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ABSTRACT 

The reliability analysis of complex sequential systems, in which 
the order of arrival of the events must be taken into account, 
can be very difficult, because the use of the classical modeling 
technique of Markov diagrams leads to an importanr limitation on 
the number of components which can be handled. The desk-top 
apparatus S.ESCAF, which electronically simulates very closely 
the behaviour of the system being studied, and is very easy to 
use, even by a non specialist in electronics, allows one to 
avoid these inconveniences and to enlarge considerably the 
analysis possibilities. 

This paper shows the application of the S.ESCAF method to the 
electrical power supply system of a nuclear reactor. This system 
requires the simulation of more than forty components with about 
sixty events such as failure, repair and refusal to start. A 
comparison of times necessary to perform the analysis by this 
means and by other methods is described, and the advantages of 
S.ESCAF are presented. 
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This paper was originally read at the "5th International 
Conference on Reliability and Maintenability" - Biarritz 
(France),6-10 October 1986. 

The authors thank the organizers of this conference for their 
permission to publish in this journal. 

I INTRODUCTION 

As part of the safety analysis of a French nuclear plant, the 
frequencies of various accident sequence initiators must be 
determined. To this end, a reliability analysis of the 
electrical power supply system has been performed. The output of 
this analysis is the occurrence probability for the following 
events : 

- Total loss of electrical power to the safety-related 
systems and to the safeguard auxiliaries. 

- Non recovery of this electrical power during a given time 
interval. 

In order to have some idea of the complexity of this system,let 
us note that the system contains more than 40 components or 
m acro-components , such as power networks , diese 1 
generators,buses... more than 10 being operated with 
starting,stopping and commutation orders. In addition,this 
system includes several "loops" : the final power supply reacts 
on the behaviour of several intermediary components. 

Up to now,the determination of the failure probability fcr such 
systems required long studies involving complex calculations ; 
there were quite often many approximations. For this reason we 
are now using S.ESCAF,an add-on option to the desk-top apparatus 
ESCAF, allowing the processing of sequential systems containing 
up to 60 highly interconnected components without having to 
construct very large Markov diagrams. The number of states very 
quickly becomes prohibitive and the number of components 
increases, when conventional Markov analysis methods are used. 

This paper presents,using the example of the electrical power 
supply system of a 900 MWe nuclear power plant,the 
advantages,arising from direct simulation,of the S.ESCAF system 
for the reliability analysis of sequential systems. We will 
point out the processes chosen,detailing the successive stages 
and we will give an estimate of the time which was necessary for 
this simulation. A comparison with a study performed by 
classical means will also be presented. 
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I I S.ESCAF : PRINCIPLE 

B e f o r e g i v i n g a d e s c r i p t i o n of t h e p o w e r s u p p l y s y s t e m 
s i m u l a t i o n , w e w i l l p r e s e n t b r i e f l y t h e p r i n c i p l e of S.ESCAF - i t 
i s d e s c r i b e d i n more d e t a i l i n ( 1 ) . The S.ESCAF add-on o p t i o n i s 
composed of 4 e l e c t r o n i c b o a r d s i n s e r t e d i n t h e d e s k - t o p 
a p p a r a t u s ESCAF ( 2 , 3 ) . They form a s e q u e n t i a l e v e n t combinat ion 
g e n e r a t o r ( S C G ) , a b l e t o g e n e r a t e up t o 80 e v e n t s s i m u l a t i n g 
component r e p a i r s o r f a i l u r e s i n t h e s t u d i e d s y s t e m . These 
e v e n t s a r e c o n n e c t e d t h r o u g h t h e EVEN c o n n e c t o r , t o one o r 
s e v e r a l s e q u e n t i a l s i m u l a t i o n b o a r d s a l s o d e n o t e d SEQ.SIM 
b o a r d s . 

A SEQ.SIM board is divided into 4 areas : 
1- 16 connectors which can represent 16 active components 
(AC),normally in operation. A connector has 2 input and 1 
output. 

- An output terminal OUT indicating the component 
state: 

. logic level 1 (5v) : component success 

. logic level 0 (Ov) : component failure 
- an input terminal FAIL : which causes OUT to go to 

the logic level 0 when a signal simulating a component failure 
occurs. 

- an input terminal REP : which causes OUT to return to 
the logic level 1 when a signal simulating repair occurs. 

2- 4 connectors simulating Standby Components (SC). Each of 
these connectors has,in addition to the 3 terminals discussed 
above : 

- an input terminal START to command starting of SC. 
- an input terminal STOP to command stopping of SC. 
- an input terminal GAMMA simulating a failure to 

start. 
- an input terminal FAILS indicating a failure during 

standby. 

3- A wiring area with receptacles in which classical integrated 
circuits with AND and OR gates may be inserted, in order to 
simulate the interconnection logic between AC and SC. Further on 
,we will see how the interconnection logic is determined. Wires 
between AC,SC and this wiring area allow the operator to perform 
the simulation according to the diagram developped for the 
analysis of the system under study. 
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4- An EVEN connector where the user interconnects the FAIL,REP 
and GAMMA inputs from the sets of connectors (AC) and (SC). 

Finally,the output of the simulation is wired to a special 
terminal denoted OUTSIM. This terminal determines whether or not 
the simulated sequence corresponds to a system failure. We can 
point out the fact that the 4 SEQ.SIM boards can be used 
simultaneously,thereby increasing the simulation capability. 
FIG 1 
Fig.l gives an example of the wiring. It represents a power 
supply (AC n"l) backed-up by a diesel generator (SC n*17) which 
starts when AC n°l fails. Thij back-up power supply is redundant 
with another power supply (AC n°2). 

When the simulation is wired,representing very closely the 
studied system,the test command is entered on the console 
keyboard. Then,all the possible sequences are tested,the events 
arriving sequentially on the EVEN connector, first one by one 
(order l),then 2 by 2 (ordar 2),etc... Among these tested 
sequences many are rejected.These rejected sequences are those 
which do not include a system failure or which are impossible 
(e.g : 2 successive failures of a same component,without a 
repair between these 2 failures'). Only the sequences 
corresponding to a system failure are taken into account and are 
displayed on the VDU or printed out. 

Moreover,a histogram shows the occurrence frequency for every 
event ; it can pinpoint the most critical aspects of the system. 

In addition to these qualitative results,quantitative results 
can be obtained by using the failure and repair rates for every 
component. Thus,the reliability or the unavailability of the 
system can be calculated. Particular options can identify the 
importance of every sequence and then retain the important 
sequences whose probability is greater than a threshold chosen 
by the user. 

This ability to test systematically and very quickly any 
sequence is the key to the S.ESCAF performance : the ability to 
exhaustively stimulate a large number of components with as a 
consequence, valuable results. 

3. DESCRIPTION OF THE STUDIED SYSTEM 

Although we shall not give a detailed description of the power 
supply system, some indications of its function,structure and 
operation must be given in order to describe the simulation 
modes presented afterwards. 
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FIG 2 
The electrical system of a PWR 900 MWe nuclear plant,diagrammed 
schematically on Fig.2,has 2 main functions : 

- distribution on the national network of the power 
generated by the alternator (400 kv) 

- the powering of the plant auxiliaries (6,6 kv). 

The latter function is in fact a safety function. The system, 
in its genaral structure, has 2 symmetrical trains,train A and 
train B, which ensures the required redundancy levex. The 
equipment to be supplied is categorized according to its 
importance for safety and grouped on 3 types of power 
distribution buses (or switchboards). These buses will be 
described in increasing order of importance.Each train includes: 

* the active auxiliary busbar which supplies devices when 
their operation is directly linked to the electrical power 
production. This busbar is powered by the step down transformer 
(TS) which converts into 6,6 kv the 400 kv voltage supplied by : 

- the alternator coupled to the network 
or 

- the alternator not coupled to the network (house 
load) 

or 
- the network,when the alternator is not coupled. 

* the permanent auxiliary busbar feeding those devices which 
are not essential for safety but increase the reactor 
flexibility. This switchboard can be supplied by : 

- The active auxiliary busbar 
- the auxiliary source of power which comes from the 

225 kv network through the auxiliary transformer (TA) 

* Finally,the safety-related systems and safeguard auxiliary 
busbar. It can be supplied by the permanent auxiliary busbar and 
can be backed-up by the diesel generator. 
The loss of the 6,6 kv voltage for these emergency busbars is 
the object of the present study. 

We can point out that there are in fact 2 additional ultimate 
possibilities to power the emergency busbars : a gas turbine cr 
a diesel generator of another reactor located on the same site. 
These possibilities are not taken into account in this study,as 
they operate at a more general level. 
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4. OPERATION 
We now describe schematically the general operation of the 
installation. 

The power generated by the plant alternator is distributed on 
the 400 kv network via the main transformer and 2 breakers in 
series : the group breaker (DG) and the line breaker (DL). 
Between these two breakers there is a connection through which 
the secondary transformer ( TS ) can power the equipment required 
for plant operation. 

When there is a failure on the 400 kv network, the line breaker 
(DL) is opened. The "house-load" operation,consisting in 
3e1f- supp1 ying the reactor is attempted. In this 
configuration,the group breaker remains closed and all the power 
supplied by the plant alternator is used by the plant. 

If house-load operation fails,the group breaker is opened and 
the 225 kv emergency network is connected. 

Finally,when there is a loss of voltage on either emergency 
busbar +he associated diesel generator is coupled to the bus. 

When the power has to be supplied by the auxiliary network or by 
the diesel generator,the transfer is automatic. The reverse 
transfer is operated manually. It is important to point out that 
there is strong interaction between the 6,6 kv power supply and 
the Control and Instrumentation System as there are several 
possibilities for supplying power to the 6,6 kv buses, and to 
the control circuitry for the switching of the sources, which 
require the command and instrumentation voltage (125v and 
48),generated by the emergency busbar. 

We will not describe in detail the circuit which generates 
voltage to the Control and Instrumentation system. We will only 
mention that this complex circuit has 20 components 
(buses,buffer batteries,switches... )with source transfers and 
internal "loops". Even though it has been completely simulated 
by S.ESCAF,we will only represent this circuit by a rectangle 
denoted "Control and instrumentation System". 

5. REALIZATION OF THE SIMULATION 

In this chapter,we are going to describe,in chronological 
order,the operations necessary to simulate the system as 
completely and precisely as possible. 
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I) First of all,it is necessary to identify the system main 
logic,which is the system backbone. In order to do this, one 
thinks in terms of the functioning of the systeir. For example, 
safety auxiliaries are powered if there is voltage on the 
emergency busbar of train A or B. Fig.3 represents the 
corresponding simulation using the logic symbol for the OR gate. 
FIG 3 
In the same way, going progressively towards the electrical 
sources,the emergency busbar for train A is powered if this bus
bar is available, and is supplied by the busbar or by the diesel 
generator (see Fig. 4). 
FIG 4 
Going further,the system main logic can be simulated (see Fig.7, 
the thick lines representing the main logic cf the installation) 
in a simplified w*y. 

2) the second step consists in classifying components 
according to their operating mode : SC (Stand-by component ) or 
AC (active component ), and then to identify the logic of the 
different starting and stopping orders for Standby Components. 

Returning to our example : the diesel should start when there is 
a loss of "normal" power supply to the emergency busbar. The 
diagram thus obtained is given in Fig.5. 
FIG 5 

3 ) The Control and Instrumentation System is introduced in 
the third step. For example,when the diesel has started,it can 
only be connected to the emergency busbar if there is Control 
and Instrumentation voltage on the diesel breakers ; it can be 
simulated as described in Fig.6; 
FIG 6 
Following this analysis which mimics very closely the system 
functioning, we identify the logic of the whole system (see 
Fig.7). 
FIG 7 

4) We have to identify the "events" applicable to all the 
components. 

- Failure on demand 
- Failure durxng operation 
- Failure while in standby 
- Common cause failure to start 
- Common cause failure during operation or standby 
- repair 
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For each event,probability values can be assigned. 

6) The last step consists in wiring the final diagram on the 
SEQ-SIM board/s planned for this purpose,after inputs and 
outputs of each logic gate have been numbered. 

After the simulation ,tne reliability analysis of the system can 
be made.The S.ESCAF apparatus,to which the simulation is 
linked,can give, when asked,all the failure sequences that can 
be met in the actual operation of the system, and carry out the 
reliability calculations required. 

6. MEANS OF VERIFICATION 

When there are many components in a simulation, how can we be 
sure that there are no wiring errors or more particularly that 
the system operation has been correctly simulated ? 

The problem is the same for Markov diagrams (5). But in this 
case, there is no systematical method of checking if states or 
state transitions have been forgotten, even ir" it is difficult to 
have a number of components greater than 10. 

This chapter aims at showing that there are several methods to 
check the correctness of a simulation operation,even when a 
system contains more than 40 components. The first method 
consists in studying the failure sequence list,taking at random 
several sequences and checking if they will occur. Another 
method consists in devising failure sequences and checking that 
they are in the list. A failure sequence can be entered on the 
console keyboard and even be broken up step by step. This last 
means is very efficient because, at each instant of evolution of 
the sequence, the state of all the components can be checked on 
the monitor screen. Thus,it is possible to check that starting 
and stopping orders are consistent with the system being 
simulated. If some anomalies exist,it is then easy to correct 
the simulation. Another method of checking consists in using the 
"developped sequences". These "developped sequences" give all 
the events which can take place at any instant of time ; this is 
equivalent to the determination of all possible transitions from 
the corresponding state of the Markov diagram.Although its main 
function is to perform various probabilistic calculations,this 
is a very efficient means to verify the validity of the 
simulation. 

Experience has shown that these various means can rapidly 
achieve very good checks. When the functioning of each component 
has been verified, one can be assured of the validity of the 
simulation. Conversely, in general, when there exists an error, 
it usually triggers spurious sequences whose properties very 
rapidly alert the user. Residual defects are very seldom hidden 
for a long time . 
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7. RESULTS 

Although it is outside the scope of this paper to present the 
results obtained in all possible system configurations, 
nevertheless we shall give the important points of the study. 

Qualitative results : 
With cut-sets of order 2, 20,910 sequences have been tested in a 
few seconds. As was expected,only 2 result in system failure 
(failure of the 2 switchboards of safety auxiliaries). 

With cut-sets of order 3, 1,414,910 sequences have been tested 
in a few minutes. There are 266 sequences leading to a system 
failure. 

With cut-sets of order 4, 71,452,955 sequences have been tested. 
There are 1, 995 sequences leading to a system failure. 

It would be too long and too tedious to give a list of all the 
failures,so we will limit our consideration to the following 
points : 
First, from the operational point of view, the determination of 
the sequences resulting in system failure is totally automatic. 
Some of the sequences are obvious,but many others -especially 
the ones linked to the Control and Instrumentation System- would 
have been forgotten. Direct simulation,when the validity has 
been proved by the means described in paragraph 6, has the 
advantage of completeness. 

The second point - the automatic development of histograms,that 
is to say the number of times each event occurs in the cut sets-
allows the identification of the critical points in the 
system,before any probabilistic calculations are made. 

Quantitative results : 
When the reliability parameters for each component have been 
introduced, the system failure probability is obtained as a 
function of time, as well as the occurrence probabilities of the 
dominant sequences. This permits the identification of the 
system weak points. 

8. COMPARISON WITH ANOTHER MEANS OF STUDY 

When this reliability study was started,the S.ESCAF apparatus 
was not as powerful in the processing of complex sequential 
systems. A study of existing sequential analysis methods was 
made in order to know the methods that could be used. The 
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Markov method was rejected, because of the number of system 
states (about 2 40). The only method left, which we will call 
"the cut set method", can be rapidly described. 

Cut set method : 
This is an approximate calculational method consisting first, in 
the search for the minimal cut sets of a fault tree, and then in 
their quantification and the selection of the dominant cut sets. 
These dominant cut sets are turned manually into sequences to 
introduce an order of arrival for failures. Let us take the 
example of ths circuit with the emergency busbar (1),the diesel 
generator (17) and the permanent auxiliary busbar (2). There is 
a failure of power supply when there is a joint failure of these 
3 components. Thus, the cut set is : Fl,F2,F17. From this cut 
set we can deduce all the following sequences (equivalent to all 
the possible combinations for this cut set) : 

F1,F2,F17 
F1,F17,F2 
F2,F1,F17 
F2,F17,F1 
F17,F1,F2 
F17,F2,F1 

When this search is completed, the user has to suppress manually 
all the impossible sequences. In the following example, (17) 
represents the diesel generator,starting when 1 fails.All the 
sequences having a diesel generator start-up before the failure 
of 1 have to be rejected. Thus, only the following sequences 
remain (if the failure of an inactive diesel generator is not 
considered) : 

F1,F2,F17 
F1,F17,F2 
F2,F1,F17 

Then,these sequences are quantified by a computer program. 
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This method has the advantage of processing sequential systems 
with many components but it also presents drawbacks. This 
method,being initiated by a fault tree, cannot take into account 
"loops". It requires numerous and tedious manual operations, 
which are suceptible to potential errors, especially when cut 
sets are turned into sequences or during the selection of 
possible sequences and their insertion in the computer program. 
The errors introduced are difficult to be detected,and 
finally, if there is a modification of the logic or of the 
reliability data, it is necessary to start again from the 
beginning,that is to say from the fault tree. 

In order to give an idea of the importance of this study,we can 
give the following indications : 

. When components have been grouped in macro-components,the 
fault tree -as 75 basic failures and 25 nodes. 

. The calculation code for minimal cut set computation 
provides approximately 1600 cut sets (up to the order 6). 

. With the 50 dominant cut sets,approximately 700 possible 
sequences have been obtained manually,and then quantified. 

. In total almost 10 man-months have been necessary to 
obtain the desired results. 

S.ESCAF 

The S.ESCAF apparatus became operational just before the end of 
the study using the cut set method. This problem was then solved 
by the S.ESCAF method. The results were achieved within only 2 
man-months,with calculation costs being only the electrical 
power consumption. Now, with more experience in the use of 
S. ESCAF, the time spent for such a study can be reduced even 
further. In addition,with the flexibility of the 
simulation,several system configurations (e.g : unavailable 
components) can be taken into account without having to start 
the study again from the beginning. 

9- CONCLUSION 

In comparison with other methods for the analysis of sequential 
systems,simulation on the S.ESCAF allowed the study of a system 
with more than 40 components,without having to first perform a 
fault analysis. It was sufficient to simulate directly the 
functional logic of the installation under study. This presented 
no difficulties,despite the system complexity ("loops" because 
of the Control and Instrumentation System). 
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The i'se of direct simulation requires a good knowledge of the 
operation of the system under study (especially as concerns the 
generation of stopping and starting orders for all the equipment 
items). For valid results, the simulation must represent very 
closely the system being studied. This is not always the case 
with other analysis methods. 

In addition,the automatic search for all the sequences leading 
to a failure is a guarantee of exhaustivity and thus validity of 
the final results. 

We can also emphasize that in comparison with an analysis 
performed with a classical method,the time for the study was 
reduced approximately by a factor 5. This can partly be 
explained by the very high interactivity brought about by the 
use of S.ESCAF : it is easy and quick to modify the simulation 
logic or reliability data durinc the analysis. 

In conclusion,because of its capability as well as its ease of 
use, S.ESCAF is a favorite tool for the study of the reliability 
for sequential systems. 
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