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Abstract 
 
The paper presents recent projects of upgrading screen 
operated simulators of VVER-440 nuclear power plants to 
full scale replica simulators, implemented by CORYS 
TESS. Control room replica full scope simulators were 
built for the Bohunice NPP in Slovakia and the 
Novovoronezh NPP in Russia. The scope of simulation 
was extended to reflect the current status of the units, 
which have undergone significant modernization 
programs over the last few years.  
The paper describes the software and hardware 
adaptations and evolutions of the existing simulators, the 
implementation in the simulator of modern supervision 
systems as well as of systems and equipment designed in 
the seventies and still used on the reference units. The 
training benefits of parallel use of control room replica 
and screen-operated simulators in the training process are 
discussed. 
 

INTRODUCTION 

Over the past few years, significant amount of upgrading 
and modernization took place on all VVER-440 units. 
These units of Soviet design are reputed as safe and fault 
tolerant, having a very good record of reliable operation. 
However, lacking a containment and many of the modern 
safety-related features, countries wishing to join the 
European Union had to engage to stop the operation and 
dismantle the older V-230 type units and undertake an 
extensive modernization program for the more recent V-
213 type in order to comply with current safety standards.  
 
The VVER-440 units are currently operated in 7 
countries: Armenia, Bulgaria, Czech Republic, Hungary, 
Russia, Slovakia and Ukraine. 
 
The modernization of the units, going hand in hand with 
increasing pressure from the safety authorities in all the 
countries to improve the quality of operator training 
resulted in the requirement for building full scale replica 
simulators for these units. 

In the mid-nineties, the European Union undertook an 
important endeavor for quick improvement of operator 
training in all countries operating the VVER-440 reactors. 
In a situation where no simulators were available, it was 
decided to supply within an optimized schedule and 
budget screen-operated full-scope simulators for VVER-
440 units in all the above mentioned countries with the 
exception of Hungary, the only country where an up-to-
date simulator was available at that time. 
 
One of the requirements of the EU for these simulators 
was an open design, enabling future extensions of the 
simulators related to plant upgrades and connection of the 
simulation models to replica control room panels. 
This EU concept was implemented by the consortium 
CORYS T.E.S.S. – Belgatom – Siemens on the basis of 
CORYS T.E.S.S. simulation technology. Eight screen 
operated simulators were supplied in 1998-99, the ninth 
one (Armenia) in 2000, all of them fully ANSI-ANS 3.5  
compliant as far as scope of modeling is concerned, all of 
them using the most advanced 3D neutronic codes and 
non-equilibrium two-phase flow codes for all important 
systems.  
 
Since then, the "open architecture" concept has proven as 
extremely efficient and cost effective for the 
implementation of unit upgrades in the simulation models 
and for connecting the simulation models to control room 
panels. Five simulators were upgraded by CORYS 
T.E.S.S. in cooperation with local partners, without 
interrupting the training process. Three of them are now 
full control room replica simulators, at least two other 
upgrade projects are planned in near future. These three 
projects will be described in greater detail below. The two 
remaining projects were model upgrades and partial re-
hosting of the V-230 simulators in Kozloduy Unit 3 
(Bulgaria) and Kola Unit 2 (Russia) following 
modernization of the reference units 
 
For the simulator upgrade projects, the CORYS T.E.S.S. 
simulation technology was upgraded, in particular by a 
new configuration tool. The configuration tool permits 
fully automatic simulator integration and reduces the 
integration time by a factor four.  
 
A special graphic interface for the management of the 
simulator has been implemented.  
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This “management console” allows minimizing the 
disturbances of the training sessions and offers the 
following features: 
• on-line restart of simulator tasks: if any 

computer or screen crashes, it can be removed, 
repaired and restarted without stopping and 
restarting the whole simulator; 

• on-line changes of simulator hardware 
architecture: if any computer needs to be 
stopped, it can be done on-line without 
disturbing the rest of the simulator; 

• simulator logbook: a new simulator logbook 
file is automatically created every day and 
permanently updated from the simulator start-
up to the shutdown in order to facilitate 
maintenance diagnostics.  

 
 
SLOVAKIA: BOHUNICE NPP – UNIT 1 (V-230)  
 
The Bohunice NPP Unit 1 in Slovakia is currently 
operating a modern full-scope full replica simulator. Since 
the start of the operation of Bohunice Units 1 and 2  until 
1998 no dedicated training tool existed for these units. In 
1998 a screen-operated analytical simulator was supplied.  
In 1999, in conformity with the requirement of the Slovak 
regulatory authority, the development of a dedicated full-
scope simulator was undertaken, taking the screen-
operated simulator as a basis for the development. The 
Units 1 and 2 have recently undergone an important 
modernization program, in particular on all safety-related 
systems. The Siemens Teleperm XS system for reactor 
protection was installed. All these evolutions had to be 
implemented into the upgraded simulator.  
 

MAJOR OBJECTIVES OF THE UPGRADE 

There were two basic reasons for upgrading the existing 
screen-operated simulator to a full replica simulator. The 
first reason was the "Large Backfitting Program" of the 
Units 1 and 2 of the Bohunice NPP, having for objective 
to increase the safety standards of these soviet-designed 
units close to modern western safety standards. This 
program had a significant impact on the operation of the 
plant, on the control room layout and on many important 
operating procedures. This created a requirement for the 
upgrade of the training simulator to fulfil requirements 
and regulations imposed by the safety authorities. 
The second reason was the requirement of the Slovak 
regulatory body imposing on all nuclear power plant 
operators the obligation to have a full scope, full replica 
training simulator for each type of unit operated on the 
Slovak territory.  
 

 
Fig. 1: The new control panels of the Bohunice Unit 1 

full-scope simulator 

EXTENSION OF THE SCREEN-OPERATED 
SIMULATOR 

The screen-operated simulator already included a large 
simulation scope since all plant systems operated from the 
main control room were simulated. The upgrades to 
render it fully specific with respect to the reference plant 
are mainly related to the “Large Backfitting Program” 
carried out on the Bohunice V230, units 1 and 2. 
 
Important Modernization Program 
 
In the framework of plant modernization, several 
important systems have been reconstructed mainly for 
overall safety level improvements. The following models 
as well as the associated soft panels have been adapted or 
completely redesigned: 
• upgrade of the pressurizer system to allow “bleed 

and feed” operation mode on the primary side, 
• complete  redesign of the emergency feedwater 

system and service water system, 
• upgrade of main steam lines system to allow 

“bleed and feed” mode on the secondary side, 
• upgrade of safety injection pump configuration, 
• redesign of the pressure suppression systems of 

the hermetic compartment (new spray system, 
additional safety relief flaps, new jet ejectors 
located on the sump, new vacuum breaker, …), 

• update of electrical logic and circuits for the 
Diesel generator system, 0.4kV service circuit and 
main generator excitation system. 

 
The Teleperm XS (Siemens AG) control system is 
currently being installed at the plant. The technical 
solution chosen for the implementation of this system into 
the simulator consists of it functional level simulation 
(using CORYS T.E.S.S. modeling tools). The Power 
Limitation System (ROM), the Reactor Power Controller 
System (ARM), the Reactor Protection System (ESFAS) 
and the neutronic flux monitoring system models have 
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been completely redesigned to simulate the corresponding 
upgraded plant systems. 
Moreover, due to the crucial importance of the Teleperm 
panels for operators training, it was decided to include the 
full soft replica of these panels into the existing screen-
operated simulator operating images (14 additional 
images). 
This resulted in an efficient know-how transfer of the 
simulation technology and development and maintenance 
methodology to the future simulator maintenance staff. 
 

 
Fig 2: Soft replica of the Teleperm panel 

(secondary bleed&feed system) 
 
Extending the scope of simulation 
 
In order to enhance the quality of the training process, the 
transport of non-condensable gases was implemented both 
in secondary circuit to allow the full drainage of the steam 
generators and to simulate with high fidelity the nitrogen 
blanket under the reactor head in cold state and its 
subsequent displacement by steam. For that purpose, the 
new version of the NSSS thermal hydraulic code DRAC 
was integrated in the simulator and the nodalization 
scheme was extended to include the steam headers. 
 
New operator station and supervision system 
 
The upgrade of the screen-operated simulator also 
consisted in the stimulation of a new plant process 
technological information system (TIS). This supervision 
system is running on a PC under QNX operating system. 
The stimulation was realized via a double RS232 serial 
connection. 
A large part of the Backfitting Program is related to the 
installation of the new Siemens Teleperm supervision 
system. In the simulator, the real Teleperm supervision 
system (running on a PC) is stimulated. This upgrade 
consisted in the computation of about 1700 process 
variables required by the supervision system and in the 
development of the communication protocol between 
simulator and Teleperm databases. 
 

CONTROL PANELS AND I/O SYSTEM 

 
The upgraded screen-operated simulator (including his 
operator stations running in passive mode) was connected 
to the simulator via the MODULO I/O system. This 
system, developed by CORYS T.E.S.S., is based on CAN 
Bus technology. 
The construction and installation work was shared 
between CORYS T.E.S.S. and VUJE training center.  
VUJE was in charge of building the replica control room 
panels, desks and the Teleperm control panels, of the 
complete wiring of the panels devices and of the 
"MODULO" modules installation. CORYS T.E.S.S. 
focused on the design of the “MODULO” loops, on the 
treatment of the I/O database, on the development of the 
communication libraries and on the functional unit tests of 
device classes. 
 
The control panels 
 
The simulator control room consists of a full replica of the 
plant control room (36 classical control panels and 20 
new Teleperm control panels). The connection includes 
about 7900 signals, respectively 3400 signals related to 
the vertical panels, 1900 for the desk panels and 2600 for 
the Teleperm panels). To reduce hardware, installation 
and maintenance costs, an optimized technical solution 
was designed (less wiring and less I/O modules), using 
Binary Coded Decimal (BCD) converters. As an example, 
the special PPM keyboard, which requires 36 
connections, is wired with only 10 connectors. 
The I/O communication library system contains 20 
generic equipment classes, from which about 170 specific 
objects (panel devices) were derived. 
The new full scope simulator works with the screens of 
the screen-operated simulator operating in passive mode 
and located in a separate classroom. This enables a 
parallel crew to follow the training session and enhances 
the de-briefing capabilities of the simulator. In addition, 
an off-line switch between the screen-operated and the 
replica control room simulators was implemented, 
enabling to run any one of them alternatively, depending 
on the specific training objectives.   
 
A new generation of I/O system 
 
For the I/O system hardware, the MODULO technology 
developed by CORYS T.E.S.S. was successfully 
implemented. It consists of a set of PCs, connected by a 
network (via CAN buses) to the I/O modules. The PCs 
perform management of the CAN buses and 
communication with the simulator. 
 

WMC 2004, San Diego  Page 3/8 



  
Fig 3: MODULO technology for the I/O system 

 
The MODULO system was designed with specific 
technical requirements of simulators mind: 
• performance: very high output refresh rate and 

input scanning frequency thank to the CAN 
network, 

• designed with a high degree of modularity, 
• easy to extend: adding new modules never 

requires fundamental modifications of the I/O 
system architecture, 

• compact technology: reduced wiring, reduced 
number of connectors, 

• cost: low compared to traditional I/O 
technologies, 

• easy maintenance: self diagnostics, powerful 
troubleshooting. 

 
The simulator  I/O system is designed with  3 PCs, 3 
CAN buses per PC, about 30 modules per CAN network. 
Each module can connect 32 signals (digital or analogue, 
either input or output). 
The test of the connection was realized using the 
integrated testing of the MODULO system based on a 
powerful user-friendly graphic interface.  

 
Fig 4: panels emulation and panels test utilities 

SLOVAKIA: BOHUNICE NPP – UNIT 3 (V-213)  
 
The full replica simulator obtained its license for operator 
training from the Slovak Nuclear Regulatory Authority in 
November 2000. It replaced the 20-year old simulator that 
was used for many years as the unique training tool for all 
VVER-440 units operating in the former Czechoslovakia 
(4 units at Bohunice and 4 units at Dukovany). In order to 
reduce costs, the control room replica of the old simulator 
was to be re-used in the new simulator.  
 
The new simulator is used for training of operational staff 
of the almost identical Units 3 and 4 of the Bohunice 
NPP, based on the V-213 sub-type of the VVER-440 
soviet-designed reactor. 

MAJOR OBJECTIVES OF THE UPGRADE 

Modifications and extensions necessary to render the 
screen-operated Bohunice-3 simulator fully specific and 
full-scope did not represent any particular difficulties. The 
new and exciting problem was to connect the simulation 
computer to the existing hard panels and to replace the 
screen human-machine interface (HMI) by the hard 
panels HMI.  
 
 

 
Fig 5: The control panels of the Bohunice Unit 3 full-
scope simulator 
 

EXTENSION OF THE SCREEN-OPERATED 
SIMULATOR 

 
Model extensions 
 
As mentioned earlier, due to the fact that the delivered 
screen-operated simulator was already very close to a 
fully specific full-scope simulator of Bohunice-3, the 
necessary upgrades were of minor nature. Only small 
changes had to be made to some fluid systems, 
interlocking logic, threshold values or alarms. 
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The neutronic code (KIKO) and the NSSS (DRAC) 
provided with the screen-operated simulator were fully 
satisfactory and ANSI-ANS 3.5 compliant.  
Inherently, the latter models represented already an 
enormous step forward in the scope and accuracy of the 
simulation compared with the existing NSSS and 
neutronic code of the full scope simulator to be replaced. 
The 5-equations NSSS code allows the resolution of two-
phase non-equilibrium problems in the entire primary 
system providing the possibility to simulate small-to 
large-break LOCAs including core uncovery and re-
flooding in a highly realistic way. The powerful 3D 
neutronic code makes it possible to study all asymmetric 
phenomena which could possibly occur in the reactor core 
(Xenon oscillations, delta I, etc.) in 3 dimensions. 
Consequently, no evolutions or interventions relative to 
the original scope where needed on these models. Some 
minor interventions were made on these models in order 
to improve the robustness of the complete simulator. As 
an example, the type of explicit connection between the 
NSSS and the secondary part of the steam system (main 
steam lines outside of the containment) was changed to 
improve the behavior of the simulator when switching to 
water/water mode during shut-down. Other interventions 
consisted in the tuning of some empirical constants to 
improve the overall response for some very specific 
accidental situations (large-break LOCA). 
Most of the modifications were the result of lessons 
learned or experience gained during the other VVER-440 
simulator projects and from VUJE training experience 
feedback. The know-how acquired by the model experts 
during these projects considerably improved the global 
efficiency and reduced the development time. 
 
 
Additional systems 
 
Due to the extension of the scope of the new simulator 
relative to the old full scope simulator, some new panels 
of systems previously not simulated had to be added to 
complete the new full scope simulator. This was mainly 
the case for 2/3 of the electrical panels and for some 
panels grouping the controls for auxiliary systems like 
cooling fans, some valves of the feedwater pump oil 
cooling system etc. Moreover, many new recorders and 
indicators had to be installed and connected to be able to 
represent the full potential of sensors computed by the 
simulation model. 
It was necessary to add new I/O connections to the 
simulation model extending the 9000 I/Os of the screen 
operated simulator to 13000 I/Os needed by the replica 
simulator. This inflation mainly consisted in the addition 
of status lights indicating the state (on, off, stand-by, close 
limit, etc.) of the equipment concerned on the control 
panels and desks. 
 
 

Process information systems simulation 
 
One of the more complex parts of the scope extension 
consisted in the simulation of some plant specific 
information systems like the neutronic monitoring 
systems HINDUKUSH and SUGAN, the plant 
supervision system ORION and in the stimulation of the 
plant supervision and data acquisition system TIS. 
The HINDUKUSH system provides the operator with all 
possible physical information about the assemblies in the 
core (temperature, form-factors, sorted lists according 
form-factors, etc.). To make the simulation of this system 
possible, special "sensors" had to be added in the 3D 
neutronic code KIKO and new routines had to be written 
to perform sorting or selection of specific assemblies. All 
images where made absolutely identical to the 
HINDUKUSH images and all the original functions were 
implemented. Similarly, the SUGAN display was entirely 
built in accordance with the real system and all specific 
information (period, power and neutronic fluxes in 
source, intermediate and power range for both 
measurement trains) was made accessible to the operators. 
 
The ORION system (soviet-design plant supervision 
system), however, was significantly more complex due to 
its very specific functions and due to lacking 
documentation of the system and its operation. All images 
are identical to the real images and all possible functions 
are simulated. Much effort has been made to make the 
ORION system as realistic as possible since this system is 
to be of prime importance in the assistance to the operator 
during power plant operations. 
 

 
Fig. 6: Example of an image of the simulated ORION 

system 
 
The TIS system is a supervisor system running on a PC. It 
displays mimics with sensor values and actuator positions. 
The full-scope simulator stimulates the TIS system to 
provide it with the required data using two channels: 
• the first one transmits data from the primary system, 

WMC 2004, San Diego  Page 5/8 



• the second one transmits data from the secondary and 
auxiliaries systems. 

These two communications channels were developed by 
modification of generic components of the software 
architecture. 
No modification was undertaken on the TIS system itself. 
 
 

CONNECTION TO THE EXISTING CONTROL PANELS 

The task of interfacing with hard panels and devices more 
than 20 years old using modern I/O hardware and 
software was particularly complex. 
 
The I/O system hardware was supplied by the company 
RTP under US DOE funding.  
 
A specific C++ object library, using the RTP protocol and 
the model database was developed. It was based on a 
standard generic C++ object library, managing a large 
number of basic objects. The I/O elements and the hard 
panel devices were described in an ACCESS database and 
complementary files. 
 
Due to the obsoleteness of the hard panel devices and a 
lack of formal description of their behavior, several 
difficulties were encountered in: 
 
• creating the final I/O database relevant to the 

physical state of the final hard panels and to the 
model variables, 

• managing the relations between the various devices 
behavior and the C++ library objects, 

• developing very specific and poorly described I/O 
objects. 

 
A great amount of tools had to be developed to allow: 
• generation of I/O objects related to the database 

description, 
• syntactic and semantic controls of the I/O database 

and the related description files, 
• automatic transfers of the I/O description files to the 

simulator. 
 
The generation tools had to be highly configurable due to 
the number of different I/O device types, with sometimes 
“non-deterministic” behavior (i.e. one type of device may 
correspond to several different behaviors: additional 
information had to be found and documented).  
 
The generic object library has proven particularly useful, 
even though some basic classes had to be customized to 
take into account the specific features of certain devices. 
Some new classes had to be developed to manage devices 
with complex behavior. 
 

An object-oriented approach proved to be very powerful 
for such a task. A great care has to be taken while 
developing base classes of I/O objects, to make them as 
general as possible and reduce future development costs. 
The specificity of the devices has to be examined 
carefully as soon as possible in the project schedule. 
Rigorous rules have to be defined throughout the I/O 
description process. 
 
 
RUSSIA: NOVOVORONEZH  NPP – UNIT 4 (V-178)  
 
The previously supplied screen operated simulator at 
Novovoronezh Training Centre was successfully 
connected to replica control room panels.  
 
During the development project, the existing screen 
operated simulator was maintained in use without 
perturbation of the ongoing training process. 
 
The work was performed within 12 months. 
 

MAJOR OBJECTIVES OF THE UPGRADE 

The main objective of the Novovoronezh Training Center 
was to have a full scale control room replica simulator 
fully compliant with the current status of the Unit 4 for 
which the Russian safety authorities would provide an 
operator training and certification license. With a part of 
the funding obtained through a tendering process from the 
European Union, the Russian customer insisted on the 
scope and depth of technology and know-how transfer in 
order to be able to implement the current and future 
upgrades with its own resources. 
 

EXTENSION OF THE SCREEN-OPERATED 
SIMULATOR 

The existing simulation software was upgraded and 
adapted to the new operational environment and new 
communication software was developed. They were both 
implemented at the Novovoronezh site. 
 
Several additional features were implemented in the 
instructor station in order to take into account the specific 
features of the replica control room simulator and enhance 
the ease of control and training follow-up for the 
instructor. 
 
Limited model improvements and additions  focused 
primarily on making all controls and indicators on the 
replica control room  operated by the simulation model.  
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CONNECTION TO THE EXISTING CONTROL PANELS 
 
The replica control room and all the control room devices 
were already available at the start of the project. Hence 
the I/O system hardware and software had to be adapted 
to the existing devices. The MODULO I/O system 
described above was used. It consists of 240 compact 
modules (having each 32 I/O) connected to 3 PCs 
dedicated to the management of the I/O signal 
transmission. 
The hardwire connection, performed by the Russian 
partner, was composed of about 6700 signals 
(respectively 4600 output digital or analogue signals and 
2100 input signals) distributed on the 38 replica control 
panels. 
 
In terms of I/O database management, the methodology 
was based on the classification of the panels control 
devices into generic, specific or non-standard devices, 
leading to the development of equivalent software 
devices. The final communication library contains 20 
generic devices, from where 100 specific devices were 
derived using the inheritance concept of the C++ 
language. In addition, several non-standard devices were 
implemented such as: 

• Specific keyboard to select and control a set of 
valves 

• Board of management of reactor power 
regulation ARM 

• Board of management of unloading and 
restriction of reactor power ROM 

• Optics-acoustic signal device BSR-25 
• Fire signaling device PPS-3 

 
Part of these devices will be connected to specific 
supervision systems (presently out of scope) and an open 
design was implemented to perform easily the stimulation 
of the supervision systems. 
 
The full scope replica simulator runs on the original 
computer hardware, the additional software did not 
require re-hosting of the original hardware, thus reducing 
the cost of the upgrade. 

CONCLUSIONS 

INTEREST OF INCREMENTAL BUILDING OF FULL-
SCOPE SIMULATORS 

The successful achievement of the 3 full scope full replica 
simulator described above demonstrated the feasibility of 
a concept which was largely discussed in the simulation 
community, by potential customers and by institutions 
participating in the funding of these projects. Many 
doubts were raised based on technical, and sometimes on 
commercial, grounds.  

Knowing that the "proof of the pudding is in the eating", 
it is interesting to review the global approach which 
permits to reduce significantly the cost of a full scope 
simulator for an individual customer. This approach, 
successfully implemented in central Europe on the basis 
of funding provided by the EC, could easily be transposed 
to other contexts and other customers.  
 
The approach may be described in 3 steps: 
 
Step 1: identify power plants using same or similar key 
components and systems (reactor, steam generators, 
safety systems, turbine and steam-water cycle, control 
systems, etc.) and pool resources to develop simulation 
models of these components and systems. Our experience 
shows that pooling up 4-5 plants may be the optimum as 
for a lower number the cost decrease is less significant, 
for a higher number the data, project and configuration 
management issues lead to increased complexity and 
increased costs. 
 
 
Step 2: develop models and integrate a simulator of a pilot 
plant. The simulator need not cover all the plant systems 
at this stage but future extendibility should be 
incorporated into the design of all simulator subsystems. 
It is very important to use modern simulation workshops 
and environments permitting easy extraction, re-use, re-
tuning and re-integration of the developed system models. 
A low cost, functional and ergonomic human machine 
interface is developed to facilitate simulator testing and 
validation. The duration of this step is about 16-20 
months. 
 
 
Step 3: At this stage each individual customer determines 
his priorities in terms of what needs to be added or 
modified (additional auxiliary systems models, existing or 
newly developed control room panels, I/O system, 
additional teaching-geared images, etc.). The individual 
specific simulators are integrated and exhaustively tested 
and validated. The duration of this step is 12-18 months. 
 
 
As a result, admittedly with an extension of the global 
project duration of 4-6 months, the individual customer 
obtains the simulator at a cost that represents 30-50% of 
the typical cost of a standard full scope simulator 
development project. 
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PARALLEL USE OF FULL CONTROL ROOM REPLICA 
SIMULATORS AND COMPACT SCREEN OPERATED 
SIMULATORS FOR IMPROVED TRAINING 
EFFICIENCY 

There is no substitute to full scale control room replica 
simulators (RS) for nuclear power plant operator training. 
However, screen-operated simulators (SOS) have shown 
to be a complementary tool with very high added value in 
training. The main advantages of parallel use of the two 
types of simulators are summarized below: 
• prepare RS training sessions on SOS to increase 

effectiveness of training sessions on RS; 
• SOS have greater flexibility in providing 

graphical information on underlying physical 
phenomena; 

• SOS are ideal for "know why" training, RS are 
ideal for "know how" training; 

• SOS can save many hours of RS in initial training; 
• if RS and SOS are connected, SOS are perfect for 

debriefing sessions, SOS are useful as "observer" 
stations; 

• SOS help reduce load (and cost) on RS while 
increasing training efficiency. 
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