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r e a l - t i m e behaviour, f a i l - s a f e design of a f u z z y controller. 

A b s t r a c t . A f t e r an introduction into safety terms a short description of fuzzy logic 
will be given. Espec ia l ly , for safety critical applications of f u z z y controllers a 
possible fuzzy controller structure will be described. T h e fo l lowing items will be 
discussed: Conf igurat ion of fuzzy controllers, design aspects l ike fuzzi f icat ion, 
inference strategies, defuzzi f icat ion and types of membership functions. A s an 
e x a m p l e a typical f u z z y rule set will be presented. Especia l ly , r e a l - t i m e behaviour 
of fuzzy controllers is meantioned. A n e x a m p l e of fuzzy controlling for temperature 
control purpose within an nuclear reactor together with membership functions and 
inference strategy of such a fuzzy controller will be presented. 
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1. INTRODUCTION 

In the field of NPPs safety critical devices and control systems are used. In the 
past, safety proofs were often done by considering the reaction of a certain device in 
case of any failure. Thus, "failure-mode- effect-and-çritical-analysis (FMECA) was 
applied /1/. 

At first, some terms of safety technique have to be introduced: 

о safety critical system: control system causing no hazard to people material 
in case of environmental influence or system failure. 

о safety: property of an item to cause no hazard under given conditions during a 
given time; i.e. avoidance of undue fail conditions. Undue fail conditions may 
be caused by technical system failures or malfunction of an electronic device 
interfered by electromagnetic noise. 

о hazard: state of a system that cannot be controlled by given means and may 
lead to damages to persons. 

о safe system state: property of a system state to cause no hazard to people or 
material. 

о fail-safe: technical failures within an item may lead to fail states of a safety 
critical system (fail), which however have to be safe. 

Figure 1 shows the relationship between items important to safety and safety 
systems. One has to distinguish according to plant equipment items important to 
safety and items, that are not important to safety. 
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Plant equipment 

Items important to safety Items not important to safety 

Definition: 

These items comprise ... 

- those structures, systems and components 
whose malfunction or failure could leed 
to undue exposure of the site personnel 
or members of the public. This includes 
succssive barriers set up against the release 
of radioactivity from nuclear facilities 

- those structures, systems and components, 
which prevent anticipated operational 
occurences from leading to accident 
conditions 

- those features, which are provided 
to mitigrate the consequences of 
malfunction or failure of structures, 
systems or components. 

Figure 1 Relationship between items important to safety and safety systems 
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S A F E T Y R E L A T E D SYSTEMS 
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Figure 2 Safety Related Systems vs. Safety Systems 
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Figure 3 shows a single-channel fail-safe operating control system. Additionally, 
a state graph demonstrates, that if any safety critical failure/malfunction occurs the 
system state changes over to a so-called safe system state. The control system stays in 
that safe system state with a transition probability of P22=l- Thus, the control system 
can only come back into the normal operational state by certain maintenance. 

Input __ 
values 

Control System 
(intrinsically fail-safe) 

_ Output 
telegram 

p22=l 
system state # 

A 

- Fail-safe state 

- normal system state 

-1 

p l K l 
tFl tF2 

tFl , tF2 = failure events 

Figure 3 One-channel fail-safe control system 

Because up to now no fail-safe one-channel computer is available, one has to 
choose, a configuration of at least two computers running parallely. In this system 
configuration results of both channels are to be fed to a fail—safe comparator, whose 
output enables a safe gate in case of equivalent results, represented by corresponding 
command telegrams to be fed to the technical process (Figure 4). 
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from 
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system state # 
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tA 

turn off 

tFl tF2 

tFl, tF2 = failure events 
tA = failure detection and 

turn-off time 

Figure 4 Double-channel control system with fail-safe comparator 

2. DIVERSITY 

Up to now there exist many diverse realizations for safety critical applications. 
Because, combined hard- and software system will never be error-free, a possible 
design approach is to diversify such a control system. Basically, diversity may be 
defined as follows: 

"Existence of different means of performing a required function" 

(e.g.: different physical principles, different ways to solve the same task, different 
algorithms) 

Moreover, diversity can be specified as follows: Especially, for diverse real-time 
applications one can distinguish between soft and hard mode of diverse system 
design. 

5 



-•39-

DIVERSITY 
for 

real-time systems 

soft mode 
(e.g. distributed voting) hard mode 

fail-safe 
control system 

with a 
safe system state 

(e.g. control svstem 
in NPPs) 

fail-safe 
operational system 

without any 
safe system state 

under dependability 
aspects 

(e.g. airforce control 
system) 

Figure 5 Different kinds of diversity 

Thus, if a one-channelled control system can not be proved by a safety proof 
directly, one has to use a chance of diverse system design. In case of vital software 
one has 10 recognize that software will never be error-free. So, there are several 
kinds of diversification of software like ... 

... different algorithms 

... different program languages 

... different compilers 

... different operating systems etc. 

A typical problem with diverse system design is to prove that the measure of 
diversification within a n-version system is sufficient. Thus, a possible approach to 
design a safety relevant controller is trying to find such indépendant implementations 
that everyone will testify at once sufficient diversification because of reasonable 
different algorithms. 

Such different algorithms can be found within a double-channelled controller, 
applying in one channel a conventional PID-controller algorithm and in the other 
channel e.g. a fuzzy logic algorithm. 
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3. FUZZY TEMPERATURE CONTROLLER FOR REACTOR 

As an example figure 6 shows the system diagram of a fuzzy temperature 
controller. Inputs to the controller are desired base temperature, measured base 
temperature, and measured pressure in the reactor. The value pressure is used because 
it has a large influence on base temperature to be controlled. Thus, high pressure 
results in high temperature. Output signals of the controller adjust the heater and an 
electromagnetic valve for cooling water in the reactor. In /3/ one can find a detailled 
description how to design such a controller. 

Temperature Elecrromagaanc Valve 

Figure 6 System diagram of reactor temperature control /3/ 
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3.1 DEFIN IT ION OF INPUT/OUTPUT VARIABLES 

Membership functions are described like in figure 7. 

Grade (of membership) 
m(x) 

A 

1 

Figure 7 Membership function for a fuzzy variable 

Membership functions' shape is simple, such as triangles or trapeziums like in 
figure 8. 

Figure 8 Hierachy of fuzzy set classes 

Figure 9 gives an example for triangular membership function for input variable 
temperature. 
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Grade (of membership) 
m(T) 

Figure 9 Membership functions (e.g. 6 classes) 

If one uses simple triangles, they are easy to be defined in source code. For 
example, for pressure P J L A R G E the description can be written as 
(@0.6, 0, @1.0, 1), and for ZERO the description can be written as 
(@-0 .3 , 0, @0.0, 1, @0.3, 0), and so on. Note that all values of variables here are 
normalized into the range of /-1Д/ or /0,1/. 

The following figures 11-13 show the membership functions for variables 
E R R O R and VARJERROR (figure 10), PRESSURE (figure 11), V A R J I E A T E R 
and V A R _ C O O L I N G (figure 12). 
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Figure 10 Membership functions of input variables ERROR and VAR_ERROR 
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Figure 11 Membership functions of input variable PRESSURE 
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Figure 12 Membership functions of variables VAR_HEATER and VAR_COOLING 

3.2 F U Z Z Y C O N T R O L L E R AS A BLOCK D I A G R A M 

The inner structure of a fuzzy controller may be described like in figure 13. At 
the input side there is a condition interface producing fuzzy equivalents. These are 
fed to an inference machine cooperating with a rule base. The output of the inference 
machine are fuzzy results fed to an action interface. 
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Figure 13 Fuzzy Controller (block diagram) 

3.3 DEFUZZ IF ICAT ION PROCESS 

Because an actuator needs a discrete value for operation, a certain 
defuzzification strategy has to be applied. Defuzzification means calculation of a 
discrete value u out of the fuzzy set produced by inference component. Usual methods 
of defuzzification are 

o MAXJHEIGHT 
o M E A N _ O F _ M A X I M A 
о CENTER_OF_GRAVITY 

The set of input values is applied to the rule set, the consequents of each rule are 
combined in order to produce a discrete value for an output variable. To illustrate 
this process, consider a simple rule base: 

1. If Error is PJSmall and Var_J2rror is Zero than VarJHeater is N_Small. 
2. If Error is Zero and Var_Error is Zero than VarJHeater is Zero. 

These rules are displayed graphically in figure 14. The top three graphs 
correspond to the first rule, and the bottom three correspond to the second. The first 
two columns (from left to right) represent the antecedent clauses, while the third 
represents the consequent clause. 
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ERROR VAR_ERROR VAR_EÏEATER 

Figure 14 Fuzzy Reasoning 

In this example, the input values e and Де are applied to the rule base with the 
antecedent fit values of 0.8 and 0J5 for the first rule, and ÇL2 for the second. 

As a next step, the consequent of each rule is calculated as the region under its 
membership function below the antecedent fit value. These regions constitute the fuzzy 
output /4/. To generate a single value for each consequent variable, these regions 
must be combinded. This process, called defuzzification, can be done by overlaying 
the output regions and e.g. computing the center of gravity or centroid. 

3.4 SAFETY ACPECTS 

At a first view, one should think that there would never be a chance for 
application of fuzzy controller for vital process control. Otherwise, some kind of 
fascination lies in the simple calculation in comparison with conventional controller 
design. An additional advantage is that controller behaviour can be modified easily by 
editing some rules within the rule set. Thus, system reaction of the controller can be' 
adapted to requirements of the technical process. A main task of a future safety 
proof is the validation of the rule set. 

Additionally, fuzzy input values could be fed to a kind of scanner, checking the 
rules of the rule set fire. In case, that no rule fires or the scanner stops, a safe 
system state has to be reached. 
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Figure 15 demonstrates that there may be a certain chance for vi'al application 
by using e.g. a dynamization principle or other principles of fail—safe technique. Up 
to now some theoretical work has been done so that one would be able to proof 
stability of the controller together with the technical process. 

fuzzy 
values 

command 
telegram 

to actuator 
(technical process) 

Figure 15 Concept of a fuzzy controller for fail-safe operation 

... typical problems of diverse system design for real-time applications: 

о to prove for a certain N-version program system a sufficient measure of 
diversification 

o unplanable waiting times for corresponding results to be compared 
о no guarantee for a certain worst case value of failure detection time 
о results that are to be compared may differ due to rounding effects 

(1999<->2000) 
о a high sophisticated fail-safe comparator will be needed (e.g.: tolerance zone 

management) 
о bugs & inconsistencies within SPEC will be detected seldomly ( — > PODS) 
о development costs > = 220 % than for development of a one-channelled control 

system (!N=2). 
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Operating System Software 

Standard Fuzzy Software 
(fuzzy controlling) 

- fuzzification 
- inference strategy 

- defuzzification 

R u l e B a s e 

only one 
validation 

only one 
validation 
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for 

each application 

Figure 16 
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Legend: 
U(SC) = scanner control signal 
U (C) = capacitor voltage 
U(E) = enable signal 

Figure 17 
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4. CONCLUSIONS 

After an introduction to safety technique a fuzzy controller for a reactor was 
presented. There may exist a certain chance for application of fuzzy controllers in 
vital process control, if fundamental principles of safety technique would be 
implemented into fuzzy controller design. At that time research activities for this 
purpose are started. 

о a change over freom conventional software system to knowledge based system 
о research on implementation of safety strategies into fuzzy controller design like 

- dynamization principle 
- monitoring functions 
- watch dog functions, ... 

(possible) advantages: 

о description of system behaviour within the rule base (rule base evaluation) 
о simple controller adaptation by modification of rule base 
о (?) better performance in real-time application 
о some theoretical knowledge exists for controller stability proof 
о cheaper sensors applicable in instrumentation 
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