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Abstract: It is nesessary to tunce the fuzzy rules and the scal-
ing factors in real-time control of a large scale system, the steam
gencrator of a nuclear power plant, as it is related to safety and
availability of the plant. A novel rcal-time tuning algoritlun of fuzzy
controller based on the scaling factors is proposed and applied to
the steam generator water level control system of the nuclear power
plant. The new real-time tuning algorithm adopts a variable ref-
erence tuning index for a good systemn tuning response and an in-
stantaneous system fuzzy performance for scaling factor tuning. For
the fuzzy steamn gencrator countroller, an image signal of feedwater
flow error at low power is proposed and pressure compensation rules
and a gain scheduler of feedwater temperature are designed also.
The fuzzy controller of the stecamn generator water level is simulated
by the proposed method. The simulation results show that the im-
proved performance of the steam generator water level controller by
the proposed method.

Keywords: fuzzy controller, instantancous systemn performance,
sclf-tuning, scaling factor, steamn generator

1. Introduction

Since the work of Zadeh, fuzzy logic controller is one of the most active research
arcas in the control enginnering. Fuzzy logic control methodologies have had
many improvements and it’s application papers are presented Bare, Mulholland
and Sofer (1990), Ramaswamy, Edwards and Lee (1993), Ruan, D’hondt, Gov-
acrts and Kerre (1994). The reason for that is a fuzzy logic controller cmploys
the control rules of conditional linguistic statements on the relationship of the
system variables and has the advantages of emulating the behavior of a hu-
man operator and of dealing with model nncertainty. There are some studies of
fuzzy control theory in the nuclear power plant control Ramaswaimy, Edwards
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and Lee (1993), Han and Lee (1994), Kuan, Lin and Hsu (1992), Ikonomopoulos
and Tsoukalas (1993), Akin and Altin (1991), Tanji, Kinoshita, Fukuzaki and
Kobayashi (1993), and the steam genecrator water level controller using fuzzy
logic was actually installed at the Fugen nuclear power plant Ruan, D’hondt,
Govaerts and Kerre (1994).

The fuzzy controller is designed by human experiences and control rules
which are usually subjective. Thercfore, the rules are different as they are made
by different. experts. It is difficult to acquire good control performance for the
system from which there has been little experience. Thercfore, it is necessary
to tune the rules and the scaling factors for good performance after the design
of the control rules. As the tuning of the controller is a laborious work and
time consuming efforts, the self-tuning methods of fuzzy controller has been
developed Bare, Mulliolland and Sofer (1990), Macda and Murakami (1992).
When the controller is designed, it is tuned to the cirenmstances of system
simulation. Even if the controller is tuned well, tuning of the rules or scaling
factors are needed after the installation of the controller at a real plant because
of model mismatch and other filed factors. Also the controller may need to be
retuned because of system obsolescence and changes in circunstances involving
the controller.

The stean generator converts heat to steam for the production of electricity
and it is an important component especially for safety related requirements of
the nuclear power plant, and it is also a large systemn which is related with
availability of plant. One must avoid repeated tuning processes and long tuning
times for this large system to reduce the probability of accident and undesirable
influences on the total system. Therefore, a tuning method which has a good
tuning performance is needed for a large system which is directly related to the
total system.

There are on-line tuning methods of the fuzzy controller, but there arc a foew
real-time scaling factor tuning methods. To get good coutrol performance, we
tune the rules or input/output scaling factors. The tuning part may be a refer-
ence model, a parameter adjuster or a reference response to compare between
process output and setpoint for the tuning of rules. There are several methods
to tune the rules or control gains by complicated computing processes Aldridge
(1992), Palin (1993), Katayana, R., Kajitani, Y. and Nishida, Y. (1992), and
these methods can tune the rules after caleulation of control performance index
sucl as rising time, amplitude, overshoot or settling time, Maeda and Murakaini
(1992), Daugherity, Rathakrishnan and Yen (1992). So these tuning methods
can tune the controller by on-line but not real-tine.

In this paper, a novel real-time scaling factors tuning method is proposed
and applied to the steam generator water level control systemn of the nuclear
power plant.
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2. Real-time scaling factors tuning
2.1. Scaling factors tuning

Scaling factors map input/output value to the fuzzy variable domain. The
change of input scaling factors connects input values to snitable rules, and the
change of output scaling factors can adjust the amplitude of control output.
For example, Fig. 1 shows the relationship between the scaling factors and the
gain characteristic of the coutroller for the control error e. In Fig. 1, when
scaling factor d of Aw is constant, the controller gain seemingly increases by
decreasing the scaling factor a of e. Even when the scaling factor a is fixed, the
same effect is obtained by changing the scaling factor d. However, if the gain
function arc nonlinear functions, the results of the gain adjustment by these
methods are not completely the same. But in this way the change of the scaling
factors gives elasticity to the characteristics of the controller withont changing
the fendency of the characteristics. Generally, the modification of control rules
change the characteristics of the gain fanctions; the adjustment of the scaling
factors deternines the tilt of gain characteristics, so we know the adjustinent of
a scaling factor is important in tuning the controller.

Macda and Murakami (1992) made scale adjustment rules and defined a
fuzzy performance function for scaling factors tuning by evaluating the control
results. The elements of the evaluation were overshoot, reaching time and am-
plitude. These evaluation values were given at the end of the control interval.
The scaling factors were adjusted nsing final fuzzy performance at the end of the
control interval, so this method cannot fune the scaling factors with real-time,
that is to say, the scaling factor can not be tuned at every sampling time.

Bare, Mulholland and Sofer (1990) defined a tuning index as follows:

p=2tL (1)
€n

where e, and e, arc two consccutive errors defined as the difference between
process output and setpoint value at step n and n 4+ 1. Here, the heuristic
tuning approach was used as the following; if p is greater than a given value
C', then the scaling factor for error is changed to move the pointer in or out by
one discrete clement in the nniverse of disconrse, where the pointer is used to
indicate the quantization result of error in the fuzzy controller. For exaple, if
thie new data indicate overshoot outside the prescribed error ratio, the pointer
would be moved one increment to left to 'slow down’ response. The value of
the reference tuning index is arbitrarily constant, so the response of the system
could be overshoot or nundershoot according to the constant reference value and
could require long tuning times. If the response of the system approaclies the
setpoint at a slow rate, it has the oscillations phenomenon of systemn response
because the reference tuning index is coustant from large error to small error.
This method is not effective for the state variation of a system becanse it nses
a constant increase or decrease in thie quantity of scaling factors.




o

48 CHUL-HWAN JUNG, KEE-CHOON KWON

AU

f2(e,Au,a1,d)

file,Au,a,d)

A 4
D

Figure 1. A gain function for error e and change of manipulated value Awu.
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2.2. Variable reference tuning index

As reviewed previously, the system performance index is calculated by the com-
parison between the output of a model or a reference response and the output
of system at the end of the control interval. The scaling factors are tuned with
this system performance index with on-line, but not with real-time. And a
neural network or cell mapping is used for controller tuning process Smith, S.
(1992). The scaling factor tuning method proposed in this paper uses error
ratio as a tuning index and uses a variable reference tuning index according to
system response characteristics for advanced tuning performances. The general
step response of the system can be divided into response sections, each response
section having different slit, so it is unreasonable to use the same constant refer-
ence tuning index. Therefore, it is reasonable to use a variable reference tuning
index for a good tuning respouse of a systemn.

If we divide a system response into two response sections, the variable ref-
erence tuning index becomns

[ pmn 0Llel<a
AR { pra a<lel <ep )

where pp1, pro reference tuning index for a response section, « is constant and
ep is maximum crror at a step inpuf.

If pry equals ppg from (2) the reference tuning index is a constant reference
tuning index(p,..) for error. If we select a po which has a smaller value than
pre for |e] = a, which means that the rate of error change above « is allowed to
be higher than when p,.. is sclected. If we select a prq, a higher value than py.
for |e| < a, which means that the rate of error change below « is bounded to
be slower than when p,. is selected. If we divide the response of system into n
response sections equally, the p,., is

leol
1

Pro = prr, — (k= 1) < le| < k(k=12..:,1m) (3)

|eol
n

where pp is a reference tuning index for response section k and ep is the max-
imum crror at a step input. And if we divide the response of systemn into n
response sections arbitrary, the p., is

e

Prv ={Jz-k,mﬁ <ép (k= 1!2}"'}ﬂ‘) (4)

where pyr is the reference tuning index for response section kb and € is the
maximum error in kth respouse scction.
2.3. Instantaneous system performance

The concept of instantancous system performance is proposed in order to deter-
mine the system perforinance at the sampling time. We can not use the values
of overshoot, reaching time, steady state error and amplitude at the sampling
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Figure 2. The change of manipulated value Aw with error e for step input.

time in the view of real-time base becanse these values are caleulated at the end
of the control interval. Fig. 2 shows the relationship of error(e) and change of
manipnlated value(Aw) for the general response of a step input. From this fig-
ure when the value of both error and change of manipulated value have reached
zero point, the control value reaches the target value. When the current systemn
state reaches A point or B point, both A and B poiuts have the same error, it is
zero, However point B has a lower change of manipulated value than point A.
Therefore, the system performance of point B is better than A on the basis of
instantancous system performance, because at point B the control value would
be less changed in the futire. So the values of error and change of manipulated
value are used to determine the grade of instantancous systeimn performance for
scaling factor tuning. The valne of error stauds for the instantancous system
state and the value of change of manipulated value stands for the instautancous
systemn state with system information of the future.

Let’s define the Instantancous System Fuzzy Performance(ISFP) as follows:
ISFPe(t) = nISFP.(e(t)), (5)

ISFPAuU(t) = tISFPa iy (Ault)), (G)
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Error (or Au) | NB [ NS [ 20 | PS | PB
ISFP BD | MM | GD | MM | BD

Table 1. ISFP rules

where

NB: Negative Big,

NS: Negative Small,

7.0: Zero,

PDB: Positive Big,

PS: Positive Small,

BD: Bad,

MM: Mediwn,

GD: Good.

where

e(t) = S —y(t),

Ault) = u(t) —u(t — 1),
with

e(t) : coutrol error,

S : the setpoint,

y(t) : the control value,

u(t) : the manipulated value,

t 1 sampling instant.

ISFPe(t) and ISFPAu(t) mean the grade of instantancous system fuzzy
performance for the error(e) and change of manipulated value (Au) respectively
by the ISFP rules in Table 1. From Table 1, we kuow that the large values of
error and change of manipulated value have a lower grade of instantancous
system fuzzy performance than sinall values of error and change of manipulated
value. The membership functions to measure ISFP are as in Fig. 3.

Define the Instantaneous System Performance (ISP) as follows:
ISP(t) = min{ISFPe(t), [SFPAu(t)}. (7)

By (7), the minimum value between ISFPe(t) and ISFPAu(t) is sclected
for ISP at . We can find that if ISP(t) approaches 1, that is to say the system
performance at t is of good grade, the values of error and change of manipulated
value are close to 0, and if ISP(t) approaches 0, the systemn performance at ¢
is of bad grade because the one value is big between the error and the change
of manipulated value or the values are big for both the error and the change of
manipulated value.
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Figure 3. Membership functions for ISFP. (a) Antecedent, (b) cousequent.

2.4. The proposed controller
Finally, the scaling factor is tuned in real-time using (8) with (2) and (7).
SF(t)=SF(t—1)+Wg(1 — ISP(t))ASF (8)

with

SF(t) : Scaling factor at ¢,

ASF : Increase or decrease in the gquantity of scaling factor,
Wy« Weighting factor.

The (8) means that the final increase or decrease in the quantity of scaling
factor is determined according to ISP(t) at sampling time. Thercfore, if the
instantaneous system performance is good grade, then scaling factor variation
is lower than the instantancous system performance at bad grade. By (8), we
can tune the scaling factors effectively according to the instantaneous system
performance and we can improve the fuzzy controller in real-time. Fig. 4 shows
the proposed real-time self-tuning fuzzy controller.

3. The proposed fuzzy controller for steam generator
3.1. Water level control rules and pressure compensation rules

The control rules for the water level control of the steam generator are based
on the operator’s control experience Jung, Ham and Lee (1994). The steam
gencrator referred to in this paper is the steam generator of the Kori unit 3
and 4 of pressurizer water reactor, 993 MWe in Korea. The operator controls
the steamn generator water level by opening and closing the feedwater valve
with steam flow rate, feedwater low rate and steam generator water level. The
reference water level is 50% at full power. The water level control rules are in
Table 2.
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Figure 4. The proposed real-time fuzzy controller.

FE
LE|PB| PS | Z0 | NS | NB
PB | PB | PB|PM| PS | ZO
PS|[PB |PM| PS | Z0O | NS
ZO | PM [ PS | Z0 | NS | NM
NS | PS |ZO [ NS | NM | NB
NB | Z0 | NS | NM | NB | NB

Table 2. Steam generator control rules

NM: Negative Mediumn,
NDB: Negative Big,
NS: Negative Small,

Z0: Zero,

PB: Positive Big,

PS: Positive Simall,
PM: Positive Mediumn,

" FE: Feedwater - Steamn flow,

LE: Setpoint - Water level.
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NB NS ZO PS PB NB NM NS ZO PS PM PB

LE, FE AU
-h 0 +h -k 0 +k

(a) (b)

Figure 5. Membership functions for steamn generator control rules. (a) Au-

tecedent, (b) consequent.

These control rules use 5 triangle-type membership functions for feedwater
flow crror and water level error, and use 7 triangle-type membership functions
for feedwater valve control as shown in Fig. 5. A center of gravity method is
used for defzzyfication.

The water level of steaimn generator is varied by the variation of the pressure
of the steamn generator. It is an clement to effect the phenomeon of shirinking
and swelling. So the compensation rules for the pressure variation is needed to
improve the performance of water level coutroller. The 25 pressure compensa-
tion rules are designed as Table 3. The compensation rules use 5 triangle type
mewbership functions for level error and pressure difference and 5 single tones
for pressure compensation as in Fig. 6.

3.2. An image signal of feedwater flow error

The value of feedwater flow rate error is invalid during low power operation. We
substitute an iimage signal for the crror of feedwater flow rate. The iinage signal
is introduced in consideration of the relation of process conditions at low power
operation. The feedwater valve position can be derived from some operation
data as a function of reactor power and can be used as a reference for the steam
flow rate at the correspouding power.

0 = HW + 0, (9)

where W is reactor power awd /3 and [Fy are cocflicients.
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LE
NB|PB|PB|PB| PS [ZO
NS|PS|PS|PS|PS |ZO
20 | Z0 | Z0 | ZO | ZO | ZO
PS | ZO | NS | NS | NS | NS
NS | PS|ZO | NS | NM [ NB
PB | ZO | NS [ NB | NB [ NB

Table 3. Pressure compensation rules

where

NM: Negative Medinn,

NDB: Negative Big,

NS: Negative Small,

7Z0O: Zero,
PB: Positive Big,

PS: Positive Simall,

PM: Positive Medinm,
PD: P(t) — P(t — 1),
LE: Setpoint - Water Level.

NB NS ZO PS PB

-p 0 +p
(a)

tecedent, () consequent.

LE, DP

NB NS ZO PS PB
1 ° L L > [
-X 0 +x

(b)

Figure 6. Moembership functions for pressure compensation mles.
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Figure 7. The proposed gain of water level controller with feedwater tempera-
ture variation.

The present valve position under operation, 6, can be referred to as the
estimation of the feedwater flow rate and its difference from the reference valve
position, (8" — @), can be used for the corresponding fuzzy variable of the flow
rate error.

3.3. A gain scheduler of feedwater temperature

The water level of the steam generator is varied by the temperature of feedwater.
If the temperature of feedwater is low, then the shrink is appeared and the
volume of steam gencration is reduced. After a time delay, the water level
returns to a normal level. Therefore we use a gain scheduler to compensate for
the temperature variation of feedwater as Fig. 7.

3.4. Simulation results

In order to check the performance of the steam generator fuzzy controller by
the proposed funing method, simulations were performed Jung, C.H., Ham,
C.S. and Lee, K.I. (1995), on the Compact Nuclear Simulator, 3-loop 993 MWe
Westinghouse pressurized water reactor dynamics Kwon, Lyu, Malen and Skold
(1988), installed in the nuclear training center of the Korea Atomic Energy
Research Institute.
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Feedwater
S/G pressure I
Level Scaling factor Gain
compensator modifier scheduler
4 A 3
Setpoint J
G 4 Level
(O *| Fuzzy level| | Steam
= *+ controller generator[ T
S/G flowrate A8

E Bypass valve
?—) _’1 - e pﬂ\sluo’n
\ / 0 +\ Reference

Turbine position

Figure 8. The block diagram of the proposed steamn generator water level con-
troller.

Index | Rise time(min) Value Sample no.
m 1 0.996666 300
2 4 ().998888 1200
03 7 0.999238 2100
Pa 10 0.999666 3000

Table 4. Reference funing indices

The reference tuning indices in Table 4 are calculated for simulation on the
assumption that the system has no time delay and 0.2 second sampling time.
Increase or decrease in the quantity of scaling factor and weighting factor are
0.003 and 0.2 respectively in this simulation.

Fig. 9 shows the step responses of the steamn gencrator water level at full
power respectively. In Fig. 9, the response of the untuned fuzzy controller shows
that if has a rise time which is too rapid and high overshoots. So it is necessary
to maintain the rise time as rapid as possible and to reduce the overshoots for
the short settling times.

The Bare 1 selects such a fast error ratio (p;; low reference tuning index)
that the response of water level shows a rather poor response, namely oscilla-
tions phenomena, than original response. Bare 2 selects a high reference tuning
index(ps ) to have slow response, but it has a simnilar rise time and 1st over shoot
as the untuned case. The proposed method uses p; and ps for the error above
a 50% maximum error, and uses pz and py for the error below a 50% maximum
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Figure 9. Step responses of water level for Untuned, Bare 1, Bare 2 and the
proposed method)
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No Type Rise time(s) | 1st overshoot(s) | 2ud overshoot(s)
a | Untuned 66.6 42.60 23.17
b Barel (5.0 42.806 30.25
¢ Bare 2 G7.8 42.45 9.65
a | Proposed 74.8 34.71 4.87

Table 5. The siinulation results of tuning,

crror. The water level response by the proposed method shows 18.5% reduce-
tion for 1st overshoot and 79% reduction for 2nd overshoot over the original
respouse. The rise time by the proposed method has a slower response(12%) as
expected than the untuned response. The rise fime is not an important factor
in this simulation, because the original respouse is too rapid. It is important
to have small over shoots and fast settling time, because the steam generator
Las low and high water level trips. Table 5 shows the results of the simulation
for the real-timne tuning process. If we sclect a smaller universe of discourse for
feedwater flow error than the above original nutuned fuzzy controller used, the
respouse of the new original untuned controller is very slow. In this situation, we
can have a more rapid rise timne and lower overshoots thau new original response
as cxpected by the proposed method. Fig. 8 shows the instantancous systein
performance and Fig. 9 shows the scaling factor of error. The results show the
performance of the controller is mproved by the proposed tuning mmethod.

If we select a smaller universe of discourse for feedwater flow feedwater flow
error than the above original untuncd fuzzy controller used, the response of the
new original muntuned controller is very slow. In this situation, we can have a
more rapid rise time and lower overshoots than new original response as expected
by the proposed method. Fig. 10 shows the scaling factors of a level error in
this simulation. The results show the performance of the controller is improved
in real-tiie by the proposed tuning method.

To show the effect of the pressure compensation rules by the proposed steamn
generator controller at low power, we changed 10% of stean pressure at 6% re-
actor power and compared with PI controller. The proposed method shows 27%
reduction for overshoot and 26% reduction for the return time to normal level
than PI controller as shown in Fig. 11. In this siimulation, we can use the water
level control rule which was used at full power tuning simulation. Because we
used an image signal of feedwater flow error by the proposed method in this
paper. For the simulation of the variation of the feedwater temperature, we
assume that high pressure heaters are out of order. Tn this case the tempera-
ture of feedwater is changed from 227°C to 77°C at 100% rcactor power. The
simulation results of feedwater temperature variations show 46% reduction for
overshoot and 14% reduction for the return time to return to a normal level
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Figure 10. Scaling factors of error for untuned, Barel, Bare 2, and the proposed

method.
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Figure 11. The respouse of water level of 10% steain pressure change for PI and
the proposed method.

comparced to PI controller as shown in Fig. 12.

4. Conclusions

In this paper, a fuzzy water level controller for a steamn generator of nuclear
power plant based on the real-thne tuning of the scaling factors is presented. A
new real-thne tuning method of the scaling factors is proposed. The uew tuning
method uses a variable reference tuning ndex and an instantancous systemn
fuzzy performance. For the fzzy water level coutroller design, an image signal
of feedwater flow crror af low power is proposed aud a pressure compensation
rule and a gain scheduler of feedwater temperature are designed. The results
of the taning of the fuzzy controller and the water level controls of the steamn
generator show good performance by the proposed method than others.
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Figure 12. The respouse of water level of 77% feedwater change for PI and the

proposced method.
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