh (gravitational outflow, g is the gravitation constant, valve
status ko is measurable)

Model equation with measurable variables

dh v}k \/—
pr Ap kr \/_ ko (4.5)

State-space model form
e state variable: water level h
e input variables: status of the valves k; and ko

e output variable: water level h

The steps of the sub-procedure of developing the model ingredients are shown
in details in the animation

developing the model of the tank with gravitational outflow


animaciok/tankmodel.avi
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Chapter 5

Dynamic models of energy
systems

5.1 Energy systems

The main function of energy systems in a wide sense is to generate, transfer,
distribute and store energy in various forms. Thermal energy — commonly called
as heat — plays a central role in energy processes, therefore, this chapter focuses
on the modeling aspects of thermal energy systems.

Some practically important systems fall within the class of thermal energy
systems, that include power plants, buildings, heating and cooling systems etc.
Therefore, the modeling case studies were mainly chosen from this application
area.

The foundations of modeling thermal energy systems can be found in thermo-
dynamics augmented with the principles of engineering heat processes. There-
fore, the basic principles of thermodynamics are briefly summarized after giving
a short characterization of thermal energy systems.

5.1.1 Characterization of thermal energy systems

Naturally, the processes and mechanisms related to mass and energy conserva-
tion are of great importance in thermal energy systems. Conservation balances
are constructed for balance volumes that are the objects to be modeled: these
are parts of the dynamic system with homogeneous phase conditions (e.g. con-
taining only water, or steam etc.).

In thermal energy systems we usually assume that the chemical composition
of the system and its subsystems remain unchanged during the dynamics. If
this is not the case, then the principles of modeling chemical systems should be
applied that will be discussed in a later chapter (see chapter [7]).

35



36 CHAPTER 5. DYNAMIC MODELS OF ENERGY SYSTEMS

Modeling objects

The objects of the modeling process are the balance volumes for which conser-
vation balances are constructed.

The simplest elementary modeling objects are the perfectly stirred bal-
ance volumes. The models based on perfectly stirred balance volumes result
in concentrated parameter models: these are called concentrated parameter or
lumped systems. Because of simplicity, we only consider perfectly stirred balance
volumes in this chapter.

It is important to note that spatially distributed balance volumes are also
widespread in energy systems, these have distributed parameter system models
[7]. There is a widely known procedure called lumping that can be used for
approximating a distributed balance volume by a set of perfectly stirred ones.

Mechanisms

The mechanisms related to thermal energy systems include a broad variety of
physical and thermal engineering processes listed below. The describing equa-
tions of these phenomena are used to construct the constitutive equations in the
developed model.

e The most widespread are the convective and diffusive transport phenom-
ena. In both cases the transport of mass is the primary process that may
cause an ”induced” transport of energy. Only convective transport can be
present in lumped systems.

e FEnergy transfer takes place between balance volumes where their bound-
ary prevents their mass to mix, i.e. it prevents any mass transport. The
direct energy transfer (heating or cooling) between the balance volume
and the environment belongs to this group, too.

e Phase change processes, like evaporation, boiling, melting, freezing etc.
are also thermodynamical mechanisms.

5.2 Basic principles of thermodynamics

The basic principles important from the viewpoint of constructing dynamic
models of thermal energy systems are briefly summarized in this section. The
interested Reader can find a more detailed discussion of the area in e.g. [2].

5.2.1 Thermodynamical variables

The simplest situation in thermodynamical description arises when one wants
to characterize a system that contains only one phase (for example gas phase
or liquid phase) and this is in equilibrium. The variables that characterize this
system can be of two kinds:
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1. extensive quantities, that are additive when joining two subsystems of the
same phase: such as mass, energy etc.

2. intensive quantities, that equilibrate when joining two subsystems of the
same phase: such as pressure, temperature etc.

The so-called canonical set of variables is necessary and sufficient to describe
the thermodynamical state of a single phase system, each such set consists of
one extensive and some intensive variables. For the purpose of dynamic model
building the canonical set

{mvpaTvciai: 177K} (51)

is most often used, where m is the overall mass of the system (an extensive
quantity), p is the pressure, T is the temperature, and ¢;,7 = 1, ..., K — 1 are the
concentrations (in mass fraction, for example) of the K components (different
chemicals) in the system.

5.2.2 The laws of thermodynamics

The foundations of describing thermal energy systems lie in the laws of thermo-
dynamics. Thermodynamics is the discipline for studying energy, the conversion
of energy between various forms and the ability of energy to do work. Four laws
of it has been postulated that are numbered from the Oth to the 3rd [2]. From
the viewpoint of model building the 1st and 2nd law are of importance.

The first law states that energy or matter can neither be created nor de-
stroyed. This is a version of mass and energy conservation for thermodynamical
systems that has been formulated to heat conversion machines. Equivalently the
first law states, that perpetual motion machines of the first kind are impossible.
Another form of the 1st law postulates that the internal energy of a system can
be changed (AU) only by providing heat (Aq) to, or performing work (AW) on
the system, i.e. AU = Aq+ AW.

The second law postulates the conditions of thermal equilibrium. It states
that the entropy - an extensive property of a thermodynamical system - of any
isolated system not in thermal equilibrium almost always increases (i.e never
decreases). Isolated systems spontaneously evolve towards thermal equilibrium
— the state of maximum entropy of the system — in a process known as ”ther-
malization”. Equivalently, perpetual motion machines of the second kind are
impossible.

5.2.3 Non-equilibrium processes

Non-equilibrium thermodynamics is a branch of thermodynamics that deals
with systems that are not in thermodynamic equilibrium [II]. Note that dy-
namic energy systems are not in equilibrium, since they are continuously and
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discontinuously subject to flux of matter and energy to and from other systems
and to chemical reactions. Non-equilibrium thermodynamics is concerned with
transport processes and with the rates of chemical reactions.

The second law of thermodynamics postulates the change of entropy in iso-
lated systems, and the first step towards the realistic situation is to assume
that the system is not far from its equilibrium. This approximation is used
in the so called classical irreversible thermodynamics, and it is used to derive
relationships for flows of extensive variables between subsystems that are not in
equilibrium. To each of the characterizing conserved extensive quantity (overall
mass, internal energy and component masses) an intensive type ”driving force”
or potential variable is associated, a difference of which causes a flow or transfer
of its extensive counterpart. As we have seen before, the conserved extensive -
potential intensive pairs are as follows:

e overall mass m «~ pressures p
e cnergy U «~ temperature T’

e component mass my e~ concentration cx (or more generally chemical
potential 1)

In classical irreversible thermodynamics a linear relationship is assumed be-
tween the flow vector of conserved extensive variables and the difference of
their potentials because of the close-to-equilibrium assumption. In the sim-
plified practical cases, however, usually a linear approximation without any
cross-effects is used. This linear relationship is utilized in the transfer rate ex-
pressions (see later in sub-section BZ4) when constructing model of thermal
energy systems.

5.3 Balance equations in energy systems

As we have already seen earlier in section ] the differential equations in a
dynamic model originate from conservation balances constructed for conserved
extensive quantities. In energy systems these variables are the overall mass and
the internal energy for each balance volumes.

For the sake of simplicity, we only consider lumped parameter models here,
that is, we assume to have only perfectly stirred balance volumes. Furthermore,
we assume constant physical properties (such as density, heat capacity etc.) in
this section to make the presentation as simple as possible. The flow-sheet of
the simple balance volume that will be used for illustrating the construction of
balance equations for energy systems is shown in Figure 511

5.3.1 Mass balances

As we have already seen in sub-section LT.3] the overall mass balances have the
following properties in the perfectly stirred balance volume case.
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Vo, T

Figure 5.1: The simple balance volume for energy systems

e They have no source or sink term if the balance volume is connected to
the environment only. Otherwise, the phase changes (evaporation, boiling,
melting, etc.) may generate a mass source or sink through the interphase
boundary.

e Their convective terms are the in- and out-flows entering or leaving the
balance volume, that are mass flows [kg/s].

It is important to note that the overall mass is the conserved extensive
quantity that is most often measurable using level measurements. Therefore,
the mass balances are transformed to have this variable by assuming constant
cross section, for example.

5.3.2 Energy balances

The dynamic balance equation for internal energy is the characterizing equation
for an energy system. In the perfectly stirred balance volume case this equation
has the following properties.

e The convective energy flows are induced by the convective mass flows
of a balance volume, such that each v; inflow induces an energy inflow
cprvrTr measured in [J/s], where ¢pr is the specific heat and 77 is the
temperature of the flow. Similarly, the mass out-flow vo results in an
energy flow cpuoT.

e The source or sink term can be external (e.g. electrical) heating/cooling
or heat transfer @) (again in unit [J/s]).

The energy U is directly not measurable, therefore we use the temperature
T instead in the model equations. This is achieved by transforming the energy
balance equation into its intensive form, that is discussed in details in subsection

E5T
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5.4 Constitutive equations in energy systems

As we saw in sectionL.2] constitutive equations augment the set of conservation
balance equations, and make the set of model equations complete. They are
usually algebraic equations that describe the actual form of various mechanisms,
such as transfer rates, for example, or establish relationships between model
variables, such as extensive-intensive relationships. This section is devoted to
the most important classes of constitutive equations that appear in the dynamic
models of lumped parameter energy systems.

5.4.1 Extensive-intensive relationships

The most important extensive-intensive relationship in energy systems is the de-
pendence of the internal energy on temperature. Earlier in section .23 the con-
served extensive variables and their intensive ”potential” pairs were described,
that includes the pair (internal energy U «~ temperature T'). In the general
case there is a nonlinear static relationship in the form of U = U(T, p) between
the internal energy and the temperature, that depends on the pressure (and
may depend on the composition), too.

In the simplest case, when constant pressure is assumed (or it is assumed
that the internal energy does not depend on the pressure), the reference point
of the internal energy is chosen to be zero at the reference temperature (Up =
U(Ty) = 0), and the reference temperature is Ty = 0°C, a simple algebraic
equation describes a relationship between them in the form

U=c¢,-m-T (5.2)

in a perfectly stirred balance volume, where m is the overall mass, cp is the spe-
cific heat measured in unit [J/kg/K| that may depend on temperature, pressure
and component concentrations, (see in subsection later).

Sometimes the relationship between the intensive variable density (p) and
the extensive mass (m) is also used, mainly for fluid phases in the form

m=V.p (5.3)

where V is the volume of the balance volume.

5.4.2 Property relations

The material in a balance volume has thermodynamical properties, such as
density, specific heat, etc., that depend both on the nature of the material and
on the intensive thermodynamical state variables, temperature T', pressure p
and compositions ¢;, ¢ = 1, ..., K. The property relations are algebraic relations
that describe these dependencies.

In energy systems the most important property relations that appear in
dynamic models in the case of constant compositions are as follows:

e density relation: p(p,T),
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e specific heat relation: ¢,(p,T),
e dependence of equilibrium saturated pressure on the temperature p*(7T')

It is important to emphasize that a substantial part of modeling assumptions
concern property relations: most often constant (i.e. temperature and pressure
independent) properties are assumed.

5.4.3 Thermodynamical state equations

Thermodynamical state equations establish algebraic relationship between the
canonical state variables (mass m, pressure p, temperature 7" and volume V') of
a balance volume. These are mainly used for balance volumes with gas phases.

Ideal gas law This is applicable when the pressure of the gas is low compared
to its saturation pressure in the temperature of interest, i.e. the average distance
of the gas molecules is large compared to their size. The ideal gas law is written
in the following form:

p-V:%-R-T (5.4)

where M is the molecular weight of the gas, and R is the universal gas constant
(R=28.31J/mol/K).

Nonideal gas laws Under relatively high pressure, the ideal gas law is not
applicable, therefore we have to resort to various nonideal gas laws. The most
common is the so called Van der Waals equation, but there are dosens of state-
equations for various gases under different conditions.

The water The state equations and thermodynamical properties of the water
are of primary importance, because this is the most frequently used material in
the industries. Here we can use the data collected in steam tables (see e.g. [13]),
that contain the properties of water and steam in different regions. This is the
most accurate source of information about water and steam that outperforms
any state equation.

Simple interactive illustration of the state equations The effect of the
temperature and pressure on the state and phase of matter can be investi-
gated by interactive simulation using the ”Phase Changes” tab of the interactive
states of matter simulator.

The simulator has been created in the framework of the PhETT™ project
[12] at the University of Colorado PhET project.

5.4.4 Transfer rates

The locally linear approximation of the fluxes of conserved extensive thermody-
namical variables as functions of their driving force potential variables applied


http://phet.colorado.edu/en/simulation/states-of-matter
http://phet.colorado.edu/
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in irreversible thermodynamics (see in section [.2.3]) gives rise to the widely
accepted expression for the energy transfer term between two balance volumes
with different temperatures 77 and T5

Qtransfer = KT CA- (Tl - TQ) (55)

where A is the heat transfer area in [m?], Kr is the heat transfer coefficient
measured in [J/m?/K/s], and the energy transfer rate Qtransfer is measured in
units [J/s] = [W]. Note that in engineering models one often assumes that the
heat transfer coefficient K is not a constant, but a function of the temperatures,
pressures and flow conditions of the two balance volumes, respectively.

Note that mass can also be transferred between balance volumes with dif-
ferent phases (such as liquid and its vapor) in a mechanism called evaporation.
The evaporation mass flow rate Q%)wp (measured in units [kg/s]) is driven by
the difference between the actual partial pressure p of the vapor phase and the
saturated vapor pressure at the vapor temperature p*(T'), therefore

Q) o = Kum - A~ (p*(T) — p) (5.6)

5.4.5 Energy source terms caused by phase changes

Phase changes, such as evaporation, boiling, freezing, melting etc. appear as
source terms both in the overall mass and the energy balance equations. There
is always a substantial internal energy change in the balance volume (phase)
from which the material leaves for the other balance volume (phase), that is
proportional to the mass flow leaving the phase.

The internal energy change associated with the phase change of unit mass is
called phase change energy (and measured in [J/kg] accordingly), for example
evaporation enerqy Feyqp, or melting energy Ey,eiing. This implies that an

evaporation mass flowrate Q%Lap (see above in subsection [5.4.4]) induces an
energy source term in the energy balance equation of the liquid in the form

QEevap = Ee’uap ' Q%@,ap (57)

where the unit of Q gevap is [J/s].

A special type of evaporation is the case of boiling. The boiling point is the
temperature when the pressure of saturated vapor in equilibrium with its liquid
phase reaches the pressure of the gas phase, thus vapor is produced not only on
the surface but in the bulk liquid. It is important to know that the temperature
remains at the boiling point irrespectively of how much energy is injected into
the liquid phase until all liquid transfers to the gas phase.

5.5 State space model form of dynamic energy
models

For control and diagnostic applications one needs to transform the developed
dynamic model based on engineering principles into its state space model form.
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This section is devoted to this problem in the case of lumped parameter energy
system models that are based on perfectly stirred balance volumes. As we have
seen before, an engineering model consists of conservation balance equations
that are ordinary differential equations in the lumped case, and algebraic con-
stitutive equations. In order to have a state space model form one needs to
perform two substantial steps on the model equations

e The conservation balance equations should be transformed to have mea-
surable (mostly intensive) quantities in them.

e The constitutive algebraic equations should be substituted into the differ-

ential ones (if possible).

5.5.1 Energy balance equations in intensive variable form

The procedure of how to construct the intensive variable form of an energy bal-
ance equation from the mass balance and from the original extensive form of the
energy equation is discussed in the simplest case with the following assumptions.

F1 A single perfectly stirred balance volume is considered with overall mass
m and internal energy U.

F2 One in- (v7) and one out-flow (vp) is assumed, that are mass flows [kg/s].

F3 Constant thermodynamical properties (specific heat ¢,) are assumed.

Original conservation balances We start from the usual balance equations
below.
Mass balance

dm
E = vy — Vo (58)
Energy balance
dU
o= cprviTr — cpuoT + Q (5.9)

where Tp is the temperature and c,p is the specific heat of the in-flow, and @
is the energy source term.

Internal energy - temperature relationship The internal energy - tem-
perature relationship in the form U = c¢,mT is used for expressing the non-
measurable internal energy with the measurable temperature T" and mass m.
Using assumption F3 above, the energy balance equation (59) can be rewritten
in the following form

dT d
cpm-— + cPTd—Zl = cprvrTr — cpoT + Q (5.10)
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The intensive variable form We can now substitute the overall mass bal-
ance (B.8) into the second term of the left-hand side of Eq. (5I0) and rearrange
the expression to have the intensive variable form

dT vr Q
> 2 T, — e T %
dt cpm (eprTr = & T) + cpm

(5.11)

This is now in the form of a state equation originating from the energy balance.

5.5.2 State and output equations, system variables

State equations In a state space model of a lumped parameter system,
the state equations are ordinary differential equations, therefore they are con-
structed from the dynamic conservation balances in an energy system with per-
fectly stirred balance volumes. Above in subsection [B.5.1] we saw that the in-
tensive variable form of an energy balance equation is in the form of a state
equation, therefore, we can have at most two state equations for each balance
equation, one originates from the mass balance, the other one is from the energy
balance.

As the constitutive equations make the set of balance equations mathemat-
ically complete, we should substitute the constitutive equations into the differ-
ential ones to obtain a complete set of state equations. This is straightforward
for the transfer rate equations and other source terms, and for the property
relations, as they are explicit for the variables present in the balance equations.
We have also seen in subsection [5.5.0] the use of the extensive-intensive rela-
tionships to obtain the intensive form of the energy balance equation. The only
constitutive equation that may cause problems is the thermodynamical state
equation (for example the ideal gas law).

State variables It follows from the discussion on the potential state equations
above, that the set of state variables of an energy system consisting of perfectly
stirred balance volumes may include the overall mass (or a derived extensive
variable, for example a level) and the temperature of each balance volume, i.e.

x=[myTi|i=1,.., N (5.12)

Output equations and output variables The output equations relate the
state and input variables to the ones we can directly measure, therefore, they
strongly depend on the instrumentation conditions of the system to be modeled.
As the intensive variable form of the energy balance equation is normally used
as a state equation, we can expect to have at least some of the state variables
to be directly measurable, i.e. to be an output variable.
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5.6 Modeling of typical operating units in power
systems

Power systems are an important subclass within energy systems, that are used to
produce electrical energy (power) from other energy sources, such as renewables,
nuclear or fossil energy. Most often (but with exceptions such as photovoltaic
panels) the electric power is produced by large industrial generators that are
attached to turbines, mostly steam turbines.

Therefore, the most important utility operating units in power plants are
heat exchangers and steam generators, the modeling of which is the subject of
this case study section.

An example: the operating units in the primary circuit of a pressur-
ized water nuclear power plant

Because of safety reasons, pressurized water reactors use two closed circuits to
transfer the energy generated by their nuclear reactor into the steam turbines.
The (radioactive) water in the so called primary circuit acts as both the mod-
erator of the nuclear reactions and the heat transfer media that produces steam
from the secondary circuit water in the steam generator such, that the water
in the two circuits are not mixing. The primary circuit high pressure ensures
that the coolant is not boiling, this gives the name ”pressurized water reactor”
to this type of technology.

Figure[52 shows the operating units and their connections that can be taken
into account in a simplified model of the primary circuit. For more details we
refer to the paper [I7]. The sensors that provide on-line measurements are also
indicated in the figure by small full rectangles. The controllers are denoted by
double rectangles, their input and output signals are shown by dashed lines.

The steady-state values of the system variables in the normal 100 % power
operating point are also indicated in Fig.

In the following subsections simple models of the operating units above will
be described with their ingredients (see section [4]).

5.6.1 A simple heat exchanger model

Heat exchangers are one of the simplest units in power industries — they can be
found in almost every plant. As their name suggests, heat exchangers are used
for energy exchange between at least two fluid phase (gas or liquid) streams, a
hot and a cold stream.

The simplest model of a heat exchanger describes a so called heat exchanger
cell. A heat exchanger cell is a primitive dynamic unit which consists of two
perfectly stirred (lumped) balance volumes (called lumps) connected by a heat
conducting wall. The lumps with their variables are shown in Fig.
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Figure 5.3: A heat exchanger cell
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Modeling assumptions

In order to obtain a simple model with only two state equations, the following
simplifying modeling assumptions are used:

F1 Constant volume and mass hold-up is assumed in both lumps (j = ¢, h).

F2 Constant physico-chemical properties are assumed for the density: p; and
the specific heat: cp; in both lumps, i.e. for j = ¢, h.

F3 Constant heat transfer coefficient (K7) and area (A) is considered.

F4 We assume completely observable states, i.e. y(t) = z(t).

Conservation balances

The continuous time state equations of the heat exchanger cell above are the
following energy conservation balances in their intensive variable form:

Foo(t) = ”«é:) (Ts(t) — Too(t)) ci;ﬁ/c (Tho(t) — Tuo(1)) (5.13)
Tialt) = 2 (T0i(0) ~ Tio(0) + %(Tw@ ST)  (14)

where T};; and T, are the inlet and cell temperatures (that are equal to the outlet
temperatures because of the perfectly stirred assumption), V; is the volume
and v; is the volumetric flow rate (measured in units [m?/s]) of the two sides
(j = ¢, h) respectively.

System variables

The state vector is therefore composed of the two outlet temperatures:
21 = Teo, T2 :=Tho (5.15)

There are a number of possibly time-dependent variables on the right-hand
side of the above equations which may act as manipulable input variables or
disturbances, depending on the measurement and actuator settings and on any
additional modeling assumptions we may have. These are as follows:

e the inlet temperatures: T,; and Tp;,
e the volumetric flowrates: v, and vy,.

The special cases of the heat exchanger cell models are obtained by specifying
assumptions on their variation in time. For every case, the output equation is

i =)= 20 | (5.16)

210
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5.6.2 A simple steam generator model

The steam generators connect the primary and secondary circuit and transfer
the energy generated by the reactor to the secondary steam flow. The steam
generator is an operating unit of the primary circuit that was shown in Fig.
The steam generator itself is a vessel that contains water of the secondary
circuit. The vapor is produced from this secondary circuit water by heating the
liquid phase using the energy coming from the circulating primary circuit liquid
as it can be seen in Fig. B4
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Figure 5.4: Simplified flowsheet of the steam generator

Modeling assumptions

Because the focus of our model is the primary circuit and its controllers, the
following simplifying assumptions are made for the steam generators:

1. The dynamics of the primary side of the steam generators is very quick
compared to that of the secondary side, therefore it is assumed to be in a
quasi steady state and no conservation balances are constructed for it.

2. The dynamics of the secondary side vapor phase in the steam generators
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is also assumed to be very quick compared to that of the secondary side
liquid, equilibrium is assumed between the water and the vapor phases.

3. Constant physical properties are assumed for the secondary side of the
steam generators.

4. All the controllers acting on the secondary side (including the liquid level
controller and the secondary steam pressure controller) are assumed to be
ideal.

Conservation balances

There is only a single balance volume in the steam generators, the liquid of
the secondary side, where the overall mass balance is simplified to an algebraic
equation Mge = const (Mgq is the liquid mass), because the inlet secondary
water mass flow rate mgq, sw and the outlet secondary steam mass flow rate
msa,ss is kept to be equal by the ideal water level controller of the steam
generators

msag,sw = msg,ss = MsaG

Then the energy balance for the secondary water in the steam generators is in
the form

dUsg
dt

L v
= ¢y semscTscsw — ¢, samscTsc — msGEevap,sc +

+K7.56(Tpc —Tsa) — Wioss,sG (5.17)

where Ugg is the internal energy, cﬁ_’ g is the water specific heat, CX s¢ 1s the
vapor specific heat, Tsq sw is the inlet temperature, Tsq is the temperature,
Eevap,sc is the evaporation energy, and Wi,ss s is the heat loss.

Constitutive equations

The algebraic constitutive equations describe the relationships between physical
properties and temperature:

Usa = ¢y saMsaTsa (5.18)

psc = p! (Tsc) (5.19)

where pg¢ is the pressure, and p? is a quadratic function that approximates the
values obtained from the steam table [13].

5.6.3 A simple pressurizer model

A widespread type of nuclear power plants operates pressurized water reactors,
which means that in the primary circuit high pressure ensures that the coolant
is not boiling. The task of the pressurizer is to keep the pressure within a
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Figure 5.5: Simplified flowsheet of the pressurizer

predefined range. The pressurizer is a vertical tank shown in Fig. (.3 and also
in Fig. as one of the operating units in the primary circuit. Inside this tank
there is hot water at a temperature of about 325°C and steam above. If the
primary circuit pressure decreases, electric heaters switch on automatically in
the pressurizer. Due to the heating more steam will evaporate and this leads to
a pressure increase.

Unlike steam boilers or steam generators, where the purpose of the equip-
ment is producing steam, the purpose of the pressurizer is to keep the pressure
constant, while there is no vapor withdrawal from the tank. The heating is
mainly used to compensate for the heat losses through the wall and to heat the
infiltrated cold water. The intended use of the model is controller design in
normal operating mode where the vapor can be considered to be in equilibrium
with the liquid phase (saturated vapor), i.e. the dynamics of the vapor phase is
infinitely quick compared to the other dynamic effects and the mass of the vapor
phase is negligible compared to the other masses.

Modeling assumptions

In order to have a simple model, the following modeling assumptions have been
used:

F1 There are two perfectly stirred balance volumes, one for the water and
another for the wall, and no balance volume for the vapor.
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F2 There is a single component in each of the balance volumes (water and
iron, respectively).

F3 Constant overall mass is assumed in both balance volumes.
F4 We assume constant physico-chemical properties.

F5 Vapor-liquid equilibrium is assumed in the tank.

Balance and constitutive equations

Thus, the simplified model consists of two energy balances: one for the water
and another one for the wall of the tank as balance volumes.

Water energy balance

4
dU
—r = cmTr — cymT + Kw(Tw — T) + > Wag - xi (5.20)
=1
Wall energy balance
dU
d—tW = Kw(T — Tw) — Wioss (5.21)

Extensive-intensive relationships These equations describe the relation-
ship between the internal energies and the corresponding temperatures, and
complete the model. These are

U = ¢,MT, (5.22)
Uw = CowTw. (5.23)

Variables and parameters

The variables and parameters of the above model and their units of measure
are the following

T water temperature °K
Tw tank wall temperature °K
Cp specific heat of water kg%K
U internal energy of water J
Uw internal energy of the wall J
m mass flow rate of water %
Ty inlet water temperature °K
M mass of water kg
Cpw  heat capacity of the wall %
Wur  power of one electric heater AW
Kw wall heat transfer coefficient %
Xi on/off (1/0) state of the i'" heater -
Wioss heat loss of the system \W%
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Input variables The manipulable input to the system is the external heating,
all the other input variables are regarded as disturbances. Then we can list the
disturbances with physical meaning as follows:

e Cold water infiltration
This effect is taken into account with the in-convection term ¢,m77 in the
water energy conservation balance (5.20), where the in- and outlet mass
flowrate m is controlled to be equal (but might change in time) and the
inlet temperature T can also be time-varying.

e Fnergy loss
This effect is modeled as a loss term Wj,ss in the wall energy balance

G20).

Nonlinear dependence between temperature and pressure The pres-
sure of saturated vapor in the gas phase of the tank depends strongly on the
water temperature in an exponential, i.e. nonlinear way. The experimental mea-
sured data found in the literature [10] have been used to create an approximate
analytic function to describe the dependence. The function has the form

o#(T)
p= h(T) = %7
(5.24)
o(T) =co+c1T + caT? + e3T3
For the parameters of ¢, the following values were obtained
_ C10-1 _ 102
co =6.5358 - 107", ¢ =4.8902- 10 (5.25)

c2 = —9.2658 - 1075, ¢3 = 7.6835- 1078

The pressure of saturated vapor is the output variable of the model.

State variables As usual for the energy systems, the state variables are the
two temperatures T and Ty of the water and wall balance volumes, respectively.

The validity range of the model is the usual operating domain of the pressur-
izer, i.e. 315°C < T < 350°C. In pressure terms, this means 105.65 bar < p <
137.09 bar.



54

CHAPTER 5. DYNAMIC MODELS OF ENERGY SYSTEMS



Chapter 6

Dynamic models of
mechanical and electrical
systems

Mechanical and electrical systems occur often in practice both in their ”clean”
form, i.e. without additional mechanisms, or in a combined form when the char-
acterizing mechanisms of mechanical or electrical systems play a major role in
developing a dynamic model.

Therefore, besides of presenting the basic principles and some simple ex-
amples of modeling mechanical and electrical systems, we present a thermo-
mechanical (a gas turbine), a bio-mechanical (a simple limb), and a bio-electrical
(a simple neuron) — i.e. three mixed type — modeling case studies in this chapter,
too.

6.1 Mechanical systems

In mechanical systems the dynamics of different motion and deformation types
are of modeling interest.

6.1.1 Characterization of mechanical systems

When constructing a dynamic model for a mechanical system, one takes into
account the properties of motions (such as rectilinear motions, rotating motions,
for example) and that of the mechanical deformations (elastic, quasi-elastic etc.).

Here we usually assume that both the composition and the thermodynamical
properties (for example pressure or temperature) in the system are constant, or
not of modeling interest. If this is not the case, we have a mixed-type system,
and should also use the mechanisms and modeling principles of chemical (see
chapter [7) or energy (see chapter [l) systems.

55
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We can characterize a mechanical system through its mechanisms and mod-
eling objects.

Modeling objects

The modeling objects in mechanical systems are called ”bodies” for which mo-
mentum and energy conservation balances are constructed. These are classified
as follows:

e The elementary object is the so called mass point, that has a fixed mass
m but no spatial extent, therefore, its position can be characterized by a
point in the three dimensional space.

e The so called mass-point systems consist of a set of mass points the dis-
tance of which may be time-varying or fixed. The dynamic model of mass
point systems is in the form of concentrated parameter system models.

e Rigid bodies have a fixed spatial extent (form), but no deformation is
considered. Rigid bodies can be approximated (lumped) by a set of mass
points with fixed spatial distances.

e Deformable bodies are the most general types, they have a spatial extent
that may suffer from elastic or non-elastic deformation. Their approx-
imating mass point system model consists of a set of mass points with
variable spatial distances.

In order to keep the treatment simple, we only consider mass point type

mechanical systems in this chapter.

Mechanisms

The mechanisms we consider in mechanical systems are the ones that affect
the motion and deformation, and for which constitutive equations are available.
These include

e forces originating from a potential field, e.g. spring or gravitation,
e friction, drag,

e torsion, deformation (elastic, non-elastic), etc.

6.1.2 Basic principles

The basic principles of modeling mechanical systems were laid down by Newton
in his famous Principia Mathematica Phylosophiae Naturalis in 1687, and these
are as follows.
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Newton’s 1st Law

Each object (body) keeps its steady-state position or its rectilinear motion with
constant velocity unless an external effect forces it to change.

From the modeling point of view it implies that (i) the external effects should
be described by forces, and (ii) the equivalent coordinate systems move with
constant relative velocity.

Newton’s 2nd Law

The change of momentum is proportional to the effect of the force and takes
place in the direction of the force.

Because momentum is a conserved extensive quantity, the above principle gives
direction of how to construct the momentum balance equations in modeling.
Thus the conservation equation takes the form % = >, Fi, where p is the
momentum and Fj; are the forces.

It is important to consider, that both the momentum and the force are vectors,

thus they have magnitude and direction.

Newton’s 3rd Law
The effect is equal to the reaction, that is, the effect of two bodies to each other
18 of equal magnitude but of adverse direction.

6.1.3 Rectilinear motions

Newton’s 1st Law states that rectilinear motion takes place whenever there are
only such external effects (forces) that act in the direction of the motion, i.e. in
its orbit.

Mass-point systems

The simplest case of mass point systems is only considered here. We have already
seen in chapter [, that we need to construct both the conservation balance and
the constitutive equations to obtain a complete model.

Conservation balances The conservation balance equations for a mass-point
type mechanical system with rectilinear motion are formed from the momentum
balances in each considered direction (for example x,y, z) for each mass point
1. These equations have the form for the direction x and the mass point ¢

dpm,i
7 - ZFLEJ‘J (61)
J

where p, ; is the momentum of the mass point in the z-direction, and F, ; ; the
jth force acting on the mass point ¢ in the z-direction.



58 CHAPTER 6. MECHANICAL AND ELECTRICAL SYSTEMS

o Fe
Fs — >
NN m
| Fo o
\ T >
o l x
Fg=mg

Figure 6.1: Mass and spring system

Constitutive equations The constitutive equations are of two types. The
first type is static equation(s) for each force from the physics of its underlying
mechanism, such as

o gravitation: Fg =m g
where g is the gravitational constant, g = 10

o friction: Fr =p-m-g
where g is the friction coeflicient, a number 0 < p <1

e clastic force (e.g. in spring): Fs = —k - Az
where k is the spring constant and Az is the distance from the equilibrium
position.

e other position dependent forces (e.g. from a potential, electrical forces)

The other type of constitutive equation is a dynamic position-momentum equa-
tion (if needed). In the z direction for the ith mass point such an equation is

in the form of
dl‘i

S

where x; is the position and m; is the mass of the mass point.

Px,i = (62)

Example: mass and spring

Problem description

Given a mass point m connected to the wall by an elastic spring with spring
coefficient k and moving along a horizontal line. The mass is under the influence
of an external force F, and there is a friction with a coefficient p. Construct
the model of the mass-spring system for control purposes if we can measure the
position of the mass point x and the external force F,.
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Mechanisms The following mechanisms are considered:
e elastic force in the spring
e friction generated by the gravitational force

e cxternal force F,

Modeling assumptions The mechanical system with its variables are de-
picted in Fig.

F1 one mass-point with mass m
F2 rectilinear motion
F3 elastic ideal spring with coefficient k (force Fj)
F4 friction with constant coefficient p (force F)
F5 position origin x = 0 is at the equilibrium point
Conservation balance equation It is constructed for the momentum p =

m - v, where only one spatial direction (horizontal) is needed.

d
d—lt):Ff+Fs+Fe (63)

Constitutive equations These are written for the acting forces and for the
momentum-velocity relationship.

o Fy=p-m-g (friction)
e Fy = —k-x (spring)

e p=m-v=m-% (position is measurable)

State-space model form The above model equations can be re-arranged to
obtain a state-space model

d

d_]t? = pu-m-g—k-z+F, (6.4)
dx 1

= - = 6.5
o o (6.5)

where the state variables are the position  and momentum p (but alternatively
the velocity v can also be used), the input variable is the external force F, and
the output variable is the position x.
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Figure 6.2: Rotating motion

6.1.4 Rotating motions

A rotating motion arises if an external force constrains the body (or bodies)
to move along a circular orbit. Then we usually restrict the description to the
motion along this circular orbit: this way a motion with a single spatial degrees
of freedom will arise.

Again the simplest case of mass-point systems is only considered.

Characteristic variables and parameters The variables and parameters
that are applicable for describing rotating motions are as follows for a single
mass point and for a given rotating axis (centerline):

e angular momentum N (analogue to the momentum p)

e angle velocity (angular frequency) w (measured in units [224])

e moment of inertia © (for mass point m;: ©; = m; - r?)

e torque M = F - r in [Nm], where r is the distance from the rotating axis

The mechanical system with its variables is shown in Fig.

Conservation balances For a mass-point type mechanical system with a
rotating motion the angular momentum balance in each considered direction
for each rotating mass point forms the set of conservation balance equations in

the form p
— = E M, 6.6
dt - k (6.6)

where M}, are the external torques that act on the system (the analogue of forces
in rectilinear motion).
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Figure 6.3: Mechanical structure of a simple limb

6.2 A bio-mechanical example: a simple limb
model
A simple bio-mechanical example is presented here for illustrating the modeling

of rotating motions. The detailed model derivation can be found in [15].

6.2.1 Problem statement

Given a simple limb consisting of two segments (bones) and two muscles (flexor
and extensor) that move the lower segment around the joint axis. The considered
mechanical structure can be seen in Fig.

Construct the model of the simple limb system for control purposes if we
can measure the position of lower segment and the external excitations u/ and
u® causing contraction in the flexor and extensor muscles, respectively.

Mechanisms

e muscle force generation,
e muscle contraction by activation,

e rotation.

6.2.2 Modeling assumptions

F1 one mass point with mass m for the lower segment
F2 the upper segment is fixed vertically

F3 fixed distance lcops from the rotating axis
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F4 activation state equations with fixed parameters (7 activation time,
decreasing factor)

F5 activation determines the torque of the muscles M

6.2.3 Model equations

Conservation balance equations

total)

The conservation of the angular momentum N = O -w is considered in the

form N
T
E:M(ql,qg,a,w)—l—m-ZCOM-cos(a—5)-9 (6.7)

Two more conservation balances are also present for the activation states ¢; and
g2 that originate from a bioelectrical model:

% - (Talct (B+[1 = Bluf (t))> o+ jct u? (t) (6.8)
% - (T; B+[1- ﬂ]ue(t))) ¢+ Talct u’(t) (6.9)

where u/ and u® are the external exitations coming from the nervous system.

Constitutive equations

These are of the following form and origin:

o Cfl—ot‘ = w (velocity equation)

e the actual form of M (g1, ¢z, a,w) (from biology)

System variables

e The state variables are the joint angle and velocity (a and w), together
with the two activation states ¢; and ¢o.

e The two external excitation signal v/ and u® form the set of input vari-
ables.

e The measurable output variable is the joint angle .

6.3 Thermo-mechanical systems

Quite often, one has both mechanical and thermal phenomena in the system
to be modeled, when a thermo-mechanical system description arises. For this
purpose we need to describe the two set of mechanisms in a unified framework.
This mainly concerns the set of balance equations, because in the thermal en-
ergy systems we use internal energy balances, but for mechanical systems we



6.3. THERMO-MECHANICAL SYSTEMS 63

considered the conservation of momentum. The first step to couple the ther-
mal and mechanical description is to consider the energy-based description of
mechanical systems.

6.3.1 Energy-based description of mechanical systems

As before, we consider the simplest case of a mechanical system, the class of
mass-point systems. It will turn out, that the conventional momentum-based
description of mechanical systems that uses the momentum balances is in most
cases equivalent to the energy-based description.

Rectilinear motion

Assume the simplest mechanical system consisting of a single mass point with
mass m. It has a potential (position dependent) and kinetic (momentum de-
pendent) energy term in its total energy

1
Eiotar =V (2) + %ﬁ (6.10)
The change of the total energy in a finite time interval is caused by the effect
of the work done by the external forces F' (AEiotq; = AW = FAxz). Therefore,
the time-derivative of the total energy is driven by the power provided by the

force F: iE p
total €z
=F.-—=F. 6.11
dt dt ! (6.11)
In the case of a constant (i.e. position independent) external force and no

potential energy (V' (z) = 0), one can perform the differentiation of Eq. (GI0)

to obtain i1 L d J
2 P P
— (= P S g 7
dt <m > mPar =~ dt !
that is exactly the momentum conservation balance equation in this case. This
shows the equivalence of the energy-based description with the momentum-based
one.

Simple interactive illustration of various energy components in springs
The effect of stiffness of the springs, the friction and the gravitation on the
various energy components of the rectilinear motion can be investigated by in-
teractive simulation using an interactive mass spring simulator,

The simulator has been created in the framework of the PhE
[12] at the University of Colorado PhET project.

TTM project
Rotating motion

Here we consider the kinetic energy for a rotating body with moment of inertia
O as the total energy E,..; of the system

1
Erot = 5@0.)2 (6.12)


http://phet.colorado.edu/sims/mass-spring-lab/mass-spring-lab_en.html
http://phet.colorado.edu/
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Figure 6.4: A simple steam turbine

The time-derivative of the total energy here is driven by the power provided by
a torque M:
dErot

dt

=M -w (6.13)

Similarly to the above derivation, we can again show the equivalence of the
energy-based description with the momentum-based one here, too.

6.3.2 Example: a simple gas turbine

Gas turbines are important energy conversion machines that are present in al-
most every power plant (see section [£.6]). A gas turbine converts the internal
energy of the gas (most often steam) into the mechanical energy of a rotat-
ing shaft, that is usually converted further to electrical energy by a generator.
Therefore, it is a thermo-mechanical system based on the mechanisms that are
to be taken into account when developing its dynamic model.

The simplest version of a steam turbine is presented briefly here, that is a
simplified version of a gas turbine model in [I4].

Problem description
Given a simple gas turbine that moves a rotating shaft around a given axis.
The steam enters and leaves the turbine with a given mass flow rate v, the inlet
temperature is 17, the outlet temperature is Tp. The flowsheet of the turbine
is shown in Fig.

Construct the model of the simple turbine for control purposes if we can
measure the external load torque M;,.q and the angular velocity w.

Mechanisms The following mechanisms are taken into account:
e thermal energy conversion

e rotation
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Modeling assumptions
F1 one rotating body (shaft) with moment of inertia ©
F2 equal and given mass flow rate v for inlet and outlet

F3 given inlet T and outlet Tp temperatures (no condensation, i.e. phase
change is assumed)

F4 the mechanical efficiency factor y is given and constant
F5 constant gas specific heat cp
F6 given the external load torque M;,qq (input)

Conservation balance equation The energy conservation balance for the
rotation energy is used

dErot
dt

— L'steam — Mloadw (614)

Constitutive equations Two algebraic constitutive equations are consid-
ered:

e E,ot = 36w? (rotation energy)

® Pieam = X -cp-v- (T — To) (power generated by the gas temperature
drop)

We can substitute these into the energy conservation balance equation to obtain
a model equation with measurable quantities
dw 1

E @(X.CP~'U~(T[—T0)—Mloadw)

6.4 Electrical systems

Electrical systems are very widespread in modeling practice, electrical circuits
or electrical machines (motors, generators) are the most common types.
Furthermore, electrical sub-systems are also widely present in mixed type
systems, such as bio-electrical or electro-chemical systems. Here we present a
simple bio-electrical example, a simple cell model in the next section

6.4.1 Characterization of electrical systems

The characterization can be performed through the modeling objects, that are
elementary components called two-poles. The poles of a two-pole are its input
and output ports, respectively that connect it to the environment, and through
which electrical current may flow.

The set of connected two-poles form an electrical network, that is the simplest
electrical system, that has a concentrated parameter system model.
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Figure 6.5: Voltage and current source two-poles

Source two-poles

Two types of source two-poles are in use in electrical network models that are
seen in Fig. A voltage source produces a given constant voltage ug, it
corresponds to an ideal voltage source (an accumulator, for example) without
any internal resistance. Similarly, a current source is an ideal constant source
ig of current.

Resistors, capacitors and coils

Resistors, capacitors and coils form three categories of non-source two-poles
with different dynamic behavior. They form the basic modeling elements of
electrical network models.

Resistor types A two-pole is called a resistor, if there is a static relationship
between its power u(t) and current i(t) values, i.e.

u(t) = pli(t)) (6.15)

where p(.) is the resistance function. The resistor is linear, if u(t) = R(t) - i(t)
with R(t) is the resistance, and linear and time-invariant when R(t) = R, i.e.
the resistor is of constant resistance.

The inverse of the resistance function is called the inductance function, and
the reciprocal value of the resistance is called inductance:

i(t) = y(u(t)) , i(t) =g(t) - u(t) (6.16)

Capacitor types Capacitors are also two-poles that have a dynamic behavior
described by the equations

i(t) = —= (6.17)
where ¢(t) is the electrical charge, and

qg=p(u), or wu=h(q) (6.18)

where ¢ is the characteristic function of the capacitor.
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Figure 6.6: General, linear and linear time-invariant capacitors

Figure shows an example of a nonlinear characteristic function, together
with different capacitor types. The linear capacitor has a linear characteristic
function in the form ¢(¢t) = C(¢) - u(t) with C(¢) being the capacitance, and a
linear time-invariance capacitor has a constant capacitance C'.

In the simplest LTI case the relationship between the power and the current
of a capacitor is as follows

du(t)
dt

i(t)=C (6.19)

Coil types A coil is a two-pole that has a dynamic behavior, too. Its describ-
ing equations are as follows:

_du(
u(t) = o (6.20)

where U(t) is the magnetic flux, and
U =1(i), or i=h(D) (6.21)

where v is the characteristic function of the coil.
A nonlinear characteristic function together with different coil types can be
seen in Fig. The linear coil has a linear characteristic function in the form
U(t) = L(t) - i(t) with L(t) being the inductance, and a linear time-invariance
coil has a constant inductance L.
In the simplest LTT case the relationship between the power and the current
of a coil is as follows
di(t)

u(t)=1L g7

(6.22)
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u l L(t)

Figure 6.7: General, linear and linear time-invariant coils

6.4.2 Basic principles: Kirchhoff’s laws

The elements or two-poles of an electrical network form a graph where the
vertices are the connection points of more than two two-poles connected by
edges called branches.

Kirchhoff’s laws express the conservation of electrical charge and energy
within electrical networks.

Kirchhoff’s vertex law

Kirchhoff’s vertex law applies to any vertex of the electrical network and ex-
presses the conservation of electrical charge. As current ¢ is the time-derivative
of charge, this law has the form

K
> ik(t) =0 (6.23)
k
in every time instant for a vertex joining K branches.

Kirchhoff’s circle law

This applies to any of the circles in an electrical network, and states that the
signed sum of voltage along the circle is zero

> un(t) =0 (6.24)
k
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Figure 6.8: A simple circuit

in every time instance.

Example of Kirchhoff’s laws

In order to show how to apply the Kirchhoff’s laws, a simple electrical network
is depicted in the left sub-figure of Fig. [6.8 The right sub-figure shows the
underlying graph, where the vertices are numbered, and the independent circles
are also indicated.

The two-pole describing equations relate the currents and powers of the ele-
ments in the networks as follows.

Uy = uy

Uz = Ry - 1o

is=Cy- L (6.25)
Uy = Ry -1y

di5
Uus = L5 T

Three vertex and two circle type Kirchhoff equations can be constructed
i1+12=0
i1+13+14=0
—11 —i3 —i5 =0 (6.26)
—Uj] + Ug + Uqg + Us =0
—uz+ug +us =0

6.4.3 Example: simple harmonic oscillator

The example of a simple harmonic oscillator is used to illustrate how to develop a
dynamic system model of an electrical system based on the above first principles.

The electrical network form of the harmonic oscillator is shown in Fig.
The system consists of a power source, a resistor, a capacitor and a coil.

Modeling assumptions
F1 Simple LTI two-poles are assumed.

F2 The power source upe is the external input.
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Figure 6.9: The simple harmonic oscillator

Model equations The two-pole description equations are as follows:
e resistor: U = R-1
e capacitor: i = C - dd%
e coil: uL:L-%

The Kirchhoff’s circle law applies to the only circle

—Upe +UR +ur, +uc =0 (6.27)

The two-pole description equations together with Eq. ([6.27) form the set of
model equations.

State space model Let us choose the current of the circuit ¢ and the power
of the capacitor uc as state variables. Then we can differentiate Eq. (627)) and
substitute the two-pole equations into it to obtain the following state equations.

di _ R, 11
ae L T preT e

duo _ 1,

a o’

6.5 Bio-electrical system example: a simple neu-
ron model

Neurons are interesting dynamical systems where a combination of physico-
chemical reactions and bio-physical (electrical) phenomena are taking place.
Dynamical modeling and parameter estimation of neurons is a challenging and
quickly developing area with great importance in understanding the operation
of certain physiological processes and potential use in research, therapy and
drug design.
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6.5.1 A simple Hodgin-Huxley neuron model

The electrical properties of a cell are described by using the so called ionic chan-
nels present in the cell membrane. Each ironic channel acts as an element that
affects the transmission of a specific ion to and from the cell to its environment.

Simple description of ionic channels The current in an ionic channel is re-
alized by the movement of some ion type X (for example X = Ca?*) through the
cell membrane. This movement is influenced by the voltage difference between
the internal and external volume of the cell V', and by the electrochemical po-
tential difference E'x that is caused by the concentration difference of the given
ion X between the internal and external solution. Therefore, each ion channel
is represented by an element of the model that is a nonlinear conductance that
describe the electrical conductance of the membrane with respect to the ionic
current with a sequential power source that corresponds to the electrochemical
potential difference. The ionic channel sub-model described the ionic current
resulted in the channel.

The Hodgin-Huxley model A Hodgin-Huxley (abbreviated as HH) model
is a modular electrical circuit type model of the cell membrane. Here each ionic
channel produces its ionic current independently of the others driven by the
overall voltage of the cell membrane and by the concentration difference of the
corresponding ion, so it is a perfectly modular model.

The model presented here is the simplified version of the one described in
[16], where more details can be found.

6.5.2 The electrical circuit model

The electrical circuit HH model consists of the following elements:

e A Nat channel is assumed with standard characteristics. The ionic cur-
rent related to this channel will be denoted with In1.

e A rapid KT channel is also taken into account, responsible for the rapid,
transient component of the outward K™ current (/7).

A voltage gated delayed outward rectifier K channel can be assumed,
which contributes to the more slowly activating, sustained component of
the outward KT current (If2).

We consider a T-type voltage gated Ca®* channel (Icq1).

A high voltage gated C'a® channel is also assumed (Icq2).
e Static leakage currents are described with constant conductance (I7,).

The equivalent electric circuit of a simple GnRH neuron model in the
case when all of the above conductances are taken into account is shown in Fig.
0. 10
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Figure 6.10: Parallel conductance model with different ion channels

6.5.3 Dynamic model equations
The model depicted in Fig. can be described with the following equations:

dVm 1 1
_ = —— (I a I I I a 1 a 1 _IEI
a C,(N1-|- K1+ 1Ix2 + lca1r + lca2 + L)+C
dm;  Mico — My dhi  hico — hy
dt o Tmi ’ dt o Thi

where V' is the notation for the membrane voltage, C' is the membrane ca-

pacitance, In,1 denotes the sodium current, Ix; denotes the various potassium
currents, Ioq; stands for the calcium currents, I, for the leakage. The m,; and
h; variables are the activation and inactivation variables of the corresponding
currents. Moo, Nico and 7,,;/p; values are nonlinear Boltzmann and Gauss -like
functions of the membrane potential:

1
moovhoo(vhalka) = Vhalf—V
l14+e K
= (Vmag =V)?
T(‘/y VUL(LJL‘y g, Camp7 Cbase) = Cbase + Camp e o2

I.,. refers to the external injected current, and the indices refer to: i = 1 - Ing1,
1=2-Ig1,1=3-1Ikg2,i=4-1ca1,1=5- Ica-

INai = gNamihs (V= Ena) Ik1= Gr1mahs (V- Exk)
Ik = Ggramshs(V —Ex) Icar = gcazmshs(V — Eca)
Icas = Geazmghs(V — Eca) It =gr(V — Ep)

where the Eng, Fx, Fc, and Ej, values denote the reversal potentials of the
corresponding ions and the leakage current.



Chapter 7

Dynamic chemical and
biochemical models

In the earlier chapters it was assumed that the composition of the material in
the various balance volumes is unchanged during the dynamics. This chapter is
devoted to dynamic chemical and biochemical models, where the primary focus
is the change of the composition in various parts of the system.

The underlying engineering disciplines of modeling dynamic chemical sys-
tems are thermodynamics, together with chemical and biochemical reaction
kinetics. The basic principles of reaction kinetics are briefly summarized in
section [[3l Because of the thermal effect induced by the chemical reactions,
the methods of modeling thermal energy systems discussed earlier in chapter
are also important here.

7.1 Characterization of chemical systems

Chemical systems are characterized by the presence of chemical reactions, that
affect both the composition of the system and its energy. Therefore, besides of
the overall mass and energy conservation balances, we shall consider component
mass balances, too.

Modeling objects

Together with the class of thermal energy systems that are also governed by the
laws of thermodynamics, chemical and biochemical systems belong to the class
of process systems. As before in the book, we only consider the simplest case
when the model is based on perfectly stirred balance volumes, therefore,
lumped parameter dynamic system models are resulted.

As a consequence, the basic modeling object is a perfectly stirred balance
volume that is single phase and homogeneous in its composition and other ther-
modynamical state variables (temperature and pressure).

73
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Mechanisms

Besides of the mechanisms that characterize thermal energy systems (see in
section B.I.T)), the mechanisms that are important in a chemical or biochemical
model are as follows:

e Chemical reactions are the most widespread mechanism in chemical sys-
tems that are described by reaction rate equations in the component mass
balances. The rate expression is a polynomial function of the concen-
trations for chemical reactions with mass action law, and it is a rational
function of the concentration for biochemical kinetics.

e Chemical reactions have a thermal effect associated with them that is
twofold. Firstly, the reaction rate depends on the temperature through
the temperature dependence of the reaction rate coefficient k (a physico-
chemical property). This dependence is commonly described by the so
called Arrhenius law, that is an exponential type relationship.

Secondly, chemical reactions produce/consume energy that is proportional
to the reaction rate, that is an induced energy term in the energy balance
equation.

e In chemical systems we may have mixing and separation mechanisms, such
as distillation, dissolution, crystallization, etc., but we do not discuss them
in this book.

7.2 Conservation balance equations

In the general case three types of conservation balance equations are applicable
in chemical and biochemical system models: the overall mass, the component
mass and the energy balance equations.

As we have seen before, there are relationships between terms in the different
balance equations that belong to the same mechanism. In order to show this, we
discuss the above three types of balance equations in a logical order for only a
single balance volume with only a single chemical reaction A — B with reaction
rate r (measured in units [mol/s]), where A and B are the so called chemical
components or species (such as H2O, for example).

We recall that only perfectly stirred balance volumes are considered. Fur-
thermore, we assume constant physical properties (such as density, heat capacity
etc.) to make the presentation as simple as possible. The flow-sheet of the sim-
ple balance volume that will be used for illustrating the construction of balance
equations for chemical systems is shown in Figure [[1]

7.2.1 Overall mass balances

For the sake of simplicity let us assume that we have only a single mass inflow
with rate v, and a mass outflow with rate vy, both are in units [kg/s]. Then
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Vo, Ca

Figure 7.1: The simple balance volume for chemical systems

the overall mass balance is in the following simple form

dm

E = V5 — Vo (71)

7.2.2 Component mass balances

Assume we have K chemical components in the balance volume that are con-
nected with chemical reactions. Because of the overall mass balance equation,
we can only have K — 1 independent component mass balance equations, there-
fore, we can only construct a single independent component mass balance for
the component A when only a single chemical reaction A — B is present.

Because reaction rates are usually given in units [mol/m?3/s] (or [mol /kg/s]),
it is common to use the unit [mol/m?] (or [mol/kg]) for component concentra-
tions. Therefore, if the concentration of component A is ¢4 (in units [mol/kg]),
its component mass is m4 = m - c4 in the overall mass of the balance volume.
Similarly, the component mass inflow of the mass inflow v; with the inlet con-
centration cy4 is mya = vy - ¢ra. Then the component mass analogue of the
overall mass balance (7)) can be written in its extensive form as

d(m-cqa)

o =vr-cra—vo-ca—m-R (7.2)

where R is the reaction rate.

It is important to note that the first and second terms in the above equations
are induced component in- and oul-flow terms, that are the consequences of the
in- and out-flow terms in the overall mass balance equation (TI]).
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7.2.3 Energy balances

The energy balance of the above simple balance volume with a single in- and
out-flow and a chemical reaction will account for the induced energy terms for
the convective in- and out-flow and that of the chemical reaction in the following

form:
dU

o= cprvrTr — cpvoT — AH -m - R (7.3)
where ¢,; and ¢, are the specific heat of the in- and out-flow, respectively, 17 is
the inlet temperature, T is the temperature and U is the internal energy of the
balance volume and AH is the reaction enthalpy, a chemical property measured
in units [J/mol]. Note that, by convention, the reaction enthalpy is negative
for exothermic (i.e. energy generating) reactions.

It is important to note, that the above form of the energy balance equations
is only valid when there is a large amount of inert (i.e. non-reacting) component
present in the system such that the specific heat of the material in the balance
volume can be assumed to be constant, i.e. independent of the composition.

7.3 Constitutive equations

In addition to the constitutive equation types present in thermal energy sys-
tems (see section 54 earlier, there are some characteristic constitutive equa-
tion classes present in chemical and biochemical system models. These are the
chemical and biochemical reaction rate equations, and some special property
relations related to reaction rate coefficients and reaction enthalpy relations.

7.3.1 Extensive-intensive relationships

Earlier we have already seen the extensive and intensive relationship between
the internal energy U and temperature T' that is present in energy balances and
in energy systems (see Eq. (52)) in subsection E.4T]).

Besides of this, there is another characteristic extensive intensive relationship
between component concentration ¢4 and component mass my of component
A that is in the simple form

ma =m-cy (7.4)

where m is the overall mass of the balance volume, and the concentration is
measured in units [mol/kg].

7.3.2 Mass action law reaction rate equations

The simplest, widely used and powerful way of describing how the reaction rate
depends on component concentration is the use of mass action law. Physically,
it originates from the molecular collision picture, that states that the rate
of a chemical reaction is proportional to the number of collisions of the reacting
molecules in unit time. This implies that the reaction rate is a product of
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the concentration of the reacting components taken on integer exponents, the
maximum of which is 2.

Simple interactive illustration of the molecular collision picture The
effect of the temperature and pressure on the rate of chemical reactions and on
chemical equilibriums when molecular collisions result in chemical reaction can
be investigated by interactive simulation using the ”Rate Experiments” tab of
the interactive reactions and rates simulator.

The simulator has been created in the framework of the PhE
[12] at the University of Colorado PhET project.

TTM project

Elementary reaction steps

Each reaction is assumed to be built from elementary reaction steps, that are
irreversible reactions in the following form:

K K
Zo‘ijxi%Zﬂinz‘ j=1,..,r (7.5)
=1 i=1

where X; denotes a chemical component (for example water H»O), K is the
number of components and the stoichiometric coefficients a;; and f3;; are always
non-negative integers. Chemical components are also called species in chemical
reaction kinetics.

Complexes

A multi-set of chemical components is C, (k = 1,...,m) associated to the left-
hand sides (describing the reacting components) of the reaction steps in the
form of

Cj = { aini | for Q5 75 O, 1= 1, ,K} (76)

Reaction rate expression

If a reaction step Zfil ;i X; — Zfil B:;X; obeys the mass action law, then
its reaction rate R; (measured in units [mol/m?/s] or [mol/kg/s]) is in the
following form

Rj = kj H C;lij (77)

where ¢; is the concentration in [mol/m?] (or [mol/kg]) of component X; and
k; > 0 is the reaction rate constant of the jth reaction, that is always positive.

Simple linear example Let us assume a simple reaction kinetic system with
two irreversible steps and three components

X1—>X2—>X3


http://phet.colorado.edu/en/simulation/reactions-and-rates
http://phet.colorado.edu/
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Then the reaction rate equations are

Ri =kic; , Ro=koco

Simple nonlinear example Now we consider a simple elementary reaction
step
2A+B—=C

Then the reaction rate equation is

R = kccp

7.3.3 Biochemical rate equations

Biochemical rate equations usually have a more complicated algebraic form than
the ones implied by mass action law (7). The reason for this lies in the fact that
biochemical reactions do not obey the mass action law but they are described
by an overall reaction rate expression that includes possibly many elementary
reaction steps.

The most widespread reaction rate expression is the so-called "monod” ki-
netic rate that describes the concentration change of the components Xp and
X as a consequence of a biochemical reaction

CB

R —koc.—B
(c,cB) c [

(7.8)
where cp is the concentration of the biologically active component (e.g. the
biomass), ¢ is that of the substrate with k and kp being constant coefficients.

A more complicated expression also in the form of a rational function is also
often used in the form of

cp
kp +cp+ kpick

R(c,ep)=k-c (7.9)

where kg1 is also constant.

7.3.4 Chemical property relations

There are two physico-chemical properties that are directly related to chemical
reactions: the reaction rate coefficients k and the reaction enthalpies AH, that
have a dependence on the thermodynamical state variables, on the temperature
T, pressure p and composition. Usually we assume that they only depend on the
temperature but not on the pressure and composition.

Reaction rate coefficient relations

It is widely assumed that the reaction rate coefficient depends exponentially on
the temperature 7' (measured in units [°K]) in the balance volume

k=ko e #T (7.10)
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where kg > 0 is the pre-exponential factor, £ > 0 is the activation energy and R
is the universal gas constant. The above expression is the celebrated Arrhenius
law.

Reaction enthalpy relations

The reaction enthalpy is the factor in the energy balance equation (T3] that
gives the thermal effect of a chemical reaction. This is a physico-chemical prop-
erty that - in principle - can be computed from the specific enthalpies of the
components participating in the chemical reactions, if the temperature, pressure
and composition dependence of these enthalpies are also taken into account.

If we assume constant specific enthalpies and/or a large amount of inert
(non-reacting) component is present in the system, the reaction enthalpy can
be used for describing the thermal effect.

Similarly to the case of reaction rate coefficients above, only the tempera-
ture dependence of the reaction enthalpy is usually taken into account, that is
AH(T). Although this temperature dependence is exponential in nature, most
often one resorts to an approximating polynomial function, such as

AH = Hy - (L4 e (T — Tp) + e (T — Tp)?) (7.11)

where Ty is a suitable reference temperature, Hy is the reaction enthalpy at the
reference temperature, and cg;,7 = 1,2 are constants.

7.4 State space model form of chemical and bio-
chemical models

As we have already seen in the case of energy systems (see section [B.5]) one
should transform the engineering model originating from first principles into a
form that corresponds to the usual state space models. Therefore, one should
substitute the algebraic constitutive equations into the differential ones and
construct the intensive variable form of the conservation balance equations.

7.4.1 Intensive variable form of component mass balances

Similarly to the transformation of the energy balance equations to its intensive
variable form (see subsection [£5.]) we illustrate the procedure of transforming
the component mass balance equation into its intensive variable form using the
following simplifying assumptions

F1 A single perfectly stirred balance volume with a single A — B type chem-
ical reaction is considered with overall mass m and internal energy U.

F2 One in- (v7) and one out-flow (vp) is assumed, that are mass flows [kg/s].

F3 Constant thermodynamical properties are assumed.
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F4 The component concentrations ¢4 and ¢p are measured in [mol/kg|, and
the unit of the reaction rate R is [mol/kg/s|, accordingly.

The component mass - concentration relationship in the form m4 = mcy is
used for expressing the non-measurable component mass with the measurable
concentration c4 and mass m. Using assumption F3 above, the component mass
balance equation (Z2)) can be rewritten in the following form.

dca dm
Mm—— +CA—— = V[ -Cfa— V0 Ca—Mm R 7.12
o A 1 CIA — VO " CA (7.12)
Now we can substitute the overall mass balance equation (ZI]) into the above
equation, that - after rearrangement - can be written in the following intensive
variable form
dcy vy
—— = —-(cja—ca) — R 7.13
o =, (ra—ca) (7.13)
This is now in the form of a state equation originating from the component mass
balance.

7.4.2 State and output equations, system variables

As we have already seen before in subsection [5.5.2] the state equations originate
from conservation balances. Therefore, we may have K + 1 state equations in
a chemical system, that originate from the overall mass, energy, and from the
K — 1 independent component mass balances for each balance volume.

State variables It follows from the discussion on the potential state equations
above, that the set of state variables of a chemical system consisting of N
perfectly stirred balance volumes may include the overall mass (or a derived
extensive variable, for example a level) and the temperature of each balance
volume, together with the component concentrations, i.e.

x=1[mi Ti,cipk=1,.,K|i=1,..,N]" (7.14)

as state variables.

7.5 Example: a simple fed-batch fermenter

Fermenters are special bio-reactors of great practical importance. They are
mostly regarded as continuous stirred tank reactors (CSTRs) in which special
fermentation reactions take place. Fermentation reaction rate expressions are
usually quite complex and highly nonlinear. They are often the main source of
nonlinearity in dynamic fermenter models.
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Figure 7.2: The simple fed-batch fermenter

System description

Consider a simple perfectly stirred tank in which a fermentation reaction
1
?S +X—=2X+P

takes place that consumes the substrate S and produces biomass X and products
P. The yield coefficient Y is smaller than 1.

Figure[Z2lshows the flow-sheet of the system. The fermenter is operating in
a fed-batch mode, i.e. we continuously feed a solution of solvent to the system
with a feed flow rate F measured in [kg/s].

The goal is to construct a simple lumped dynamic model for dynamic analysis
and control purposes.

Modeling assumptions

The following simplifying modeling assumptions are used:

F1 Here we assume that the fermenter is operating under isothermal condi-
tions, so that no energy balance is needed.

F2 Constant physico-chemical properties are considered.

F3 The biomass growth rate is described by a nonlinear static function p,
that is of the biochemical reaction rate type (9.

F4 Initially a solution containing both substrate and biomass is present in
the fermenter.

F5 During the operation we feed a solution of substrate with a given constant
feed concentration Sy to the reactor.
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The particular nature of a fermentation model appears in this so-called
biomass growth rate function, which is highly nonlinear and non-monotonous in
nature. Figure shows the shape of this function. The maximum type char-
acter of the curve, i.e. the non-monotonous property, is the one which makes
the system difficult to control. The following algebraic form of the function in
Fig. is used

HmazT2
= 7.15
N($2) kl +ZZ?2 “erCC% ( )

where x4 is the substrate concentration.

The variables and parameters used in the model are given later in sub-
sections System variables and Model parameters.

Model equations

The simplest dynamic model of a fed-batch fermenter consists of three conser-
vation balances for the biomass X (e.g. yeast to be produced), that of the
substrate S (e.g. sugar which is consumed by the cells) and for the overall mass
in the following form.

Overall mass Assuming constant physical properties and the same density
of the feed as the bulk fluid in the tank we obtain

av
=F

== (7.16)
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Component mass balances These are constructed for the substrate with
concentration xo and for the biomass with concentration x1 such that the sub-
strate source of the inlet, and the effect of the reaction is taken into account.
The extensive variable form of the component mass balances is as follows.

d(l'lV)

o = Vp(zz)x (7.17)
0 = V. ?,u(xg)xl + SyF (7.18)

The intensive variable form of the above component mass balances is con-
structed by performing the derivation of the products on the left-hand sides,
and substituting the overall mass balance (ZI0) into them.

State equations

Under the above assumptions the nonlinear state-space model of the fermenta-
tion process can be written in the following input-affine form [20]:

&= f(z) +g(x)u (7.19)
where
X X
r=|a2 | =98 |, u=F (7.20)
T3 14
Mmaaxl2T] X1
/f(w2)‘r1 k1+12+§2$§ S_f_g
f(z) = —7/15)&62)551 = | “mhasnay | 9@ =| 22| (72D
0 1

System variables

The variables of the model and their units are the following:

x1 =X  biomass concentration (state)  [g/]]
x9 =S  substrate concentration (state) [g/]]
xz =V  volume (state) 1]

[

u=F  feed flow rate (input) 1/h].

Model parameters

A typical set of constant parameters and their values is as follows:

Y =05  yield coefficient []
lmaz = 1 maximum growth rate [(h=1]
k1 =0.03 Monod constant [g/1
ko =0.5  kinetic parameter [/
Sy =10  influent substrate concentration [g/
Xr=0 influent cell concentration g
c1, Co reaction enthalpy coefficients [
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7.6 Chemical reaction networks

Chemical reaction networks (CRNs) form a special class of positive nonlinear
systems, where the state variables (component concentrations) are positive in

nature [3], [].

The following modeling assumptions are usually applied when constructing
the model of a CRN.

F1 A single perfectly stirred balance volume is considered, that is closed, and
operates under isothermal and isobaric conditions. This implies constant
total mass m, temperature 1" and pressure p.

F2 n chemical components or species X;, ¢ = 1,...,n take part in r chemical
reactions.

F3 The chemical reaction obeys the mass action law (MAL).
F4 Constant thermodynamical properties are assumed.

Because the system is assumed to be thermodynamically closed, its total
mass (and its volume because of the constant density) is also constant.

7.6.1 The formal description of the reaction system

As the validity of the mass action law is assumed for the chemical reactions (see
assumption F3 above), we can use the reaction rate forms in Eq. (7)) described
in subsection Then the reaction rates are described using the so-called
reaction monomials associated to the complexes in the form

n

i) =[] (7.22)

=1

The stoichiometric matrix Y The elements of the stoichiometric matrix
Y are the stoichiometric coefficients of the components ¢, ¢ = 1,...,n in the
complexes 7, 7 = 1,...,m, such that the stoichiometric vector of the jth complex
forms the jth column of matrix Y

Ylij=a;; , j=1,.,m;i=1,..,n (7.23)

The reaction graph The structure of the chemical reactions are described
by a weighted directed graph, called the reaction graph, where

e the vertices correspond to the complexes,

e the directed edges describe reactions.
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Figure 7.4: The reaction graph of the simple linear example

The Kirchhoff matrixz of the reaction graph Aj € R™*™
[Ar]i; = _Z?ilkil if i=j
Wi kji it QA
contains the reaction rate coefficients, and it is a column conservation matrix,
that is, the sum of the elements in each of its columns are zero.
Dynamic state equations These are ODEs in the following simple form

d
d—fZY-Ak-so(:vFN-so(:v)

7.6.2 A simple linear example

Let us assume a simple reaction kinetic system with two reversible first order
steps (i.e. 4 irreversible elementary reaction steps) and three components

X; = Xy & X3

The dynamic state equations are linear ODEs

% = —kici + kaeo

dc

d_t2 = k161 — kQCQ — kgCQ + k463
des

oo = ksca — kacs

The stoichiometric and Kirchhoff matrices are

10 0 —k ko 0
Y=|0 1 01|, Ap=| ki —(ka+ks) Kk
0 0 1 0 ks —ky

The reaction graph of this simple linear example can be seen in Fig. [[4]

7.6.3 The Michealis-Menten kinetics

The Michaelis-Menten kinetics is the simplest example of an enzyme kinetic
reaction that is widely used for kinetic and model reduction studies. The overall
reaction equation is

E+S2E+P (7.24)
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Figure 7.5: Reaction graph of the Michaelis-Menten kinetic scheme

where E is the enzyme, S is the substrate and P is the product of the reaction.
The enzyme acts as a catalyst. The mechanism assumes that the substrate
forms a complex ES with the enzyme in a reversible reaction step that can
react further to form the product P and giving back the unchanged enzyme E.
There is a substrate inhibition step in the scheme, too.

The kinetic scheme consists of three reversible reactions

E+S=ES ES=E+P ES+S=ESS (7.25)

The dynamic model The reaction kinetic model now consists of the compo-
nent mass balances for the species S, E, ES, ESS and P. These can be written
in the following ODE form with z = [c1, ¢a, ¢3, ¢4, 05]T.

dCl

ol —kfeiea + ki s — ky cies + ko cs (7.26)
dCQ o + — + —
T —k"cico + ki cg — k3 cacs + ks ey (7.27)
d
% = +]€1’_0102—]€1_03+k2_0105—/€3_03 —

—k3cacs + k3 eq (7.28)
d
% = thicaes — k3 (7.29)
d
% = —kycics +kics (7.30)

The reaction graph The reaction graph consisting of two connected compo-
nents can be seen in Fig.
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Characterizing matrices The stoichiometric and Kirchhoff matrices are in
the form

1 01 00 —k ki 0 0 0

100 10 EF —(ky +k3) k3 0 0

Y=|01010],A=]| 0 ky ~ky 0 0
00001 0 0 0 —ki ks
00100 0 0 0 ki —kj
(7.31)

The procedure of constructing the formal description of a CRN Given
the chemical reaction equations (T.25]), one can construct the reaction graph,
the dynamic model equations and the characterizing matrices in a simple algo-
rithmic way that is illustrated in details in the animation

formal description of a chemical reaction network


animaciok/crn.avi
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Chapter 8

Model analysis and
verification

The next step after constructing the dynamic model equations is to analyze the
model equations and their solution. This can only be performed in a qualitative
way, because usually not all of the model parameter values are known due to the
fact, for example, that the simplifying modeling assumptions may cause that
the parameters loose their exact physical meaning.

The aim of the model analysis is to perform a first rough checking of the
model against engineering intuition: this is called model verification. Here we
check if the model behaves - at least qualitatively - the way we expect: if it is
stable, for example.

This chapter is devoted to the notions, methods and tools of the qualitative
analysis of the models and their solution.

8.1 Analysis of dynamic models

First we recall, that lumped dynamic models developed from first engineering
principles are mathematically in the form of ordinary differential equations (ab-
breviated as ODE) originating from the conservation balance equations, and
from algebraic constitutive equations. This model form is called a differential-
algebraic equations system, abbreviated as a DAE system in the general form

9t = F(z,2) , x(ty) = xo
(8.1)
G(x,z) =0

where x is the vector of differential, and z is the vector of algebraic variables,
and F and G are nonlinear functions. In order to compute the solution, one
needs to provide suitable initial conditions for the differential variables, as well.
Most often the function G(z, z) can be made explicit for the algebraic vari-
ables, when z = G(z), and this is substituted into the differential equations to

89
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have a purely ODE model

i F(z) , z(to) =xo (8.2)
For the sake of simplicity we restrict our attention to this case.

For the sake of dynamic analysis one needs to identify the input, output and
disturbance variables in the system to be modeled and augment the model in
Eq. (B2) with these variables and an output equation (see section2:21]) to have
a nonlinear state space model in the form

dz — Pz, u T =x
?jt:_HF(‘:iJL)) ) (to) 0 (83)

8.1.1 Steady states

The first important property of interest, that jointly characterizes the dynamic
model and its solution is the set of the steady states. This can be formally
obtained by equating the time-derivative of the differential variables to zero
(42 = 0) in the model equations ([BZ) or in the state equation of the state space
model in Eq. (83) assuming constant values of the input variables.

Then one needs to solve the resulting - usually nonlinear - set of algebraic
equations for obtaining the steady state values x*. The set of nonlinear algebraic
equations may not have any solution, or may have more than one. The existence
and multiplicity of the steady states is a characterizing qualitative property of a

developed dynamic model.

8.1.2 Linearized model equations

If a dynamic model has a steady state point z* for a given steady state input u*,
then the steady state value of the output y* can also be easily computed from
the model in Eq. 83]). Then the local dynamical behaviour around the steady
state point (u*, 2*,y*) can be characterized using a locally linearized state space
model around a steady state point that is in the usual LTT form (see section

Z2.T)

di  _ A4 B
at A3~: + Bzf (state eq.) (8.4)
y = CZ+ Du (output eq.)

where the state, input and output variables are deviation variables, i.e.
Z(t) =z(t) — 2", a(t)=ult)—u*, g)=yk) -y,

and the LTT model matrices A, B, C and D can be obtained as

A= OF — OF
Oz I« — Qu lx
O = 94 _ OH
T Oz Ix T Ou lx

with = being the real state variable, and the Jacobian matrices (e.g. %—i) are

taken at the steady state point that is denoted by |..
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Using the above linearized LTI state space model, the local dynamic proper-
ties, such as local stability, local controllability and observability can be easily
investigated. The local dynamical properties form the second important qualita-
tive characteristics of a dynamic model.

It is important to note that the locally linearized model itself together with
its local dynamical properties is strongly steady state point dependent. The
dependence - that can be analyzed varying the steady state input value u* - is
also a characteristic qualitative property of the model.

8.1.3 Solution of dynamic models

Because of the nonlinear character of the model equations ([83)) or (82, there
is not much hope to find an analytical solution in a closed form. Instead,
numerical methods of computing the solution of ODEs (see e.g. [5]) are applied
for obtaining a solution for a given initial value and the input signal values given
for the integration interval. Usually a program implemented in a simulation
environment (for example MATLAB) is used to construct a dynamic simulator
of the model, that can be applied for the analysis of the solution properties, and
later for control and diagnostic studies.

Problem statement of model solution

In order to collect the necessary ingredients that are needed for computing the
solution of a dynamic model, we give a formal problem statement below.
Given

e the model equations: systems of ordinary differential and algebraic equa-
tions (DAEs),

e the initial values,
e the parameter values,

e the time interval of interest.

Construct the solution of the model, i.e. the time dependent value of the
variables in the system model.

Numerical solution methods

Most often numerical solution methods of ODEs based on finite difference ap-
proximations, e.g. various versions of Runge-Kutta methods [5] are applied, for
which there are ready subroutines in most of the simulation environments (e.g.
MATLAB). The following properties are important if one wants to find or select
a proper solution method

e numerical stability (explicit versus implicit methods)
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Figure 8.1: Unit step response

e the ability to handle stiff models
e accuracy (the order of the method)

e the way and flexibility of automatic selection of the integration steps

8.1.4 Response to test signals

The response of a system to the widely applied test signals - such as to a
sinusoidal harmonic input, or to a unit step signal - characterizes the system
behaviour and may serve as an input-output model for an LTI system (see [9]).
At the same time, such a response can be obtained easily both experimentally
from a real system and by numerical computations using its dynamic simulator.
Therefore, these responses to the usual test signals are characteristic quali-
tative properties of the developed dynamic model.

Unit step response

The unit step is a simple, easily implementable test signal, that is zero until
t = 0 and jumps to 1 thereafter. This is the most widespread characteristics of
both linear and nonlinear systems.

The notion of the unit step response function is depicted in Fig. Bl in the
case of a single-input single-output (SISO) system.

Impulse response

The unit impulse, also known as Dirac-delta function is the time-derivative of
the unit step function, that can only be realized approximately.

Despite of this, the impulse response function (or weight function) is a widely
accepted and used model form of continuous time SISO LTI systems, that is
defined as the system response to a unit impulse input signal.
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8.2 The structure and structural analysis of dy-
namic models

As it has been emphasized before, a newly developed dynamic model is most
often incomplete in the sense, that the value of some of its parameters is not
known, it is to be determined in the next step of the 7 step modeling procedure
during the model calibration. This means, that only the functional form or the
structure of the dynamic model is given, that can be and should be used for
model analysis.

This section deals with the formal characterization of the dynamic model
structure, and with the methods and procedures that can be used to derive
structural dynamic properties (such as structural controllability, for example)
therefrom.

8.2.1 The structure of state space models

The formal description of the structure of dynamic models is based on the
notion of signed structure matrices. The matrix with sign-valued elements [4]
is a signed structure matrix of a numerical matrix A, when

+ if Q5 > 0
— if Q5 < 0

Structure graph

The so-called structure graph is associated with a concentrated parameter non-
linear state space model in Eq. ([B3) in the following way. The structure graph
is a signed (sign-weighted) directed graph (abbreviated as SDG) S = (V, E; w)
- where V is the set of vertices, E is the set of edges, and w is the edge weight
function - with the following properties.

e The partitioned vertez set V corresponds to the state (X), input (U) and
output (V') variables

V=XUUUY
XNU=XNY=UNnY =10

e The directed edges in the set E correspond to direct effects between vari-
ables, an edge starts at the cause variable and ends at its consequence.

e The edge weights w describe the sign of the effect, where ”+” corresponds
to increasing and ”-” to decreasing effect.
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The occurrence matrix of a structure graph An o;; entry in the oc-
currence matrix O is computed from the edge weight values w;; of the edges

(vi,vj)

0 — Wij if (’Ui,’Uj) cF
Y10 otherwise

For a linear(ized) LTI state space model (in Eq. (84])) with the parameters
(A, B,C, D) and the variable order (u,z,y) the following occurrence matrix is
obtained.

0 0 O
o= [B] [4 o
[D] [C] 0

where the 0-s here denote zero matrices of appropriate dimensions.

Paths in the structure graph A directed path P = (vi,v2,...,0,) , v; €
V', eii+1 = (vi,viq1) € € in the structure graph corresponds to the indirect
effect of variable v on variable v,.

The value of the path is defined as

n—1

W(P) = H w(€;it1)

i=1

i.e. the value is the product of all signs along the paths.

8.2.2 Example: the structure of a heat exchanger cell
model

In order to illustrate the notion of the structure graph, the SDG model form
of the simple heat exchanger cell model developed in subsection B.6.1] is given
here.

The LTI version The state space model equations (B.13]) and ([G.14]) are used
with assuming that

1. the flow rates v. and vy, are constant, and
2. the inlet temperatures T.; and T}; are the manipulable input variables.

Furthermore, a simple y = x output equation is assumed, i.e. we can directly
measure both state variables.

Under the above assumptions the resulting state space model is LTI, and its
SDG is depicted in Fig.
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Figure 8.2: The SDG of a heat exchanger cell model

The procedure of constructing the structure graph from the state
space model equations The simple algorithmic way of how to construct the
structure graph of a model given the LTI state space model equations is illus-
trated here in the animation

drawing the structure graph of the heat exchanger cell

using the simple heat exchanger cell example above with the state space model

equations (5.13) and (GI4).

A nonlinear version A nonlinear (more precisely bilinear) version of the
state space model is obtained, if we relax assumption 1. above, but assume
instead, that the flow rate vy, is the time-dependent disturbance signal, and the
other flow rate v, remains constant.

Then the augmented version of the SDG model with a disturbance is depicted
in Fig.

8.2.3 Structural properties

Structural properties - such as structural stability, for example - hold for a class
of systems with the same structure. This means, that the class members have a
state space model, the structure graph of which is the same.

In other words we say that a system has a structural property if every element
in the class of systems with the same structure - with a possible extension of a
zero-measure set - has the property.

Relationship between the ordinary and structural version of the same
property From the above formulation of structural properties it follows that


animaciok/sdg.avi
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Figure 8.3: The SDG of a heat exchanger cell model with disturbance

the presence of a structural property for a class does not necessarily mean that
every single member of the class holds the ordinary (i.e. non-structural) version
of the property.

This is best illustrated on the example of the structural rank (s — rank) of

matrices. Assume we have a numerical matrix A € R2*2 with numerical rank
1. Then

|12 . e + + |
A_{2 4] , rank A=1,s—rank A=s rank[+ +}—2 (8.6)

Structural dynamic properties Usually, one investigates structural con-
trollability, observability and structural stability as qualitative dynamic prop-
erties of a model.

The structural controllability and observability can be checked by computing
the structural rank of the controllability or observability matrix [9], respectively.

Alternatively, necessary conditions for structural controllability and observ-
ability can be established by investigating the directed paths on the structure
graph. A system is

e structurally controllable if there exists at least one path that ends at each
state variable node and starts from any of the input nodes (input connec-
tivity),

o structurally observable if there exists at least one path starting from each
state variable node that ends at an output variable node (output connec-
tivity).
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Figure 8.4: The SDG of the fed-batch fermenter model

8.2.4 Example: controllability and structural controllabil-
ity

The using and meaning of the structural controllability analysis is illustrated

here on the example of the simple fed-batch fermenter, the dynamic state space

model of which is presented in subsection[.5l The state equations are presented

in Egs. (ZI9) that includes three state equations for the state variables X, S

and V with the input variable F'. A simple y = x output equation is added to
the model.

Structural controllability analysis

The SDG model of the fermenter is shown in Fig. B4 It can be seen that
this model is structurally controllable, because we can reach each of the state
variable nodes X, S and V from the input variable node F' through directed
paths. Note that the ”7” sign weight on some directed arcs denotes an indefinite
(unknown) sign.

Nonlinear controllability analysis

The structural controllability, however, does not mean that this particular non-
linear model is controllable indeed.
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Figure 8.5: The controllability hypersurface of the fed-batch fermenter

By performing a nonlinear controllability analysis it has turned out that
this model is not controllable, but there exists a two-dimensional manifold in
the three dimensional state space determined by the initial conditions, on which
the system moves for any input signal. This controllability hyper-surface of the
fed-batch fermenter model for the initial conditions x1(0) = 29, 22(0) = 0.5,

r3(0) = 0.5¢ is depicted in Fig. The detailed analysis is available in [20].

8.2.5 Structural properties and the unit step response

Some qualitative properties of the unit step response function can also be related
to the paths values in the structure graph that can also be used for model
analysis and verification.

These qualitative properties of the step response functions are shown in Fig.
the sign of the initial deviation, and the steady state deviation.

The sign of the initial deviation The sign of the initial deviation of the unit
step response function between an input and an output signal can be computed
as the sign-value of the shortest path or paths between the input and the output
nodes in question.

The notion of the shortest path is illustrated in Fig. B If more than
one path has the shortest length, i.e. the smallest number of connected directed
arcs, then their sign values should be sign-added, that may result in an indefinite
(unknown) sign value ”?7.
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Figure 8.6: Qualitative characterization of the unit step response
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8.2.6 The use of structural analysis results for model ver-

ification

If one has a newly developed model with possible unknown parameters, then
the following steps can be performed to verify it using the methods of structural
properties.

1.

Develop the SDG form (signed structure graph) of the developed dynamic
model that is in its state space model form.

Determine the simple structural dynamic properties of the model, and an-
swer the following questions.

(a) Is it structurally controllable?

(b) What is the sign of the initial deviation of each of the outputs to
each of the inputs?

Measure the unit step responses of each of the outputs to each of the
inputs, and determine the sign of the initial deviations.

Compare the corresponding signs of steps 2.(b) to the experimentally ob-
tained ones in step 3. If they are the same, then the model is verified,
otherwise the model should be corrected.

Compare the structural controllability properties of the model to your en-
gineering intuitions. If they coincide, then the model is verified, otherwise
it needs to be improved.



Chapter 9

Model calibration and
validation

Model calibration and validation form the last, but very important step of the
model building process (see the 7 step modeling procedure in chapter Bl). They
are closely related by the methods and algorithms they use, because they both
relate the developed model equations with measured data in order to come to
certain basic conclusions about the model. This conclusion is different in two
cases: it is the estimated value of some model parameters in the case of model
calibration, and it is the suitability or acceptability of the developed model for
model validation.

The methods and tools for model calibration and validation form a well
defined and relatively independent area of systems and control theory called
identification [9] for which there is wide literature (see e.g. [§]). Therefore we
restrict ourselves to show briefly only the basic principles of this field, and a
short case study in this chapter.

9.1 Model calibration

Dynamic models developed from first engineering principles are - in principle
- "white-box” models, where all of the mechanism describing model elements
(functions) and their parameters are known. However, one often formulates
simplifying modeling assumptions during the model development, that not only
make the model equations simpler, but may cause the appearance of model pa-
rameters with unknown physical value and/or model elements with unspecified
functional form. Then the developed model is of ” grey-box” nature, where most
of the model is completely known with some unknown parts.

Then one can use measured data from the real system to be modeled to
estimate the model parameters (or other unknown structural elements). Model
calibration methods are used for this purpose.

Because we want to show only the basic principles of model calibration,
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we only deal with the case when the model contains unknown parameters but
no unknown structural elements. Then model calibration simplifies to model
parameter estimation.

9.1.1 Problem statement of model parameter estimation
The general problem statement of model parameter estimation can be formu-

lated as an optimization problem in the following form.

Given

e a parameterized sampled discrete time explicit dynamic system model in
the following general form

y M = M(u; p™0) (9-1)

e a measurement record containing a finite set of measured input and output
data with possible measurement errors present with the measured output
values y(T)

D)0, k] = { (u(r),y(r) | 7=0,...,k }

e a loss function L and signal norm ||.|| that characterize the ”closeness”
of the model-predicted output value y™) (7) to the measured one, that is
expressed as a function of the residual signal r

Lp)=Irll » r(r) =y(r) =y (@), 7=0,....k

Compute
An estimate pM) of pM) such that L(p) is minimum

ly —y™|| — min

9.1.2 The methods of model parameter estimation

The model parameter estimation is a complex task that includes different other
necessary sub-tasks besides the real parameter estimation itself. These sub-
tasks form a model parameter estimation procedure that is depicted in Fig.

The model parameter estimation procedure

The brief description of the sub-tasks is given below, where details can be found
e.g. in [7].

1. Model preparation
Majority of the dynamic models developed from first engineering principles
are in the form of continuous time state-space models, that are not directly
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Figure 9.1: The model parameter estimation procedure

useful for model parameter estimation (see the problem statement above
that requires discrete time models). Therefore, we need to apply at least
sampling (see [9]) or transforming the model into its input-output form
for some special parameter estimation methods.

2. Ezperiment design
Here we decide on the sampling rate (sampling time), on the number of
measurements to be performed, on the necessary repetition number, on
the applied input sequence to be applied (to ensure proper excitation, see

[8])-

3. Data collection
This is a critical sub-task, where we do not only need to collect the mea-
sured data of interest according to the experiment design specification,
but also carefully record any events or circumstances that may affect the
quality of the measured data.

4. Data quality assessment
The aim of this sub-task is to decide if the collected data are suitable
for model parameter estimation, that is, the data do not contain any bias,
gross error, outliers etc. that may cause the deterioration of the estimated
parameters. Here we use simple (i.e. not computationally intensive) proce-
dures, such as visual inspection and screening, and simple statistical tests
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either individually for the measured signal sequences, or for a collection
of those.

If any problems with the data are detected, then one may improve their
quality by data preprocessing, but usually it is much better if we either
repeat the data collection or modify the experiment design and then repeat
the measurements to get rid of the disturbing measurement errors.

5. Parameter estimation
This is the essence of the whole parameter estimation procedure, the meth-
ods of which are described in more details below.

6. Estimation quality assessment
This sub-task plays a key role also in model validation, therefore, it is
discussed in a separate subsection [9.1.3]

Parameter estimation methods

The general case In the most difficult and general case the parameter esti-
mation method solves the optimization problem stated as the model parameter
estimation problem in subsection Q.I.T1 For this purpose we need

e a dynamic simulator that generates the model outputs y ™) (7),7 =0, ..., k
in each iteration step k£ from the dynamic model with the current model
parameter vector p(™) (k),

e an optimizer that changes the parameter vector in each step according to
some strategy (for example using the gradient method) until the minimum
value of the loss function is found,

e an initial value p(*)(0) for the parameter vector (or more plausible initial
values if we expect local minima),

e a domain within which the physically meaningful parameter values can be
found (most often they are positive, for example).

Unfortunately, the optimization problem is not convex in the general case, and
more than one (local) optimum may be present, therefore, it is a difficult math-
ematical problem. In addition, the estimation procedure is an iterative method
by nature, that only gives a point estimate but no information about the accu-
racy of the estimate (e.g. in terms of its covariance matrix).

The linear-in-parameters case However, when the model is already in an
input-output form that is linear in its parameters, when the discrete time pre-
dictive model is in the form of
M1y — (DT : : _
v+ = (p ) (W@ —7), yG—7) [7=0,...,n) (9.2)
where ¢ is the residual vector, and the loss function is quadratic, then one
can construct a least squares (LS) estimator [§] for the parameters that is in a
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Figure 9.2: Typical residual patterns

closed form. The LS estimation procedure provides an estimate of the covariance
matrix, too.

9.1.3 Assessing the quality of the estimates

The quality of the obtained parameter estimate can be assessed based on either
the residual or on the covariance or confidence region pattern.

The residuals

Given the estimated parameter vector p(*™) we can generate the actual realiza-
tion of the residual signal r(7) = y(7) — y™)(r) |, 7=0,---,k using it for
the model prediction. It is known from the theory of parameter estimation [8]
that the residual signal is a white noise process (i.e. a sequence of zero mean
independent random variables having the same distribution) when the estimate
is asymptotically unbiased.

This condition can be checked either by statistical tests or by simple inspec-
tion of the sequence elements plotted against the time. Fig. shows a few
patterns that may arise, the only one on the top corresponds to the case of a
”good”, i.e. asymptotically unbiased estimate.

The covariance matrix and the confidence regions

As saw earlier in subsection [0.1.2] on the parameter estimation methods, an
estimate of the parameter covariance matrix is rarely available, only when the
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model is in an input-output form and linear in its parameters (see Eq. (@2)).

In the general case, however, the only information about the accuracy of the
estimated values is available in the form of the shape of the loss function as a
function of the model parameters. In the ”ideal” LS estimate case, when the
model is linear in its parameters and the loss function is quadratic, this shape
is a paraboloid that has a definite unique minimum value, and its level sets are
ellipses. Fig. depicts a level set of such an ideal case in the case of two
parameters.

Empirical confidence regions Following the analogy of the ideal case, one
can construct an estimate of the parameter confidence region if the values of
the loss function are known as a function of the parameters. This is readily
available, if the parameter estimate is obtained by numerically optimizing the
loss function in the parameter space.

Then the confidence region of the parameters can be obtained as a level set
cut by the 100 + (100 — €) percent of the minimal value of the loss function in
the parameter space, where € is the confidence level (in percent). Note that it is
usually not an ellipse, and does not keep its shape when changing the confidence
level. However, the quality of the parameter estimate is regarded acceptable, if
these regions are closed, bounded and of an close-to ellipse shape.

A very prolonged (in the worst case unbounded) region with multiple close-
to minimal values indicates the presence of a deterministic relationship between
some parameters, or the absence of sufficient excitation. Fig. later in sub-
section shows such a non-satisfactory case.
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9.2 Case study: model calibration of a steam
generator model

As we saw in subsection[5.6.2], the steam generator is a vessel that contains water
of the secondary circuit in a pressurized water nuclear power plant the vapor of
which is produced by heating the liquid phase by the circulating primary circuit
liquid.

This section illustrates the methods and procedures of model calibration on
a steam generator model. The material is based on the paper [I8], from where
additional information can be obtained.

9.2.1 The dynamic model and the measured data

The state-space model is of the following form

dMsg
p = MSG,in — MSGout (9.3)
t
dTSG 1 I
dt oI o Msa [y samsa.in (Tsa,.sw — Tsa)

- (CXSG - C;E,SG) mSG,outTSG - mSG,outEe'uap,SG +
+Kr1,50,2 (Tpc — Tsa) + Win,sc) (9.4)

The output equations are as follows:

psc = pi(Tsq) (9.5)

where the input variable is mgqg,in, the disturbances are Tpc, Tsq,sw and
msa,out, the controlled output variable is Tse (psa)-

The estimated parameters in this subsystem were K1 sg2, Win sa, cﬁ_’ sa
and cX gq- Since the mass of the water in the secondary side of the steam
generator is not measured, only the inlet water and the outlet vapor flow rate
are known. It means that the initial water mass Mg (0) must also be estimated.

Measured data Measured data from units 1, 3 and 4 of the Paks Nuclear
Power Plant were collected for parameter estimation purposes. In order to span
a relatively wide operating domain, transient data of increasing and decreasing
the power of the units when shifting from day to night load conditions and back
have been used.

The following variables have been measured: Tpc, msa,in, MSG,out; Lsa,sw,

psa-

The parameter estimation method The steam generator model (Egs. (93)-
(@A) is nonlinear in its physical parameters and linear in the variables.

The dynamic model equation(s) is/are nonlinear in its/their parameters,
an optimization-based parameter estimation method, the Nelder-Mead simplex
method [19] available in MATLAB has been used.



108 CHAPTER 9. MODEL CALIBRATION AND VALIDATION

The value of the objective function is given by the scaled 2-norm of the
difference between the measured and the model-predicted output signals, i.e.

| ) ()2 9.6)

S 2t

where y is the measured output, ¢ is the model-predicted (simulated) output
signal and T denotes the time-span of the measurement/simulation. To use
the simplex method, suitable initial values are needed. They could be found in
[13, [10] and obtained from engineers from Paks NPP. In particular, the initial
value of the initial mass in the steam generator is its normal value Mg (0) =
32000 kg known from a technical discussion.

9.2.2 Parameter estimation and its quality

The value of estimated parameters can be found in Table for unit 1.

unit 1
Parameter Unit Time span: 4h
MSG (O) kg 34988
koo J/kg/K | 3922.2
CpSG J/kg/K | 2910.5
Win,sa w —1.1723-10°
Krsae W/K 8.2939 - 108

Table 9.1: Results of the parameter estimation of the decomposed system

The fit can be assessed from the difference between the model-computed and
measured temperatures that can be seen in Fig. [0.4] that shows an acceptable
fit.

However, the estimated parameters are strongly correlated, as it is seen from
the shape of the loss function as a function of two parameters c,pc and Kr sa 2.

More about this case study can be found in [I§].

9.3 Model validation

Model validation is the final step in developing a dynamic model from first
engineering principles. It requires a calibrated dynamic model, that is a model
with all of its parameters known, and a set of measured data from the system
to be modeled to decide if the model fits to the modeling goal specified in the
beginning of the modeling procedure.
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Figure 9.4: The temperatures in the steam generator model calibration

9.3.1 Problem statement of model validation

The general problem statement of model parameter estimation can be formu-
lated as a decision problem in the following form.

Given

e a sampled discrete time explicit dynamic system model with all of its
parameters p™) known in the following general form

y D = M(u; p0)

where the model outputs y™) now include only those measurable signals
that are relevant (important) with respect to the modeling goal

e a measurement record containing a finite set of measured input and output
data with possible measurement errors present with the measured output
values y(7)

D[ka]:{(u(T)vy(T)|T:Ov"' ak}
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e a loss function L and signal norm ||.|| that characterize the ”closeness”
of the model-predicted output value y™) (7) to the measured one, that is
expressed as a function of the residual signal r

Lp)=Irll , r(r)=y() —y™() . 7=0,-k

e an expected accuracy € either globally for the loss function or element-wise
for the components of the residual that corresponds to the modeling goal

Decide
if the model is acceptable for the modeling goal with respect to the loss function
and the expected accuracy.

9.3.2 Model validation methods
Measured data for model validation

Similarly to the model calibration sub-step, here one needs measured data from
the real system to perform model validation. It is important to emphasize,
that one cannot use the same measured data as for model calibration, because
the information contained in those data has already been incorporated into the
estimated parameter values such that the fit is optimized. Instead, additional
measured data should be collected possibly using a slightly different experiment
design and circumstances for validation purposes.

The model validation procedure

At the same time, one has to perform all of the necessary auxiliary sub-tasks
described already in subsection[@. .2l when performing model validation, but just
the model parameter estimation sub-task is replaced by the model validation,
and the estimation quality assessment sub-task is substituted by the simple
assessing the fit.

Therefore, the following sub-task is to be performed along the same logical
connections as outlined in Fig.

1. Model preparation

2. Experiment design

3. Data collection

4. Data quality assessment
5. Validation decision

6. Assessing the fit
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The validation decision The validation decision, i.e. the decision about the
suitability of the developed model to the modeling goal, is taken by executing
a simple decision specified in the validation problem statement (see subsection
O37T). As this is a Boolean (yes/no) decision that may require to revisit some
of the earlier steps of the 7 step modeling procedure described in chapter Bl one
needs to augment this decision with a more detailed assessment. This is usually
based on assessing the fit of the developed model using the relevant methods
described earlier in subsection
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Appendix A

Abbreviations and
notations

Abbreviation Explanation

CRN cheamical reaction network

DAE differential and algebraic equations
HH Hodgin-Huxley

LTI linear and time-invariant

LS least square

ODE ordinary differential equation

SDG signed directed graph

Symbols Meaning
R set of real numbers
Z set of integer numbers
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