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ABSTRACT

To furnish a basis for subsequent adaptation to specific real
cases, we built a set of classes for the object-oriented modeling
and simulation of industrial thermodynamic systems, as used
by steam power plants. We assign an object to each main
component of a power plant; these objects handle the cor-
responding model equations. Another object, the scheduler,
can simulate different plant configurations, specified by

scripts, coordinating the plant objects interactions, and the file .

and human interfaces.

INTRODUCTION

After some experience about the classical development of
power plant training simulators, comprising control consoles
which imitate real conditions for the operators, we decided to
create a new core for the rapid development of specific
simulators, aiming to benefit from the interesting graphics
capabilities of workstations.

We adhered to the object oriented methodology, because its
auspices of easy incremental development by making func-
tional prototypes, ready for testing and subsequent improving,
tll getting a desired specific application. Code re-use, in-
heritance, and modular approach, offer the means to obtain
concrete solutions from a germinal starting point. In our case,
each real power plant requires a tailored simulator, and the
effort to develop the code must be aimost completely renewed,
if you follow classical paths, for other different plants. The
purpoaeofmwo:kistoachieveanobjeq-orienwdpmotype
W{highcn.nsaveunﬁmdmmlbuﬁs,toqnickly derive

cycles employed by industry. -

OVERVIEW OF EXISTING ALTERNATIVES

Our work is connected with power plant simulation, object-
oriented methodology and the use of workstations. To start our
research we analyzed the present status of these aspects, with
the following general conclusions.

Power Plant Simulation

Power plants simulation is an important sector of activity,
with a long history recording extensive engineering work, and
b_ig financial efforts, from prominent companies with a spe-
cialized character. Many plants require the ad hoc develop-
ment of a training simulator with several specific aspects:
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structure and physics, scheduling, user interface. A conven-
tional solution for the user interface, is to build a more or less
simplified dual of the power plant control room, interacting
with the computer simulation. In general, these simulators
mean a large ,and expensive, software engineering project; for
instance, a company promoting Concurrent FORTRAN and
real-time UNIX, mention examples with 530,000 lines of code
including 20,000 for I/O.

As reflected by the E.P.R.L documentation (E.P.R.I. 1992),
the energy- related companies realized, from the 70s, the need
of modular software development to guarantee good and quick
results for such complex simulations: the MMS library is an
important example, with FORTRAN modules corresponding
to the components of a plant (Shor and Winkelman 1985).
Another example began in 1978 under the name GEPURS,
FORTRAN-based and similar to CSMP, EASY 5 and MMS,
being redesigned in 1984 to get CETRAN (Berenbach and
Steven 1989): a block-structured simulation environment for
real-time applications, and portable to a variety of 32-bit com-
puters. There are more examples like this, denoting a sustained
commitment of the power industry to improve the convention-
al simulators, following a FORTRAN or C route, and adopting
any of the operating system alternatives. Traditionally, the
design of power plant simulators has been constrained by
processing speed and memory limitations, forcing to simplify
the mathematical models: since technology is offering better
conditions each year, this incites to an evolution for more
precise and powerful simulations. Some interesting initiatives
involve vectorisation and distributed and parallel computing
(Griebenow et al. 1993). The switch to C++ is now gaining
acceptance from a better-C initial view, and the drift to com-
plete object-oriented redevelopment is being stimulated by
good perspectives in data-base handling.

The activity of academic tehcnological centers in the context
of power plants, is naturally related with theoretical and didac-
lic aspects, attaining interesting practical dimensions. For our
work, several thesis of the M.LT. (they have a pilot power
plant) helped to understand and model important phenomena
of steam power plants, both from thermodynamic (Usoro
1977; Masada 1979) and control engineering (Azuma 1975)
points of view; the M.LT. Athena Project included these topics
for teaching.




Workstations

Modern workstations signify a very useful screen: you have
graphics, so you can exert a friendly GUI, and display with
incredible flexibility many informations of diverse nature
(graphs, charts, pictures, etc.), or even use touch-screens.
Good promises that, in our case, pose a problem: what to do
with workstations, what role to assign inside the teaching-
training process (of course, they are useful for enginnering).
Some of the answers follow a continuation idea: to reproduce
by pictures the control-room (Reason 1989). Others employ
visualization to study critical situations or incidents, focusing
in the component of interest for the case. An advantage of
workstations is easy networking, useful for the interaction
with an instructor station, and for data-base (file-server) han-
dling. For the user interface, many designers adhered to X-
windows with a variety of software approaches between
FORTRAN and C extremes.

Object-Oriented Methodology and Simulation
Nowadays, the interest for discrete-cvent simulation is
j and there is a tendency to identify the object-
oriented purport with casy state-machines programming. Ex-
hibits and conference proceedings are plenty of discrete-event
object-ariented simulations and tools, with little room left for
continuous time systems object-oriented simulation, if not as
an extension of a discrete-event specimen. Mainly from
academia and research institutions, there are some interesting
examples of object-oriented modelling languages that can be
used for continuous time systems; such is the case of ASCEND
(Camegie-Mellon)(Piela 1989; Piela et al. 1991), SIMBIOS
(University of California at Chico)(Guasch and Luker 1990),
DESIRE (Gent State University)(Vangheluwe et al. 1989),
OMOLA and other developments at Lund Institute of Technol-
ogy (Andersson 1990; Nilsson 1989; Matison 1992), etc. The
recent book of Cellier (Cellier 1991) devotes special attention
to DYMOLA (also from Lund)(Elmqvist 1978; Elmqvist
1993; Cellier and Elmqvist 1993), and to bond-graphs: an
i direction for methodology advance. For general
| (Marquardt
1991; Linkens 1992). The reference (Berenbach et al. 1991)
puts a classical power plant simulation inside an object-
oriented environment linking workstations. For a discussion of
object-oriented modelling and simulation see (Cellier, Zeigler
and Cutler 1991).

It is interesting to note, as a source of confusion, that some
developers of block-oriented simulations (plant components
described by code modules, perhaps in FORTRAN), claim
they are making object-oriented simulations.

Artificial Intelligence

Texts about Intelligent Tutoring Systems quote STEAMER
as an impontant achievement (Hollan 1984). This program is
related with power plants, and illustrates a maintained concern
of Antificial Intelligence about industrial processes. In this
moment, there are important examples of intelligent environ-
ments, such G2 (Gensym) or PLEXSYS (Intellicorp), where
you can embed continuous system models, to constitute intel-
ligent simulations of, for instance, power plants (an example:
G2 has been applied for a nuclear power plant, at Sweden, with
more than 2,000 rules).

Our Purpose
From early days with SMALLTALK, we lcarned that object-
oriented programming is useful for incremental modelling:

you can establish from the beginning a rough functional
model, and then proceed by enriching behaviors and refining
details up to the desired level, without rebuilding the model.
That means, however, that the important decisions -taxonomy,
hierarchy, classes and objects, interactions- are at the origin of
development.

The purpose of our work is to create an object oriented basis,
that can be configured as the model of a basic steam power
plant, operational, and open to functional growth. With this,
we test viability (possible problems of execution time), and
furnish a target for study of characteristics. The result of our
development, may be used, as is, for conceptual stages of
teaching-training, and for engineering analysis. To make
things concrete, we concentrate on the thermodynamic cycle
of Rankine: the most widely used, in many modified versions.

MODELLING

There is a set of essential components to build sysiems
exploiting a thermodynamic cycle for power generation:
boilers, turbines, condensers, purmps, valves, etc. We con-
sidered each of these components as an object, with state
variables, and equations corresponding to physical behaviours.

These components handle water. Because the complicated
nature of the th ics of water, we included complete
tables in our code (Grigull et al. 1990). We defined an object
for each of the states of water: they include functions to handle
(in the object oriented way for data bases) the corresponding
tables.

The classes related to the states of water are: Liquid,
Saturated Liquid, Steam, Saturated Steam, Superheated
Steam.

Take, for example, the object boiler. There is water inside the
boiler in several states (from liquid to saturated steam). The
object boiler include the objects for these states of water. And
so the other objects related to components.

To get an homogeneous structure of the objects, we defined
a frame with specified entries for several caiegones of van-
ables and methods.

Protected members:

State variables: dimensions and other parameters, van-
ables related with the thermodynamical stae.

Control variables: which the user can modify on sumula-
tion time.

Objects: that are embodied.

Inner functions: for internal calculauons.

Public members:

Constructors: to instantiate objects with dimens:ons and
initial values.

Calc functions: to calculate some values at a given ume.

Assign functions: to assign values (calculated or
returned) to several state variables.

Init functions: to calculate some values at the next inter-
val.

Return functions: to know the values of the vanables.

Control functions: to increase or decrease the values of
control variables.
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The classes we defined for the components are: Bumer,
Valve, Source of Water, Boiler, Superheater, Turbine, Con-
denser, and Pump.

Once configured the objects, the modelling effort converge
on the thermodynamic (differential, continuous time) equa-
tions for each component: some of them are easy to find in the
literature (Usoro 1977; Dieck-Assad 1990), but others re-
quired our original development (for instance: the condenser
equations).

Model Equations

For the initial level of complexity we want, we considered
only the main thermodynamic phenomena, assuming ideal
energy and matter flow from one to other component along the
cycle (no losses, no backward flow, no delays, etc.), constant
heat contribution from a bumner, and constant water flow
through a valve. We derive the model equations on the basis of
energy and mass balances. For the class Valve is enough to
consider the mass flow as a constant under operator control;
the same with the class Burner, and the energy flow.

Boiler

The input to the boiler is a flow Wi of water with enthalpy
hiec, and the output is a flow Wy of saturated steam with
cnthalpy hvse or hye; it receives Qs calories per second from a
burner. We have the following balances:

mass: ﬂ“%"“-%wl,-wm

d
energy: 3 (Mve hve + mic hic) = Wiac e = Wrac e + Q¢
From here, we deduce the boiler model equations:
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Where the constants Ag; ki , and the specific volume and
cmhllpy of the water states, are gvaluated at each instant of the
simulation, and then put into the equations to get the liquid
level n¢ and pressure P.

Superheater

The input to the superheater is a flow Wye of saturated
sicam, from the boiler, and calories Qe from a burner. The
output is a flow Wy of steam, as allowed by an output valve.

We have the following diference between pressures:

2
Prer Py..:k—w"g

Pves

From the energy balance:
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dhyss
dt

= Qs + Wy (hve - hvn)

vs

we get the superheater model equation about the enthalpy
dynamics:

w'-
hvss_Qu“’hvu Woes +k e(-‘: t)
ves

Wi
where k{hm(wy—g%’wﬂ)e‘—“’m, )
ves

Turbine

The input to the turbine is a flow Wyq of steam. Part of this
steam is expelled through an output, with flow Wi, and the
rest leaves the turbine through another output, with flow Wyg.
We assume an adiabatic process, where the input steam ex-
pands (pressure, entalphy, and temperature, diminish; volume
increases), and we can obtain a work, equal to the difference
between the enthalpies of the input and output steam flows.
This work can be described by an isoentropic efficiency n;.

We can write:
Wint = Wye = Wiy, Wix = O(Wyey = ky Wye, i = D(Wyer)

By using the steam tables, we calculate the isoentropic en-
thalpy:

hui = O(Pva s Sva)

then, we get the real hys: (non isoentropic):
hvst = hvei — Ni (hvee = hvan)

The steam tables are also employed to get:

Tvn=¢(Pvu-h\m)
s =D (Pve, hve) .
Pvat =D (Pva , hvw)

Condenser

Inside this device, there is a process of steam -> saturated
steam -> saturated liquid. The input is a flow Wyecq of steam.
A pump takes out a flow W4 of liquid with enthalpy hiscs. To
condense the steamn, heat is removed by an auxiliary circuit of
cool water with a flow Wi, enthalpy hy at input and hs at
output.

From energy and mass balances, after some invoived cal-
culations, we obtain the following condenser model equations,
for the liquid level nc4 and the pressure P.q dynamics:

A' Al
(o = hvecd) Wyeat + (hicd = 52) Wised = W (hre — )
_A A2

dneq
d = )
t AoilA‘-AoAs
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Where the constants A, and the thermodynamic magnitudes,
are evaluated at each instant of the simulation (handling
tables).

Pump
To simplify, we consider only that the pump increases the
of a flow of water (the input is saturated liquid, and
the output is liquid).

Perhaps the model equations, as presented here, seem Lo be
simple. But, it is so because the objects use a set of functions
to handle thermodynamic tables, stored as data-bases. These
functions apply polinomial interpolations.

It is interesting to note that the object oriented methology
leads to a divide and conquer strategy, so being capable of
creating fairly complex models trhough amenable steps. In our
case, the complete model of a simple example of a power
plant, embraces 154 state variables, 8 control variables, 11
constructors, 79 return functions, 16 control functions, etc.

SIMULATION

Once defined the classes needed to model the basic plant, we
can instantiate objects corresponding to examples of com-
ponents: a boiler, a turbine, etc., having the specific dimen-
sions of interest (when you instantiate,”you set the
characteristics of an object). These objects are ready for
dynamic simulations, to study transients. Because the modular
nature of the objects, it is possible to combine them in several
ways, according to different configurations of power plants.

We defined the class Scheduler, and instantiated, as an ex-
ample, the object SCHI. The class is conceived as a center for
coordination, able to run several different simulations by
managing the interaction between the objects included in a
plant mode! (Figure 1), and taking care of the human and
machine interfaces (menus, files). SCH1 is an example of the
flexibility provided by the class Scheduler. This object knows
a set of different power plant structures, by means of scripts
describing how the components are connected. With this infor-
mation, SCH1 coordinates the interaction of the components
(objects): 30 it can simulate any of the plant structures
described (adding new configurations is a matter of inserting
small, simple, pieces of code). As said before, we adopted a
simplifying hypothesis: the water flows from one component
to the next along the thermodynamic cycle (never backwards).

When running a simulation, the Scheduler send messages to
the plant objects, one after one, following the water flow along
the system modeled. In response to the messages, the plant
objects change their values and send information to the
Scheduler. The plant objects with differential equations, in-
tegrate these equations to obtain the new values and change
them.

Tracing the history of object oriented programming, you can’

discover some interesting facts: the (scandinavian) roots were
focused on continuous time simulation, the further develop-
ments at XEROX PARC originated simultaneously
SMALLTALK and the windows (Apple) interface. From then
now, almost every windows complete solution follows an ob-
ject oriented methology and functionality. This is the case of
X-windows. It is natural to continue our way, in developing
our prototype, by using X-windows as our interface for human

312

Figure 1: A Power Plant Configurations as Seen by SCH1

interaction, and for graphics expression. For the human inter-
face, the main duty of SCHI is handling events through the
event-driven X programming model. Xlib furnish its context
manager utility routines for this purpose-

Our simulation is dynamic: you see (curves describing the
evolution of states) how the power plant starts and reaches the
static regime, and how stops. Trough X-windows (mouse) you
can interact (for instance, opening a valve) with the dynamics,
and see what happens.

Depending on the complexity of the configuration, as
described in the script, the Scheduler puts more or less graphic
information on screen.

TECHNICAL ASPECTS

Because we aim to take advantage of modern UNIX
workstations, we programmed our application i C++, and
connected it with X-windows for graphics and operator inter-
face. The use of C++ offer an open way 10 integrate useful
code (utilities, data visualization, etc.) from many sources.

From the point of view of software development, C++ has
the advantage of easy portability. Actually, we employed Bor-
land C++ on MS-DOS machines to creas and test the code,
since the environment offered by Boriand is very helpful for
quickdevelopmem.'l'tmn.thccodel'mhaalpu\eduﬁlylo
several UNIX workstations employing GNU C++, with good
results.

The listing of our simulation package (scurce code) takes
250 K of text.

RESULTS

From our previous experience with SMALLTALK, we were
cautious about time execution: it could be 0o slow. But, rni-
mizing inheritance mechanisms, we amved 10 good results
with C++ : the simulation of one week of a power plant lakes
about 37 seconds on our SUN Sparcstation.

Considering the possible problem of ume execunion, we
decided to employ X- windows at the level of Xhib, which 18
simple and quick. The graphics we obtained are expressive
enough (curves on X-Y axes), and the menus allow for a
flexible user interaction.

The big screen of the Sun Workstauon permuts to show a
profuse set of windows, with curves visualizing the dynarmucal
behavior of the thermodynamical magnitudes of interest, while
running the simulation of a plant (see Figure). We have speed



enough to increase the contents of the objects, and the struc-
tural difficulty of the examples.

Being a platform for subsequent behavior enrichment, for
the creation of specific simulations of real plants, our package
is operational, so it could be employed, as is, for conceptual
stages of training and engineering studies. For such purpose,
we developed a complementary package with a tutorial about
power plants and a static simulation showing economical and
energetical aspects.

We are refining now the software, improving some numeri-
cal aspects and the flexibility of the interface (including a
visual editor to create plant configurations). As the technology
is climbing to higher decrees of speed, at low prices, we think
we could go to more aestetical interfaces, by ascending along
the hierarchy of X-windows libraries.
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