
E. J. ROLDÁN-VILLASANA et al: DEVELOPMENT OF A GAS-TURBINE FULL SCOPE SIMULATOR 
 

IJSSST Vol.10, No.3                                                                                                   ISSN 1473-804x online, 1473-8031 print 8

Development of a Gas Turbine Full Scope Simulator 
for Operators’ Training 

Edgardo J. Roldán-Villasana     Yadira Mendoza-Alegría     Jorge J. Zorrilla-Arena      Ma. Cardoso G. 
Departamento de Simulación 

Instituto de Investigaciones Eléctricas 
Cuernavaca, Morelos, México 

email:  eroldan@iie.org.mx         web page: http://www.iie.org.mx 
Abstract — In this paper the stages pursuit to develop a full scope Gas-Turbine Power Plant Simulator are explained and the 
general characteristics of the simulator are described. The simulator was finished and delivered to the client in March 2007 for 
commercial operation. This simulator is a full scope high-fidelity real time dynamic simulator built and tested for accurate 
operation over the entire load range. The simulator response was validated against data from the real plant, the Combined Cycle 
Power Plant “El Sauz” located in Querétaro, México. Presently the simulator is being used in the National Centre for Operators’ 
Training of the Utility Mexican Company. The work was developed by the Simulation Department, of the Electrical Research 
Institute in México. 
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I. INTRODUCTION 

The Simulation Department (GS1) belongs to the Electri-
cal Research Institute (IIE) and it is a group specialised in 
training simulators that design and implement tools and 
methodologies to support the simulators development, 
exploit and maintenance. 

The GS has constructed several operators training 
simulators for the Mexican Electric Utility Company (CFE) 
that is devoted to train operators of fossil-fuel power plants. 
To satisfy the CFE training requirements, they have 
simulators based on control boards, classroom simulators, 
portable simulators and recently simulators based on multi-
window man machine interfaces (MMI). This department is, 
except may be in Argentina [1], the only one that develops 
training simulators for plant operators in Latin America. 

Some of the most important advantages of using training 
simulators; are:  

a) the ability to train on malfunctions, transients and 
accidents, 

b) the reduction of risks of plant equipment and 
personnel, 

c) the ability to train personnel on actual plant events 
d) a broader range of personnel can receive effective 

training, and 
e) Individualised instruction or self-training can be 

performed effectively on simulation devices designed with 
these capabilities in mind.  

In 2000 the CFE initiated the operation of the Simulator 
of a Combined Cycle unit (SCC) developed by the IIE based 
on ProTRAX, a commercial tool to construct simulators. 
However, because there is no full access to the source 
programs, the CFE determined to have a new combined 
cycle simulator using the open architecture of the IIE 
products. The new simulator was decided to be constructed 
in two stages: the gas-turbine part and the steam-heat 

                                                           
1 Some acronyms are after the name or phrase spelling in Spanish  

recovery part. In this paper the gas-turbine simulator 
development and characteristics are described.  

II. REFERENCE PLANT 

The Combined Cycle Power Plant “El Sauz” is located in 
Querétaro, México. The used fuel is natural gas provides by 
PEMEX to produce a nominal power of 150 MW. The plant 
is a pack generation unit Econopac 501F from Westinghouse 
and uses a system of low nitrogen oxide emissions DLN2. 

The gas compressor-turbine system handles the fuel into 
a stream of compressed air. It has an upstream air axial flow 
compressor mechanically coupled to a downstream turbine 
and a combustion chamber in between.  Energy is released 
when compressed air is mixed with fuel and it is ignited in 
the combustor. The resulting gases are directed over the 
turbine's blades, spinning the turbine, and mechanically 
powering the compressor and rotating the generator. Finally, 
the gases are passed through a nozzle, generating additional 
thrust by accelerating the hot exhaust gases by expansion 
back to atmospheric pressure. 

The plant is controlled by a Siemens TelepermXP (TXP) 
Digital Control System. 

 

Figure 1.  Hardware Architecture of the Simulator 
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III. SIMULATOR ARCHITECTURE  

A. Hardware Architecture 
The computer platform of the Gas-Turbine Simulator 

(GTS) consists of four PC interconnected through a fast 
Ethernet local area network. Each PC has a Pentium IV 
processor with 3.8 GHz, 1 GB of memory, and Windows XP 
as operating system. Fig. 1 shows a scheme of this 
architecture. 

From the Instructor Console (IC), the simulation sessions 
are initiated and guided. There exists two Operators’ 
Consoles (OC) that replicates the real control stations from 
the plant. The trainee uses six monitors to manage the 
simulated power plant (including two 54” screens). There is 
an additional PC, which is used as a backup, or like a test 
station. Any modification in the software or process and 
control models are tested and validated in the test station 
before the changes can be done in the simulator. 

B. Software Architecture 
The simulator was developed under Windows XP and 

was programmed in Visual Studio Net, Fortran Intel, Flash 
and VisSim.  

The Simulation Environment (MAS 2 ) has three main 
parts [2]: the real time executive, the operator module, and 
the instructor console module. Each of these modules is 
hosted in a different PC, and they are communicated through 
a TCP/IP protocol. All the modules of the simulation 
environment are programmed with C#, with the exception of 
the Flash applications. In Fig. 2 a training session in the GTS 
may be appreciated where the IC and the instructor appears 
in the first plane and the OC and two operators are at the 
rear. 

IV. SOFTWARE DEVELOPMENT  
The MAS was developed as a general tool for the GS to 

develop simulators. The MAS is a very useful software that 
acts like a development tool and like the simulator MMI. The 
MAS basically consist of three independent but coordinated 
applications. 

 

Figure 2.  Training Session in the Simulator 

                                                           
2 The simulation environment is proprietary software of the IIE 

A. Real Time Executive 
The real time executive coordinates all simulation 

functions; it is constituted for six modules according Fig. 3. 
1) DESMM Mathematical model launcher. Its function is 

to manage the execution sequence of each mathematical 
model. These models may be executed in a parallel scheme, 
with a distributed architecture of PCs or with multi-core 
equipment. For the case of this simulator, the models run 
sequentially. 

2) CORDPI Manager module for interactive process 
diagrams (DPI). This module executes the DPI, provides the 
values of the variables, and receives/responds from/to the 
control commands messages of the operator console. Other 
functions of the module are: to control the alarms system, to 
control the historical trends, to call the methods of each DPI 
component (valve, pump, etc), refresh each DPI periodically, 
and to coordinate the sequence of events in the operation 
consoles. 

3) CORAGD Manager module for the global area of 
mathematical models. It is composed of a group of methods 
to initialise 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 is also in 
charge of synchronise the access of the table when parallel 
process attempt to connect it. 

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

5) MBD Data base driver. It is devoted to get, from each 
data base table, all the required information by the executive 
system. 

 

 
Figure 3.  Real Time Executive Application
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Figure 4.   Main Display the Operator Console 

 
Figure 5.  Example of a Tendency Graph
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Figure 6.  Main Display of the Instructor Console 

6) CORTR Main module. This is the main module of the 
simulator and coordinates all the functions of the mentioned 
modules.  

B. Operator Module 
The operator module is a replica of the real control 

screens or DPI and it manages the information flow with the  
executive system through the CORDPI module. A channel of 
bi-directional information is established through a TCP/IP 
socket. The DPI, than may be seen as the MMI, is 
constituted by interactive process diagrams (replica of the 
real Siemens control system) which are Flash movies 
inserted in a “Windows way”, using the “Fscommand” 
interface for the communication. There exist 56 control 
screens, including the index, and 35 tendencies displays. The 
main control screen of the operator (a replica of the Siemens 
control) is shown in Fig. 4. 

The flash movies have both, static and dynamic parts. 
The static part is constituted by drawings of particular 
control screens and the dynamic part is configured with 
graphic components stored in a library, which are related to 
each one of the controlled equipments (pumps, valves, 
motors, etc.). These components have their own properties 
and they are employed during the simulation execution. 

The main parts of the operator module are: 
1) A main module (an “Action-script” code) that loads 

the interactive process diagrams and gets information about 
the properties of the movie components. 

2) A module to exchange information with the main 
module and with the executive system. 

3) A module for the TCP/IP communications. 
As a result of these functions, the operator (student) 

perceives his actions and simulator response in a very close 
way as it happens in the actual plant. An example of a 
tendency graph (during a plant trip) is shown in Fig. 5.  

C. Instructor Console 
This module is the MMI of the instructor and has a main 

menu of functions which is presented in Fig. 6. The IC is 
constituted by five modules:  

1) a main module to execute all the tasks related with the 
graphical interface of the instructor (DPI);  

2) a module to retrieve the static information of the 
simulation session, for instance, malfunctions, internal 
parameters, etc. (CONINS);  

3) a module to store information in a data base using 
SQL (DBSM);  

4) the mathematical models; and 
5) a module to communicate the instructor console with 

the real-time executive (Console Application).  
In the IC the simulation session is controlled. The 

functional interconnection between these modules is 
presented in Fig. 7. 

The functions of the IC may be invoked from the list 
menu of the display with the mouse pointer; the functions are 
popped up to be selected. However, thanks that the instructor 
has a modified copy of the operator control screens where 
may follow the actions of the students some of them may be 
accessed from the DPI in special icons. 

Fig. 8 presents the DPI of the Lube Oil System with a 
popped up menu of a malfunction. 

The main functions of the IC are: 
Run/Freeze. The instructor may start or freeze a dynamic 

simulation session. 
Initial Condition. The instructor may select an initial 

condition to begin the simulation session, either from the 
general pre-selected list or from their own catalogue (each 
instructor has access up to 100 initial conditions). It is also 
possible to record a new initial condition (snapshot) or to 
erase an old initial condition. An automatic snapshot 
function is currently running during a simulation session and 
it is possible to specify the time interval to get each snapshot 
(up to 500 of them). 

Malfunctions. It is used to introduce/remove a simulated 
failure of equipments. There are 99 malfunctions available. 
Examples of them are: pumps trips, heat exchanger tubes 
breaking, heaters fouling, and valves obstructions. For the 
binary malfunctions (like trips), the instructor has the option 
of define its time delay and its permanence time. For 
analogical mal-functions (like percentage of a rupture), 
besides the mentioned time parameters, the instructor may 
define both intensity degree and evolution time. 

CONINS

CONSOLE
APPLICATION

DPIMODELS

DBSIM

 
Figure 7.  Instructor Console Execution Diagram
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Figure 8.  Example of a Malfunction (Falla) Invoked from a Control Screen 

 
Remote Actions. The instructor has the option to simulate 

the operative actions not related with actions on the plant 
performed from the control screens. These actions are 
associated with the local actions effected in the plant by an 
auxiliary worker. Examples of them are: to open/close valves 
and to turn on/off pumps or fans. There are more than 200 of 
them and they may have time and intensity degree 
parameters as instructor options. 

External Parameters. They allow the instructor to modify 
the external conditions: atmospheric pressure and 
temperature (dry and wet bulbes), voltage and frequency of 
the external system, fuel composition, etc. 

Automatic Exercises. The instructor may create automatic 
training exercises where initial conditions, malfunctions, 
local actions, and a time sequence are specified and stored 
for their subsequent use.  

Simulation Speed. In its default mode, the simulator is 
executed in real time, but the instructor may execute the 
simulator up to ten times faster or ten times slower than real 
time. This option is especially important when the trainee 
wants to analyse a fast transient, therefore he can simulate in 
a slow way. In the other hand, some slow thermal process as  

turbine iron-heating can be simulated in a fast way. 

Miscellaneous. There exist some other general functions 
like the binnacle of actions (automatic registration of all the 
actions effected in any part of the simulator to be re-played 
in the exactly the same sequence and time), the creation of a 
new instructor account, and the change of the instructor.  

Development Tools. The simulator has a series of 
implements helpful especially during the simulation 
development: simulate just one step (1/10 s), monitor and 
change on line the value of selected global variables, and 
tabulate any list of variables. The session may be debugged 
using standard tools.  

V. MODELLED SYSTEMS  
During the last years, the GS has developed a 

methodology that facilitates the models development. In 
particular, this simulator was developed applying this 
methodology and, in fact, some of the modelling tools 
(concretely some generic models) were developed and/or 
adapted during the execution of this project. Although 
simplified models are used in the literature [3], the gas-
turbine simulator uses comprehensive approach models. 
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A. Generic Models 
In summary, the mentioned tools are (all proprietary 

software of the IIE):  
- a simulation environment (MAS); 
- a generic configurable model (flupre) to simulate flow 

and pressure networks [4]; 
- a generic configurable model (redele) to simulate 

electrical networks [5];  
- a generic program to simulate direct contact condensers 

with non-condensable gases (gecoin);  
- a generic model to simulate a combustion chamber in 

real time (gecomb) [6]; 
- thermodynamic properties for water and steam and for 

mixtures of hydrocarbon components; 
- generic models to simulate particular equipments (open 

tanks to atmosphere, pressurised tanks, air or gas 
containments, electrical response of induction motors, 
combustors, condensers, heat transfer equipment); 

- PID control modules; 
- energy (temperature or enthalpy) balance in mixing 

nodes; 
- mixing of streams with hydrocarbon components; 
- mathematical packages to solve linear and non-linear 

algebraic equations systems; and 
- methods for numerical integration of differential 

equations. 
The models of the simulated plant were primary divided 

in two groups: the control models (logical and analogical) 
and the process models.  

B. Control Models 
The logic control models receive and process the signals 

generated by actions realised by the operator in the control 
room via the activities on the control screens. As a response, 
these models generate possible changes on the process 
models and control screens. Also, the models of the 
analogical control adjust the aperture of the valves to 
regulate some variables of the processes around a set point 
fixed by the operator (levels of tanks, pressures and 
temperature of certain steams, etc.). Typically there was one 
control model related to one process model.  

C. Process Models 
The systems included in the simulator are, counting their 

associated control systems: 
- Fuel Gas;  
- Gas Turbine;  
- Compressed Air;  
- Combustor;  
- Air for Instruments;  
- Lubrication Oil; 
- Control Oil; 
 
- Water-Ethylene Glycol Cooling;  

- Electrical Network;  
- Generator;  
- Generator Cooling with Hydrogen;  
- Turbine (Metals Temperatures and Vibra-tions); and  
- Performance Calculations (Heat Rate and Efficiencies). 

VI. METHODOLOGY OF PROCESS MODELLING   
All models were developed using Fortran Intel. The used 

methodology, proposed by the IIE may be summarised into 
the next eleven steps: 

a) Information of the process is obtained and classified 
(systems description, systems operation guidelines, thermal 
balances, operational curves of the equipments, operational 
plant data, etc.). 

b) The information is analysed and a conceptual model is 
stated (a functional explanation of the system as will be 
simulated is stated). 

c) Simplifications of the system are made obtaining a 
simplified diagram (showing only the simulated equipments 
with their nomenclature). 

d) Main assumptions are stated and justified. 
e) The configuration of the flow and pressure network is 

obtained and with an operational point (normally 100% of 
load) the parameters of pumps, valves and fittings are 
acquired automatically (in a excel data sheet). This sheet is 
part of the final documentation and when it is modified, the 
updating of the simulator may be automatically performed 
(from excel, global variables, data and code are copied into 
the programs and data base of the simulator).  

f) Energy balances are programmed with the required 
models. Again, parameterisation with excel is used. 

g) Equipment out the limits of the hydraulic network is 
parameterised (tanks, boilers, condensers, etc.) using 
predefined excel spread sheets. The generic models available 
in the simulator’s libraries are used or, if required, they are 
developed the adequate new models. 

h) Local tests are performed and, if necessary, 
adjustments in the models are made. The MAS and its 
utilities are used for this task. 

i) Integration between all the different systems and their 
controls are performed (the coupling order is an important 
factor). All models are integrated into the MAS. The support 
of plant operators is essential during this stage. 

j) Global tests and the required amendments are made. 
k) Final acceptance tests are achieved by the final user 

according their own procedures.  
The models were developed in parallel for five groups: 

one for the electrical models; one for the turbine metals 
models; two for the thermal-hydraulics models; and one for 
all the controls. There were used modular and lumped 
parameter approaches with both, storage and resistive 
modules [7].  
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VII. CONTROL MODELLING METHODOLOGY  
The control screens were drawn considering the original 

ones provided by the designer. Most of the controls are part 
of the distributed control system (DCS) diagrams available 
from the plant constructor (about 200 of them), and some of 
them are local controls (out of the distributed control 
system).  

All the DCS control models were programmed using as a 
source the printed DCS diagrams. The local controls are 
normally imbibed in the electronic cards, so they were re-
designed by the CFE, as a part of the simulator project 
according its operational experience. 

The diagrams were re-drawn with VisSim which 
generates the code of the drawing into standard C language 
routines (one per each diagram). The control system and the 
methodology to obtain the final models are described 
elsewhere [8]. 

VIII. EXAMPLE OF AN APPLICATION OF THE MODELLING 
METHODOLOGY  

The application of the modelling methodology for the 
process systems may be exemplified with the Lubrication Oil 
System in Fig. 8. 

Once steps (a) and (b) were performed, all the 
information was classified and controlled into a data base 
and a description of the modelled system was elaborated. 
The simplified diagram, referred on step (c), was obtained. In 
Fig. 9 an example of the diagram is shown for the Lub Oil 
System (LOS) together with the control  oil system. 

In the diagram the equipments included in the model and 
measurements points are included and it is possible to 
identify, for example, the valves controlled automatically 
from those operated by the operator or locally.  

The LOS basically has a tank (directly connected with 
the control oil tank), one radiator with fans to cool the oil 
atmospheric air, three pumps, two filters and the lubricated 
parts of the gas turbine and generator. 

The radiator has a valve to control the temperature of the 
oil by-passing the fluid from the radiator. Another control 
valve regulates the pressure just before the turbine and 
generator is lubricated. The radiator has a valve to control 
the temperature of the oil by-passing the fluid from the 
radiator. Another control valve regulates the pressure just 
before the turbine and generator is lubricated. 

A. Assumptions 
The assumptions (step d) considered for the LOS were: 
- the difference in height of all components of the 

systems is less than 3 m and so, it is neglected the static 
change of pressure; 

- all the pumps are identical;  
- the density and the heat capacity of the fluid are 

constant;  
- the increment of temperature of the fluid through the 

pumps is a function of the pressure raising of the pump and a 
constant efficiency; and 

- the heat exchange is calculated as for counter-current 
fluids. 

 
Figure 9.  Simplified Diagram of the Lubrication Oil System 
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B. Flows and Pressures 
To achieve the step (e), in a predefined excel sheet the 

configuration of the flows and pressures network is stated as 
an incidence matrix. Then, the parameters of each fitting is 
automatically calculated by feeding the excel sheet with the 
operation (or design) values of flow and pressures in the 
network. In Fig. 10 an example for valves and not rotation 
fittings is shown. Flows, pressures, speed and valve apertures 
are the input data and the parameters of the fittings are 
calculated. 

Although it is not clear in the printed version, in Fig. 10, 
the black numbers represent the calculated parameters; the 
red numbers are data obtained from design or operation 
points; the blue numbers are obtained with a calculation 
(with a mass balance; or the calculation of an enthalpy: or 
the calculation of flows according the diameter of piping; for 
example); the red numbers are estimations (for example a 
pressure between two points were the pressures are known 
estimated as a weighted average); and the green numbers are 
parameters assigned manually (an thus, they may be adjusted 
during the model’s tests). 

In each case, the excel sheet has explicitly indicated (as a 
reference) the sources the data used. The units of the original 
variables and the conversion, when applicable, are shown. 
Also, the mathematical formulation is included, in the data 
sheet.  

In the case of fittings, according the equations of flupre, 
the constant K is calculated as function the mass flowrate w, 
the density ρ, the differential pressure ∆P, the valve aperture 
Ap, and the valve characteristic γ:  

 
γρ ApP

wK
∆

=
2

         (1)  

In the case of pumps, the data from the design or 
operation is used to adjust the proper parameters for the next 
equation:  

 2
32

21 ρωω
ρ

KbwKbwKbP ++=∆        (2) 

where ω is the pump speed and Kbi are the constants to 
be adjusted. If the pump curve is not available, an empirical 
method is used to create it from one operational point. In 
Fig. 11 it is shown the screen for the adjustment of one 
pump. Flupre has a set of typical equations to represent some 
other components (like turbines). Thus, applying the proper 
momentum equation on each element and the mass balance 
on each node, a system of equations is stated where the flows 
and pressures are the unknown variables to be solved. Flupre 
may solve any hydraulics network by detecting automatically 
the topology and setting the appropriate set of equations. So, 
the formulation has the form that has been claimed to be as a 
novel approach recently [9].  

1) Energy Balances 
For the step (f), the calculations of energy balances are 

programmed following the flow direction and considering 
possible sets of equations to be solved simultaneously.  

2) Nodes 
In each node where energy balance is required (due the 

joint of several streams), the enthalpy h is calculated by the 
integration of the next equation considering the inlet i and 
output o conditions:  

 
m

qhhw
dt
dh atmoi −−

=
)(          (3)  

where the mass in the node m (that represent the inertia of 
the node) is considered constant. The equation may be 
applied for the temperature if the heat capacity Cp does not 
vary and the heat to the atmosphere qatm is divided by Cp and 
the mass in the node.  

3) Heat Exchange 
A simple approach, but effective, for the coolers of the 

LOS is to calculate an average flow of the two mass 
flowrates (air and oil) as:  

 
oilair

oilair
prom ww

www
+

=          (4)  

and to obtain the exchanges heat Q between the air and 
the oil:  

 
mlprom THwQ ∆=           (5)  

where ∆Tml is the logarithmic mean temperature, and the heat 
exchanger coefficient H is a function of the fluids properties 
and the physical characteristics of the equipment. 

The same heat must satisfy the sensible heat of streams 
air and oil. If no phase change is presented, the output 
temperature of each fluid may be calculated as:  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

Cpw
QTT io

          (6) 

To avoid problems with the energy balance, it is 
necessary to verify that the exit temperature of each stream 
does not be crossed with the temperatures at the inlet of the 
other stream. Thus, an iterative procedure is necessary to 
accomplish the energy balance properly. 

The oil lubricates and cools the metal of the turbine and 
generator rotating parts. A scheme of the heat transfer 
process is shown in Fig. 12. The metals are heated by the 
friction of the turbine and by the electric current of the 
generator. Virtual temperatures (TI for the current and Tω for 
the speed) are calculated in order to simulate this effect:  

 ICTT IambI +=           (7) 

 ωωω CTT amb +=           (8) 

Thus, it is possible to calculate the heat generated by 
speed and current Qm to the metal using a proper 
correlation [10].  

 24.0 )()( ITTKTTKQQQ mIImIm −+−=+= ωωωω    (9) 

The derivative of the metal temperature is  

Cpm
QQQ

dt
dT Im −+

= ω        (10) 
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Figure 10.  Excel Sheet for Non-Rotation Elements 

 
Figure 11.  Excel Sheet for Non-Rotation Elements 
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Here, Q is calculated in a similar way than the heat 
between two fluids, and the heat to the atmosphere is 
calculated as a free convection phenomena. 

The heat gained by the fluid when goes through a pump 
(turned on) is:  

 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∆
=

ρ
η PQbo

*         (11) 

where η is a constant efficiency and the temperature at the 
exit of the pump is a function of the increased pressure. 

4) Tanks and Motors 
For this example, the elements referenced in the step (g) 

are a tank (container) and motors. 
One tank is present in this model: the lub oil tank. It is a 

closed tank depressurized with a couple of fans to eliminate 
the humidity (mist). Valves to fill or drain the tank are 
simulated. It was modelled considering two independent 
models but connected by the heat transferred between them. 
The first model is just the calculation of the water level 
considering the liquid flows and the thank geometry, and the 
heat transfer to calculate its temperature. The second model 
considers an ideal gas.  

From design data, the dynamics of speed and electrical 
current of the electrical motors are calculated, including the 
surge overcurrent at the startup of the motors. The current is 
simulated by the adjustment of typical curves of the motor 
(electrical current, slip and torques). The speed is calculated 
by the integration of its derivative which is a function of the 
motor, pump and frictional torques J and the inertial constant 
Kine.  

 
ine

frpumpmo

K
JJJ

dt
d −−

=
ω        (12) 

IX. COUPLING OF THE MODELS  
Once the models were finished, the coupling was 

completed considering the best sequence to avoid, as much 
as possible, mathematics problems during the execution. An 
algorithm proposed and used previously in a simulator is to 
consider an execution sequence trying to minimise delayed 
information (variables).  

For this stage, and subsequently, a model is considered as 
the process and its control. A matrix was obtained to 
visualise the generated variables (outlets) and the used 
variables (inlets) for each model. The modes were executed 
running first those with the greater number resulting of the 
difference between its outlets and inlets.  

The execution order is defined in the simulator in the 
Sequence Matrix where also the integration step and method 
are stated. 

The simulator resulted with: 
- 1500 parameters, and 
- 8800 global variables, that includes: 
- 40 analogical malfunctions,  
- 70 logical malfunctions,  
- 55 analogical remote functions, and  

- 165 binary remote functions. 

X. PROJECT CONTROL 
The Project was divided in 8 main phases and 29 tasks. 

Time, work, and resources were loaded and controlled with 
Microsoft Project Manager according program presented in 
Table 1. 

Some overwork was needed in order to accomplish the 
programmed dates. The main sources of delays were some 
discrepancies that needed to be solved when the local tests 
were performed and the inaccuracy of the control diagrams. 
The plant diagrams had errors of printing or they were not 
actualised when the real control was adjusted. The response 
of the control system was not adequate, so, it was necessary 
to find the error sources and correct the diagrams.  

The project lasted eleven months. The CFE participated 
actively in getting the plant information and defining with 
the GS the data not available. In particular CFE created the 
control diagrams that were no part of the DCS and helped in 
performing the operation on the simulator to determine and 
adjust the models behaviour. 

There was a head of project, one responsible of the 
software activities, one for the hardware, one for the process 
modelling and one for the control models.  All activities 
were closely followed in order to assure a punctual and 
precise ending. Weekly revisions were performed with the 
heads of area. One summarised report was delivered to the 
costumer monthly and a full revision was performed every 
two months. The quality system implanted in the GS allowed 
the opportune correction actions when needed. Also, the 
guidance and good disposition of the manager of the GS was 
helpful.  

XI. RESULTS 
The simulator validation was carried out proving its 

response against the 16 very detailed operation procedures 
elaborated by CFE specialised personnel (“Acceptance Test 
Procedures for the Simulator”). 

TmTi

Qm

T0

Qatm

Q

 
Figure 12.  Schematics of the Metals’ Heat Flow 

TABLE I.  PROJECT SCHEDULE 

Phase Start End 
Hardware 03/04/06 16/06/06 
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Software Development 10/04/06 06/11/06 
Process Models Development 10/04/06 04/12/06 
Control Models Development 10/04/06 15/12/06 
Local Acceptance Tests 01/01/07 24/01/07 
Translation and Installation 25/01/07 05/02/07 
Final Acceptance Tests 06/02/07 28/02/07 
Project Control 22/02/07 28/02/07 

As example of the model behaviour, some results of the 
systems are presented. The customer provided plant data for 
both, an automatic start up procedure and the down load 
operation. The simulator results were compared with these 
data. No data for other transients were available. In Fig. 13 a 
comparison between the expected and simulator speed are 
presented. 
In Fig. 14, the x-axis is the sum of the turbine speed (rad/s) 
and then power produced (MW). Thus, whilst the turbine is 
increasing its speed the power is zero and when the plant 
produces power (up to 150 MW) the speed is constant at 
376.8 rad/s. In the graphic (with a non-linear x-axis) may be 
observed that the behaviour of the simulator variables is 
similar at the real value. 

As another example of the simulator’s validation, a test 
including the activation of one malfunction is presented. The 
chosen malfunction is the augmentation of the pressure drop 
through one of the lub oil filters.  

 
The malfunction has a range between 0% and 100%, 

where the value 0% means that the malfunction is not 

present and the value of 100% means the filter totally blocks 
the oil flow through it. 

 The malfunction was tested at free hands (no actions 
were made on the simulator to try to control the situation), 
following the next steps: 

1. The simulator runs at stable state conditions for 60 sec. 
2. The malfunction is activated at 30% of severity and it 

remains for 60 sec (the malfunction last 10 sec to reach its 
target value each time is changed). 

3. The malfunction is activated at 60% of severity and it 
remains for 60 sec. 
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Figure 13.   Turbine Speed Plant and Simulator Comparison 
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Figure 14.   Plant and Simulator Variables Comparison 

4. The malfunction is activated at 90% of severity and it 
remains for 420 sec. 

Fig. 15 and Fig. 16 present the evolution of some 
variables during ten minutes. The Y axis was normalised in 
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order to visualise the trend of several variables in the same 
graph.  

The lower and upper limits of each normalised variable 
are shown in Table 2. The lower limit corresponds to the 
value of 0 and the upper limit corresponds to a value of 1 
after the normalisation. Also, a description of each variable 
and its units is included. 

The Press Ctrl Valve opens when the malfunction rises to 
30% trying to control the Lub Oil Press that initially descents 
but is finally controlled, When the malfunction is changed to 
60% the valve opens completely and the pressure descends. 
Again when the malfunction is changed to 90% of its 
severity, the valve is already saturated and the pressure 
descents, even more and at 185 sec the low pressure 
provokes a trip of the unit. 

The Temp Ctrl Valve closes is not affected when the 
malfunction changes to 30% because the flow is practically 
the same due the action of the Press Ctrl Valve. When the 
malfunction is changed to 60% the valve closes slightly to 
control the Out Cool Temp. When the malfunction is 
changed to 90%, the valve closes totally because the heat 
transfer between the air and the oil decreases significantly 
due the loss of the oil flowrate. 

The Mix Temp does not vary up to the malfunction goes 
from 30% to 60%, and then Mix Temp ascends and remains 
constant. When the malfunction rises toward 90% of 
severity, the Mix Temp goes up quickly whilst the unit 
generates heat due the produced current and the friction of 
the turbine. The unit trips and the Mix Temp descends 
toward the Tank Temp that varies slightly during all the 
transient due the oil volume in the tank.  Not of the Lub Oil 
System, but as a reference, the Exh Press, the Exh Temp and 
the Turbine Speed fall down when the unit is tripped 

During the malfunction evolution (in the proper values 
and sequence), the High ∆Pres in Filters and the Low Lub 
Oil Pressure alarms activate (and the trip of the unit with 
their corresponding alarms). 

The behaviour of the variables during this transient was 
approved by the user. Besides, the simulator was probed in 
all the normal operation range, from cold start conditions to 
full charge, including the response under malfunctions and 
abnormal operation procedures. In all cases the response 
satisfied the ISA-S77.20-1993 Fossil-Fuel Power Plant 
Simulators Functional Requirements norm.  

TABLE II.  NORMALISATION BASIS OF THE DISPLAYED VARIABLES FOR THE MALFUNCTION EXAMPLE 

Acronym Description Units Lower Limit 
(Normalised 0) 

Upper Limit 
(Normalised 1) 

Temp Ctrl Valve 
Aperture of the by-pass valve that 
controls temperature at the exit of 
the oil cooler 

% 0 100 

Press Ctrl Valve 
Aperture of the valve of pressure 
control before the lub parts (node 4 
in Fig. 9) 

% 0 100 

Malfunction 
Percentage of the malfunction that 
represents the fouling of one oil lub 
filter 

% 0 100 

Lub Oil Press Oil pressure before the lubrication 
parts (node 4 in Fig. 9) kPa 100 250 

Out Cool Temp Temperature at the exit of the oil 
cooler K 320 350 

Mix Temp Temperature of the oil joint after the 
lubrication parts (inlet of the oil tank) K 340 360 

Tank Temp Temperature in the oil tank K 340 360 

Exh Temp Temperature in the exhaust of the 
combustor (inlet of the gas turbine) K 250 650 

Exh Press Pressure in the exhaust of the 
combustor (inlet of the gas turbine) kPa 80 1400 

Turbine Speed Gas turbine speed rpm 0  3600 
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Figure 15.  Plant and Simulator Variables Comparison 

 
Figure 16.  Plant and Simulator Variables Comparison 
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XII. CONCLUSIONS 
The “El Sauz” simulator is a replica, high-fidelity, plant 

specific simulator for operator training. Realism is provided 
by the use of DCS screens emulation. This simulator is being 
used for training of CFE Gas-Turbine power plant operators. 
It was tested and validated by the client (personnel who have 
a lot of experience in the combined cycle power plant 
operation and in the use of simulators for training and 
qualification). 

The results confirmed the simulator will be a useful 
device in the operators’ training (the convenience of the use 
of simulators for training operators has been proved since 
long time ago). 

After several adjustments, the behaviour and dynamics of 
the simulator were very similar to those presented in the real 
operation plant. 

The MAS proved to be a developing tool as well as the 
final simulator platform. 

The full automation of modelling tools simplifies the 
development of simulators. Presently the GS is developing a 
graphical interface for the automatic parameterisation and 
construction of models. 

The project was designed and finished satisfactory 
following a methodology that assures the ending on time and 
with the goals properly accomplished. 

The development tools, the hard work and the 
cooperation were primary elements during the project. 
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