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Abstract

In this paper, we present two sets of fuzzy algorithms for the steam generater level control ;
one for the high power operations where the flow error is available and the other for the low
power operations where the flow error is not available. These are converted to a PID type
controller for the high power case and to a quadratic function form of a controller for the low
power case. These controllers are implemented on the Compact Nuclear Simulator at Korea
Atomic Energy Research Institute and tested by a set of four simulation experiments for each.

For both cases, the results show that the total variation of the level error and of the flow
error are about 50% of those by the PI controllers with about one half of the control action.
For the high power case, this is mainly due to the fact that a combination of two PD type
controllers in the velocity algorithm form rather than a combination of two Pl type controllers
in the position algorithm form is used. For the low power case, the controller is essentially a
PID type with a very small integral component where the average values for the derivative

component input and for the controller output are used.
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1. Introduction

In nuclear power plants, the water level of the
steam generators must be maintained within the
predefined limits. The upper limit is set to protect
the turbine from too much moisture and the lower
limit is set for the safety reasons. A violation of the
limits would cause an automatic reactor trip or a
turbine trip.

During the low power operations (usually less
than 20% of the rated power), one of the major
difficulties in the level control is due to the lack of
the accuracy of the measured values for the steam
flow out and the feedwater flow in. The errors are
so big that they can not used as inputs to the level
controller.

Another source of difficulty during the low pow-
er operations is that the level of the steam gener-
ators experiences the swell and shrink problems as
the steam dump valve opens or closes,i.e. as the
pressure in the steam generators changes rapidly.
The sudden changes in the amount of the feedwa-
ter flow or the temperature of the feedwater in the
steam generators would also cause some swell
and shrink effects to the water level.

There have been many studies on how to hand-
le the swell and shrink problems properly. In [11],
a controller is proposed to compensate the water
level for the swell and shrink effects so that the
unnecessary control action can be reduced. In [2]
. we find a control strategy to physically suppress
the swell and shrink effects, i.e. to quickly open
the feedwater valves fully when fast load—down is
initiated and to quickly reduce the water inventory
during fast load-up.In [3], we find an actually
implemented and industrially applied control
scheme where an estimation of the steam flow by
the steam pressure is used.

Recently, fuzzy logic controllers are introduced
in many applications for replacements of the PID-
(Proportional-Integral-Derivative} controllers. It is

shown [4, 5] that a fuzzy logic controller can be
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designed so that it is equivalent to a PID controller
for single input linear system and is better in non-
linear process system.

A fuzzy logic controller for the nuclear steam
generator level control with two input signals is
found in [6]. It was designed, implemented and
tested on a nuclear simulator for the Fugen nuc-
lear power plant in Japan. In all of these cases,
fuzzy logic controllers are found to be better in the
sense that almost all of the overshooting effect is
eliminated.

In this paper, we present two sets of fuzzy
algorithms for the steam generator level controller,
one for the high power case and the other for the
low power case. These are designed, im-
plemented and tested on the Compact Nuclear
Simulator at Korea Atomic Energy Research Insti-
tute. The simulator was built to simulate various
operational modes for the 900MWe Westinghouse
PWR type nuclear power plants [8].

The fuzzy algorithms are then used to generate
analytical equivalents, i.e. a PID type controller for
the high power case and a quadratic function form
of the controller for the low power case.

We make quantitative comparisons in terms of
the total variation of the curves for the level error,
the flow error and the control action. The integral
of the absolute errors or the integral of the
squared errors could have been used, but the total
variation seems to be more practical for our pur-
poses.

In our study on the swell and shrink effects
through the nuclear simulator, the compensation
of the water level by using the main steam header
pressure or by using the dump valve openings has
been tried in vein. Both curves are either off-tim-
ing or of different in nature in relation to the level
curve. An adjustment of the controller gain by the
feedwater temperature, however, was successful.

In an attempt to physically suppress the swell
and shrink effects, we had to increase the control-

ler gain unnecessarily high, which ended up caus-
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ing an upset situation in the overall trend of the
level curve for certain experiments.

Thus, in our fuzzy logic controller for the low
power case, we have left with the level error as
the only major input to the controller, while the
derivative of the first stage pressure for the High
Pressure Turbine(T, ; Reference Coolant Average
Temperature) is used as an auxiliary input to rep-
resent the overall trend of the steam flow.

2. Fuzzy Logic Controller for
the High Power Case

As mentioned above, the Compact Nuclear
Simulator at Korea Atomic Energy Research Insti-
tute is designed to simulate various operational
modes for the Kori 3 & 4 (900Mwe PWR type)
nuclear power plants. A schematic diagram of the
level controller for the steam generators in the
simulator is given by Fig.1 and Fig.2, where the
constants are slightly different from those of the
actual plants.

A schematic diagram of our fuzzy logic control-
ler for the high power case is as shown in Fig.3.
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Fig. 2. PI Controller for FW Bypass Valve

We fuzzified the input variables of the level error,
the flow error, the derivative of the level error,
and the controller output as shown in Fig.4
through Fig.7. We have used the standard spike
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Fig. 3. Fuzzy Logic Controller
(High Power Case)
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functions as the membership functions of the
seven fuzzy sets for the level error, the flow error
and for the controller output. For the derivative of
the level error, however, we have used the cubic
B—spline functions[9] for a smoothing effect.
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Fig. 4. Fuzzy Sets for Level Error
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Fig. 5. Fuzzy Sets for Derivative of Level Error
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Fig. 6. Fuzzy Sets for Flow Error

-0.003 -0.002 -0.001 0 0.001 0.002 0.003 (%/100)

Fig. 7. Fuzzy Sets for Controller Output

For the high power case, 7 fuzzy sets are found
to be enough for the level error, the flow error,
and for the controller output, while 9 sets are
used for the derivative of the level error. Note that
all of the fuzzy sets are equally spaced and that
the sum of the membership grades at each point
on the x—coordinate line is 1. This fact will be
necessary in computing an analytically equivalent
form of the fuzzy logic controller as described in
section 4.
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For a given value of the level error, or of the
flow error, there will be assigned a pair of fuzzy
sets along with the membership grades for each.
For the derivative of the level error, however,
there will be a set of four fuzzy sets associated
with a single value.

The pair of fuzzy sets and the corresponding
membership grades for the level error are com-
bined with the four sets and grades for the deriva-
tive of the level error by a set of fuzzy rules
(RULE 1 in Table 1) to produce 8 sets with the
corresponding membership grades. For the fuzzy
set intersection operation, we have tried the pro-
duct operation ( Dubois & Prade with =1 [10]
), and the classical minimum operation to find that
the former is algebraically smoother and produces
slightly better results for our simulation experi-

ments.

Table 1. Fuzzy Control Rule 1
(LE vs ALE)
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For the fuzzy logic implications, we have tried
the Mamdani’s minimum operation rule and the
Larsen’s product operation rule [11]. The latter is
found to be more suitable and produces better
results, i.e. smaller total variation for our simula-
tion experiments. We use the Larsen’s product
operation rule throughout this study.

The eight fuzzy sets produced by the intersec-
tion of the two sets for the level error and the four
sets for the derivative through RULE 1 are com-
bined and defuzzfied by the center of area method
[11). The resulting value is fuzzified by the fuzzy
sets for the controller output(Fig.7) before it is fed
into RULE 2 along with the flow error.

The two sets of rules RULE 1 and RULE 2 are
generated based on the operating experiences and
the common sense. Note that all of the entry
blocks in both of the rule table matrices are filled
in. This is necessary for computing the analytically
equivalent form described in section 4. We have
tried to make these rules so that they represent
linear functions in two variables.

The resulting output from the second set of
rules RULE 2 is a set of 4 fuzzy sets with mem-
bership grades for each and they are defuzzified
by the center of area method using the fuzzy set
in Fig.7. The computed value is used as the in-
cremental value for the controller output so that
our algorithm becomes a velocity algorithm in the
high power case.

The tuning of our fuzzy logic controller was
done to minimize the total variation of the control
action, where the total variation of a function is
the absolute integral of the derivative of the func-
tion.

The tuning work in this case is essentially the
work of adjusting the boundary values for the
support of the fuzzy sets for all of the related fuzzy
variables. The numbers in Fig.4 through Fig.7 are
all final values after the tuning work. We have
selected one of the simulation experiments de-

scribed in section 4 for the tuning of the fuzzy

dJ. Korean Nuclear Society, Vol. 25, No. 2, June 1993

controller. The minimization of the total variation
for the controller output was given the highest
priority and the way to reach the minimum point

was through the trial and error method.

3. Fuzzy Logic Controller for

the Low Power Case

A schematic diagram of the fuzzy logic control-
ler for the low power case is as shown in Fig.8.
The inputs are the level error(LE) and the deriva-
tive of the Reference Coolant Temperature{ AT,.y),
while the output being the feedwater bypass valve
position relative to the initial position.

Note that we are using the controller output as
the valve position rather than as an increment of
the valve position. More precisely, the output is
used as the relative position of the bypass valve
from the initial position.

Thus, our algorithm is a position algorithm
rather than a velocity algorithm as used in the
high power case. This is due to the fact that the

Tref Set Point Level
~ +
DERIVATIVE SUM
{
DERIVATIVE| —=——
INTEGRAL == RULE 3
1
L. RULE 4 o
| RULE 5 | -~ste—r

Controller Output

Fig. 8. Fuzzy Logic Controller

(Low Power Case)
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shrink occurs so sharply ; up to 10% drop in the
level in less than 10 seconds at the simulator
(Fig.17) when the nuclear power is at 16.8% be-
fore synchronization, that the velocity algorithm is
not appropriate.

The input scanning period is 0.5 second and
the average of the changes in the level error over
a period of 10 seconds is taken for the derivative
of the level error(ALE). We take the straight sum
of the level errors from time zero up until now for
the integral of the level error.

The fuzzy sets for the level error are exactly the
same as those shown in Fig.4 except that we use
eleven fuzzy sets by extending two sets on each
side and that the numbers on the x—axis are
scaled by a division factor of 0.7. Similarly, the
thirteen fuzzy sets for the derivarive of the level
error are the same as shown in Fig.5 with a divi-
sion factor of 1.4.

The fuzzy sets for the integral of the level error
and for the derivative of the Reference Coolant

Temperature (AT, are as shown in Fig.9 and
Fig.10 respectively.

-25 -20 - 15 -~10 -5 0 5 10 15 20 25(%/100)

Fig. 9. Fuzzy Sets for Integral of Level Error

-0.05 -0.04 —0.03 -0.02 ~0.01 0 0.01 0.02 0.03 0.04 0.05(°C/100)

Fig. 10. Fuzzy Sets for Derivative of T, (AT,.)

A combination of the derivative of the level
error with the integral of the level error is done by
a set of fuzzy rules RULE 3 shown in Table 3. As
in the case of RULE 1, we perform fuzzy set

intersections to generate 8 fuzzy sets with mem-
bership grades for each by RULE 3. These eight
sets will be combined and defuzzified by the cen-
ter of area method. The defuzzified value is fuzzi-
fied again before it is input to RULE 4.

Table 3. Fuzzy Control Rule (RULE 3)

(ALE vs LE)
LE

1 2 3 45 6 7 8 91011
1 11111111111
2 1111112 3 3 3 3
3 1 11112 3 45 5 5
4 11112 3 456 717
5 1112 3 45 6 7 89
6 1 1 2 3 45 6 7 8 910
ALE 7 1 2 3 45 6 7 8 91011
8 2 3 45 6 7 8 91011 12
9 3 45 6 7 8 91011 1111
10 5 5 6 7 8 91011 11 11 11
11 7 7 7 8 9101111 11 11 11
12 9 9 9 91011 11 11 11 11 11
13 11 11 11 11 11 11 11 11 11 11 11

Table 4. Fuzzy Combination Rule (RULE 4)

(ALE vs ALE+LE)
ALE+LE

1 2 3 45 6 7 8 91011
1 1 111112 3 45 6
2 111112 3 4 5 6 7
3 1 1112 3 4 5 6 7 8
4 1 11 2 3 45 6 7 8 9
5 1 1 2 3 45 6 7 8 910
LE 6 1 2 3 45 6 7 8 91011
7 2 3 4 5 6 7 8 9101111
8 3 4 5 6 7 8 9101111 11
9 4 5 6 7 8 91011 11 11 11
10 5 6 7 8 91011 11 11 11 11
11 6 7 8 91011 11 11 11 11 11

In order to generate the rules in RULE 5, we
observe the fact that as T,.; decreases, the press-
ure will build up in the steam generators and

hence the feedwater flow decreases automatically
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without any change in the valve position. Thus,
we have set the rules so that when T, decreases
sharply, no control action is taken.

On the opposite case, however, note that the
generator power can only be increased while we
have excess nuclear power and hence the water
level must experience the swell and shrink effects.
Therefore, the swell effect due to the increase in
the generator power is minor compared to the
swell and shrink effects by the steam dump valve
openings and closings. We have set our rules to
reflect this fact.

Note also that if AT, is zero then the controller
output should be proportional in the opposite
direction, i.e. when LE+ALE+ /LE is 1 then the
output is 11 and so forth. Thus, the first column,
the last column and the one in the middle of table
5 are fixed. The rest are filled in by a linear
interpolation.

Table 5. Fuzzy Control Rule (RULE 5)
(LE+ALE+LE vs AT,

AT,

1 23 456 7 8 91011

1 6 7 8 91011 11 11 11 11 11

2 6 6 7 8 91011 11 11 11 11

3 6 6 6 7 8 9101111 11 11
LE 4 6 6 6 6 7 8 91011 11 11
+ 5 6 6 6 6 6 7 8 91011 11
ALE 6 6 6 6 6 6 6 7 8 91011
+ 7 6 6 6 6 6 56 7 8 910
LE 8 6 6 6 6 5456 7 89
9 6 6 6 54 3 456 7 8
10 6 6 5 4 3 2 3 4 5 6 7
11 6 54 3 212 3 45 6

4. Simulation Experiments and Comparisons
with Proportional Integral Controllers

For the high power case, we have run two
simulation experiments for this study ; the first is

the case of full power normal operation with one

J. Korean Nuclear Society, Vol. 25, No. 2, June 1993

of the three running pumps being tripped(Fig.11),
and the second is the case of 50% nuclear power
with one of the two running pumps being
tripped(Fig.12).
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Fig. 11. Simulation Results for the Case of Full Power
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Fig. 12 Simulation Results for the case of 50% nuclear
power (Pl Controller)

We also have run two more simulation experi-
ments with the fuzzy logic controller for the high
power case. These are actually simulation opera-
tions for the low power case. The first is the case
of reducing the generator power from 100MWe to
50 MWe with the load rate of 5MWe/min while
the nuclear power is held at 16.8%. The second is
the case of increasing the generator power from 0
MWe to 100MWe while the nuclear power is held
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at 12%.

Note that in both of these low power operation
experiments, the steam dump valve must open
and close periodically to dump out the excess
steam and hence the swell and shrink effects must
occur. Assuming that the data for the steam flow
and the feedwater flow are available, the fuzzy
logic controller for the high power case can be
used for the level control.

Thus, we have run altogether a set of four
simulation experiments for the high power case.
For the first two experiments, the simulation re-
sults are as shown in Fig.13 and Fig.14 respec-

tively.
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Fig. 13. Simulation Results for the Case of Full Power
(Fuzzy Logic Controller)
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Fig. 14. Simulation Results for the Case of 50% Power
(Fuzzy Logic Controller)
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Note that the overshooting effects shown in the
level curves of in Fig.11 and Fig.12 are nearly
eliminated in Fig.13 and Fig.14. This fact is well
described by the total variation of the level error

curve in Table 6.

Table 6. Comparision of Total Variation of Curves
(High Power Case)

Generator Control Level Flow
Power Controller Action Error Error
Change (%/100) (%/100)
Full Fuzzy 03252  0.0757 151.4
Power Pl 0.6592  0.2691 338.4
50% Fuzzy 0.6107 0.1366 207.9
Power PI 1.2140  0.6868 594 .8
10% Fuzzy 0.3721 0.5099 164.1
to 5% PI 1.2720 1.0270 4735
0% Fuzzy 04364 0.7915 288.7
to 10% Pl 1.6550 1.5880 877.4

The numbers in Table 6 represent the total
variation of various curves, where the units are the
percentage points divided by one hundred for the
first two curves and tons/hour with a division fac-
tor of 0.278 for the flow error curve. All of these
are run during a period of about 11 minutes of
simulation with five times the real time run mode.

We see that each of the computed values for
the total variation by the fuzzy logic controller is
less than one half of the coppesponding value for
the PI controller.

To see the difference between the PI controller
and the fuzzy logic controller, we computed the
analytic equivalents. For the PI controller, we

compute from Fig.1 by a simple algebra that

Ul)=3.3e(t)+0.33 fo‘e(t)dt
+05X% 10‘7: f(t)dt+0.1 X 10~ 3f(f)

+9.25x107°[!["et)dt (1)
where
e(t) : Level Error (the actual level-the set point),
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f(t) : Flow Error (the feedwater flow—team flow),

u(t) : the controller output.

For the fuzzy logic controller, we compute
linear functions in two variables from Tables 1 and
2. Note that in the tables, the set numbers 1
through 7 for LE and for LE+ALE are identified
with the corresponding x—coordinates in Fig. 4, the
fuzzy set numbers 1 through 9 of ALE are identi-
fied with those in Fig.5, and similarly for the flow
error and for the controller output with Fig.6 and
Fig.7 respectively. Now, the two tables can be
viewed as representing some functions in two vari-
ables. We assumed they are linear functions in
two variables and applied the least squares

method to obtain

Au(t) =0.84397Ae(t) +0.05291e(t)
+2.985 % 107%(1). 2)
where

Ae(t) : increament of eft).

The equation (2) represents our final level control-
ler for the high power case where its performance
is identical to that of the fuzzy logic controller.

For the low power case, we have conducted a
pair of runs for each of the two simulation experi-
ments described above. One of the runs is with a
constant level set point at 50% and the other is
with the variable level set point that varies from
40% to 50% as the nuclear power varies from
0% to 20%(Fig.15).

50% //’T—
40% / :
Level ;
Error E
0% 20%(Nuclear Power)

Fig. 15. Variable Set Point
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We see from Fig.16 and Fig.17 that the level
experiences the swell and shrink effects. By com-
paring with the results of the PI controller, we find
that much of the overshooting effect is reduced in
this case also. The total variation of the level error
in Table 7 reflects this fact very well.

Table 7. Comparision of Total Variation of Curves

(Low Power Case)
Generator e Control  Level Flow
Power Controller .
Point Action  Error Error
Change
Constant ~ Fuzzy 0772 1109 3978
10% Pl 2093 2083 10540
to 5%  Variable Fuzzy 0853 1067 3906
Pl 2197 2196 10570
Constant  Fuzzy 0926 1474 5885
0% Pl 2944 2928 14390
to 10% Variable Fuzzy 1048 1444 5934
Pl 2941 2958 14530

Note that all of the values for the total variation
of curves by the fuzzy logic controller are less than
or around one half of those by the Pl controller.
The analytic equivalent of the &I controller is

computed from Fig.2 as follows;
u(t) =2.0elt)+2.67 X103 f‘e(t)dt (3)

An equivalent analytic form for the fuzzy logic
controller for the low power case is obtained from
table 3, 4 and 5 as follows;

e*()=F iAet), [‘et)
—19.88Ae(t) +1.388 X 1073 f(:e(t)dt

e(t)=G le(t), e*(t)
=0.5380e(t) +0.7686¢ * (1)
=0.5374de(t) +0.7653 {19.88¢(t)
+1388X10° [iettat @

u(t) = H {e(t), ATref}
=-4.4333e2(t) — 393.7e(t)AT.
+347.6(AT,.q)?—13.09¢(t) + 7.306AT,
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where
F(x,y) : the function of two variables in table 3,
G(x,y) : the function of two variables in table 4,
H(x,y) : the function of two variables in table 5.
Note that the function H in (4) is a quadraric
function. Since the function in Table 5 is non-
linear, we have chosen a quadratic function for
the curve fitting. The equation(4) represents our
final level controller for the low power case which
is nearly identical to the fuzzy logic controller.
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Fig. 16. Simulation Results for 100MWe to 50MWe
Operation (Constant Set Point-Fuzzy)
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Fig. 17. Simulation Results for 0 to 100Mwe Opera-
tion (Variable Set Point-Fuzzy)

5. Conclusions and Remarks

The level controllers we have developed

through a set of fuzzy algorithms are found to
behave better than the PI controllers in terms of
the total variations of the level error, the flow
error, and of the control action.

For the high power case, the total variations
including that of the control action are about one
half of those by the Pl controller. The difference is
essentially due to the fact that we use the velocity
algorithm on PD controllers, i.e. Au=aLE+SALE
while Pl is u=fLE+¢/LE for some constants «
and £, and hence almost all of the overshooting
effect is eliminated. Note also that by using the
derivative of the level error, one can somehow
forecast the trend of the level error curve while
the integral reflects a history of the level error
curve.

For the low power case, the major part of our
controller is also a PD type controller rather than
a Pl controller. The irregular changes in the de-
rivative of the level error and in the controller
output have been handled properly by taking the
averages over a certain period of time. The total
variations of the level error, of the flow error and
of the control action are also about one half of

those by the PI controller.
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