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ABSTRACT

This paper describes the development of an Operator Training Simulator (OTS) for the Geothermal Training Simulation
Center (GTSC) of the Mexico’s Federal Commission of Electricity (CFE). The Department of Simulation (DS) of the Elec-
trical Research Institute (IIE) developed this simulator using as reference the Unit IV of the Geothermal Power Plant Cerro
Prieto, located at the north of Mexico. The Cerro Prieto 25MW simulator was finished and delivered to GTSC in June 2007.
This simulator is a high-fidelity real time dynamic simulator built and tested for accurate operation over the entire load range.
The Cerro Prieto-1V simulator is a replica of the real power plant thanks to main characteristics of the Graphical Model of
the Distributed Control System (DCS), and was used primarily for operator training although it has been used for procedure
development and evaluation of plant transients.

1 INTRODUCTION

According to the Mexican Federal Government (2001), Mexico holds third place on a worldwide scale regarding in-
stalled geothermal capacity (850MW), more than 2% of the total capacity in the country. It is estimated that the
geothermal potential in México, for hydrothermal systems of high enthalpy (temperatures above 180°C) will allow gener-
ate at least 2400 MWe. Some researchers have roughly estimated that hydrothermal of low enthalpy reserves could pro-
duce at least 20,000 MWt. The original reference plant of the developed simulator, the Unit 10 of Cerro Prieto IV Gener-
ation Center produces 25 MW and all Units produce in total 100MW. The GTSC, is devoted to train CFE operators of
geothermal power plants. For satisfying the CFE training requirements, the GTSC has: simulators based on control boards
see (Tavira 2001) , classroom simulators and recently, simulators based on HMI multi-window. A wide list of the main bene-
fits in using a variety of training simulators is described by the IAEA-1998, some of the most important are: the ability to
train on malfunctions, transients and accidents; the reduction of risk to plant equipment and personnel; the ability to train per-
sonnel on actual plant events; a broader range of personnel can receive effective training; and individualized instruction or
self-training can be performed effectively on simulation devices designed with these capabilities in mind.

This paper deals with the development of the Full Scope Training Simulator for the Unit 1 of the Cerro Prieto IV Geo-
thermal Power Plant. The concept of Full Scope used in this paper means that the Simulator is an exact replica of the geo-
thermal power plant and reproduces its behavior as well, even with the malfunctions simulated. As in the power plant, the
simulator is operated from screens of a DCS. The concept of DCS means that the geothermal power plant control is now dis-
tributed in Programmable Logic Control Units instead off central control, as control boards, and communicated following the
communication system protocol of commercial DCS used in the real Power Plant. The simulator models were developed us-
ing a standard FORTRAN Intel 9.1 language package, the MMI was developed using Windows C# package and the DCS was
modeled using Graphical Modeling System developed at the Electrical Research Institute. This methodology to develop the
control system using the Graphical Modeling Control System has as main advantages: high fidelity in dynamics due the ad-
justments in process models to have the same response as in the real plant, it allows an accessible and easy way to adjust, to
correct and to up grade the control system and process models modifications. The following sections describe the simulator
architecture, the process models and the Graphical Modeling Control System model used to develop the Simulator.

2 SIMULATOR ARCHITECTURE

The simulation software, defined by (Jimenez-Fraustro 2005), consists of a real time system dedicated to control and se-
quence the different simulator tasks, namely: instructor console, interfaces communication system, mathematical models and
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the control model system, based on the Graphical Modeling System . All the software programs are written in C# language,
the process mathematical models are written in Fortran language and the DCS model was developed using a Graphical Mod-
eling System, written also in C#. One of the aims of the project was to have a simulator with a modern hardware-software
platform, see (Tavira et al. 2008). The computing power and low cost of personal computers (PC), was the basis to select
them as compute platform. Regarding the operating system, Windows XP was selected based on aspects of: portability, easi-
ness of coding and available software for developing graphical interfaces. The software packages used and required are:
Windows Installer Framework 2.0, Microsoft Visual Studio .Net 2007, DirectX 9.0 and Fortran Intel 9.1.

2.1 Hardware Architecture

The computer platform of the simulator consists of four Personal Computers interconnected through a fast Ethernet wireless
local area network. Each PC has a Pentium IV processor with 3.8 GHz, 1 GB of memory, and Windows XP as operating sys-
tem. The figure 1 shows a schematic of this architecture. The IC station is an instructor console with two 19” monitors, the
OCland OC2 are operator consoles or stations, each one has two 19” monitors; the AD is an auxiliary operator console with
two 50” in monitors. The operator can use anyone of the OC1, OC2 and AD for monitoring and controlling any system of the
simulated power plant. There is an additional PC, called maintenance station, which is used as a backup in the case IC is out
of service, or it is used as a test station, this means that any software or process and control models modifications are tested
and validated before any change can be done in the simulator. Therefore, this station must have all the software necessary to
modify every simulator application. However, the IC, OC1, OC2 and AD stations only use executable versions of the appli-
cations Microsoft Visual Studio .Net 2007.

Figure 1. Simulator Architecture

2.2 Software Applications

The software architecture of the simulation environment has three main parts: the real time executive, the operator module,
and the instructor console module, based on the work of (Jimenez-Fraustro, 2005). Each of these modules is hosted in a dif-
ferent PC, and they are communicated through TCP/IP protocol. All the modules of the simulation environment are pro-
grammed with C#, with the exception of the Flash applications. A brief description of each module is shown in the next para-
graphs.

2.3 Real Time Executive Program

The real time executive coordinates all simulation functions; it is constituted for six modules:

e Mathematical model launcher. Its function is to manage the execution sequence of each of the mathematical
models. These models may be executed in a parallel scheme, with a distributed architecture of PCs or with a multi-
core equipment. In this case is used the Task Parallel Library, which is designed for managing several applications
in a multi-core equipment in a simple way.
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e  Manager module for interactive process diagrams. This module executes the interactive process diagrams, pro-
vides the values of the variables, and receives/responds from/to the control commands messages of the operator
module. Other functions of the module are to control the alarms system, to control the historical trends, to call the
methods of each one of the equipment components (valve, pump, etc), to coordinate the timer for updating each one
of the diagrams and to coordinate the sequence of events in the operation consoles.

e Manager module for the global area of mathematical models. It is composed for a group of methods for initializ-
ing the global area of state variables belonging to the mathematical models, these values are located in a table loaded
in memory for a fast access. This module also synchronizes the access when a parallel process attempts to connect it.

e  Manager module for the instructor console. This module receives and responds the commands from/to the in-
structor console (stop, freeze, malfunctions, etc.) and executes the tasks in a synchronized way during a simulation
cycle. Thanks to the TCP/IP communication, this module may be hosted in a different PC of the instructor console.

e  Main module. This module manages all the functions of the former modules.

e Data base driver. It is devoted to get, of each one of the data base tables, all the required information by the execu-
tive system

3 PROCESS MODELS

The process models developed in FORTRAN language Intel 9.1, were constructed in a rigorous way and are based on fun-
damental, lumped-parameter conservation of mass, energy, and momentum. All process models were constructed to be accu-
rate over the entire range from cold shutdown to full-load operation. The executive program of the simulator, described
above, coordinates the synchronization of models in a manner that is completely transparent to the instructor or operator trai-
nee. All the process models operate as if they are a single executable program. The plant process is divided into three groups:
the first group simulates the main systems as Turbine, Steam, an Condensation, the auxiliary systems are simulated in a
second group; and a third group is used to simulate the electric system and generator. Examples of models for each group are:
1.- Main Turbine, Main Steam, Main Condensation System, Electro-hydraulic Control System. 2.- Auxiliary Systems as Va-
cuum System, Lube and Control Oil system, Gland Steam, Air instrument and Services, , Turbine Mechanics (Vibration and
Supervisory System), and 3.- Electrical System, Excitation, Generator and Cool Generator System.

4 CONTROL SYSTEM GRAPHICAL MODEL

This part is composed by three sub-systems: The dynamic constructor of control models, the Data Base Handler and the
Graphic Visualization tool.
The dynamic constructor of control models have as main tasks:
e Integration of data and functions: a software component consists in different values (states) and the functions that
process these data.
e To build the libraries to analogical and logic components, (like PID controllers, logical gates, timers, etc.)
e To organize the component execution sequence, in order to avoid indeterminations.

Instances of components inter-connected by mean of their input/output ports.

To create structures in order to store component states and to have asynchronous initial conditions.

To encapsulate components in order to hide details of implementation for users.

Identity: each instance of a component has a unique identity.

Polymorphism: the interfaces are described outside software implementation in a way that a code that requires an

interface can use any component/object. This allows a great flexibility in the application design.

The Data Base Handler

e The control component data base has a hierarchical design.

e The control component data base has 340, 000 components and we have to implement algorithms to store and to re-
cuperate information from data base in an optimal and efficient way.

The Graphic Visualization Tool (GVT).

e The GVT is a software application developed to visualize components in diagrams of the Simulator Control Model.
This tool was very useful during the simulator development and adjustments because it allows to verify and to vi-
sualize signals, states, inputs, outputs and parameters of components.

e The GVT allows to disable diagrams, modules or components in a way that we can isolate components and to verify
its behavior without the influence of all the control model.
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In figure 2, we show a diagram as it is visualized with the GVT and that were obtained from control diagrams using the
Graphical Modeling Control System developed by the Electrical Research Institute. In this figure we see and test, for exam-
ple the high selector component.

Figure 2. A diagram of the DCS visualized with GVT.

5 DCS INTERFACE

The replica of the DCS interface showed in figure 3, was developed following (Yamamori, 2002), in the Microsoft. NET
platform using as programming language the oriented object Microsoft Visual C# 2005 etc. Using personalized user controls,
each control has its grade states and to generate events for activation of the main control, associated to each device.

software. The DCS interface was developed taking into account 5 sub-systems, as follow:

o  The Component Editor defines the main characteristics for each element that integrates the control loop. We defined
9 elements that may constitute a control loop, be analogical or digital.

e The Device Editor defines the characteristics of devices used in control screens, like pumps, valves, displays, venti-
lators, switches, own methods in order to up.

o  The Emulated Keyboard constitutes a fundamental device in the simulator for device operation from control loops in
the control screens and for navigation options through control screens. This application emulates the real specialized
keyboard for the geothermal plant operation, and can be personalized according system requirements.

e The Diagram and Control Loop Viewfinder are charged of the dynamic generation from the configuration XML
files of control screen dynamic instances, the communication with real time executive system software, the naviga-
tion and sub-system activation like alarms, events, tendencies, trip sequences, etc.

e  The Tendency Viewfinder is charged of the configuration of tendency groups, where we define the signals and moni-
toring frequency.

6 VALIDATION AND RESULTS

The Cerro Prieto-IV Simulator validation was carried out proving its response against the 12 operation procedures elabo-
rated by GTSC-CFE specialized personnel and based on real tendencies from Unit IV of Cerro Prieto Geothermal Power
Plant. These operation procedures are denominated “Acceptance Simulator Test Procedures”, and the final results are pre-
sented in (Romero G. 2006). This validation was carried out always taking into account the real behavior of main variables
like, Electrical Power, Inlet Steam Temperature, Turbine Speed, Position of Governor Valves, in normal and faulted condi-
tions. The real behavior of main variables was done by the Cerro Prieto, Unit IV engineering departments.
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The validation also had as primary targets: to verify that the simulator accomplish satisfactorily the operation conditions
from cold start to 100% of load; satisfy the steady states 25, 50, 75 and 100% of the nominal capacity; that the simulator has
a correct behavior during the transients (with malfunctions included); and to guarantee the simulator robustness as a training
system. The adjustment of the simulator was carried out from cold shutdown to 100% conditions. For example, Figure 4 and
5 show the tendency of some critical variables in the Cerro Prieto-IV Simulator for Manual and Automatic geothermal pow-
er plant Start-up operations; in cyan color the tendency of the main variable for Power’s behavior, in green and blue colors,
the tendency of Turbine Pressure variable following the increase of power.

I5.89 MW

- —3r

T L cp 3 FERCERTED
AEN ET da gases smce.
abrairur 96 % FIO=1-1200
Fe1-12018 I'-".J-I-l!:l:ll| B o & T0-1-1377
1 3 & RORED [ ot
L % i F 7 21, £ dronale "I'l:a--cl 11 e
P e Pl (AL a ~ T 1w g
J_ﬂ_ > e I | E | o Toncl b 3 e &% E_ [-TE-Ta
mheroooexian & Ll . f tarkira
aren de pozos o i S i :‘_‘_ E 3""— - Ariaciee)
FP-E-1201 FIC-2=1201 T ﬁiﬁm
g_ D kdalq) ' 7 Er =
= 3 = Farmed : % s —
B R i P
o 1] - 1 P : BCEr ﬂ- E
(]_—E PR E | t FT-2-1200 -5'[ fn cranagd Lty i _,—o—'—"
2| Ta=z=12m0 D F-z-zma| | T
lemecidar o ‘; WPalgy B 1.'_,-'\1; . :' e e ”E
2 M - jq g S i
i - . &
F-3-12500 FIC-1-1201 a5 0.0
# 0 Aang) a ﬂg &1 R i ]

3 | 5 ByRCREIET
wanERE parms Tuber e Flashis
abraefers

= | de gasEn fEcE.
i e WP — g*  Fn-s-c
vl |T_tmm— o "
H - &1

| fn drarmis » ——
2 o e O Y b
] GE Gﬁ i lanei mdar) | T B VRPET o% B-Th-1202)
rtercrrerion B l L e St
AP Of DOZOS i ¥ H _i__%__f“'“——._ﬁr_

=41 331 PIC—-1201 o M dﬂ'E“.-ET-sC."l

0 EAaLE) &g &L - ‘

I =N 413208 HI '? B RyECETRT
LIy para rde qare fnce pE
P-4 | Fet-12010 3 : ﬁ““r 1 ¥ I — FIO-4-1200
0%l 0% H T e 51 g et
G’_E [&-U-1a7] PI~&-1200
| e Tomnct andar e

|

.. 5T n Searaje - R
" ! g ez [T g8 -TE-T30)
0C kPafgy otm| || & & TH
T r By X | ; L et
e WE‘:‘I!H & .o m
omnH

Figure 3. Control Interface of Main Steam System

7 CONCLUSIONS

The Simulator of the geothermal power plant Cerro Prieto-IV is a high-fidelity, plant specific simulator for operator train-
ing. Realism is provided the use of extensive DCS screens emulation. This simulator is used for training of CFE Geothermal
Unit IV power plant operators. It was tested and validated by CFE personnel who have a lot of experience in the geothermal
power plant operation and in the use of simulators for qualification. After several adjustments on line, the behavior and dy-
namics of the simulator were very similar to those presented in the real operation plant, thanks mainly to the Graphical Mod-
eling Control System. Finally, it is necessary to mention all the benefits that are obtained with the best qualification that the
operators obtain when using this simulator: the reliable operation of the power plants is guaranteed, the number of operation
faults due human errors is reduced, it can be possible to enable the operation personnel to respond to critical situations as
emergency or failures cases, and the efficiency of power plants generation by improvements in its operation is increased.
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Figure 5. Simulator of Cerro Prieto IV, Automatic Start-Up of the power plant
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