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Abstarct

A model free controller utilizing a set of linguistic fuzzy logic of the human operator’s
experience is developed to control the steam generator water level in a pressurized water
reactor.

Only 9 rules for control action are generated from the inputs of water level error and mass
flow error implicitly representing the time variation of the collapsed water level.

The bell type membership functions of the premise side and the result side are tuned by the
sensitivity study. This compact fuzzy logic controller shows a robust control during transient
and no offset error and oscillation during steady state operation. For a multi-ramp power
increase from start—up to full power, the proposed controller shows good performance for the
entire range.
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1. Introduction

Fuzzy logic control(FLC) scheme is generally
considered as a robust controller for a very com-
plex or human-like system. Also, it is widely
accepted that FLC is one of strong candidates
able to supersede the manual control for many
industrial process equipments because FLC is con-
structed from the skill of the human operator. The
manual control retarding the progress in the in-
strument—and~control system of the nuclear pow-
er plant has been done for the nuclear steam
generator at the low power, below 25% of the
rated power, because of the reverse dynamics of
the water level, named as swell-and—shrink phe-
nomenal1l]. To replace it, many controllers have
been proposed and they can be classified accord-
ing to their dependency on the system model : the
model-base controller[1], the model-reference
controller[2,3], and the model-free controller
[4,5]. If we acknowledge the deviation between
the model and the real system, the controllers less
depending on the model seem to be more robust
then the other controllers, when they are im-
plemented in the real system. Among the model
free controllers : an artificial intelligent controller, a
neural network controller, and a fuzzy logic con-
troller, FLC has benefits of the well structured
knowledge and the numerical signal treatment(6].
The major drawbacks of the FLC are its rule gen-
eration method and its optimization are not clearly
developed yet. Recent researches have been done
to find an easy and systematic way to get an
optimized logic by partially connecting FLC to the
technique of neural network and parameter
estimation scheme of the adpative controller[6].
A few applications of FLC are reported in the
nuclear industry[4,5]. The FLC of the nucelar
steam generator [5] by Kuan et al. has many rules
(more than 50} which are not fully optimized.
Their ways to show their contribution are to repre-
sent several results of the sensitivity study and the
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possibility of the ramp power increasing from the
low power to the full power. Their rules are
strongly depend on the change of the steam flow
rates.

This large rule matrix prevents us from getting
the well tuned controller and from transplanting it
easily to the other nuclear steam generators. The
practical question is how many rules are required
to control the steam generator. In this paper, a
compact FLC for the steam generator is de-
veloped with only 9 rules made of the know—how
of the skilled operator’s control action when the
level shows swell-and—shrink phenomena.

2. Steam Generator Model

To test the controller, a dynamic model of the
steam generator is used. This model was already
used to generate the scaling laws of the nuclear
steam generator for the experimental evaluation of
the performance of the various controller[7] and
to give dynamic response in the real-time simula-
tor of Korea Nuclear Unit 2.[8].

Mass and energy conservation equations for
three nodes of the boiling region, the steam dome
region, and the downcomer region and a momen-
tum equation generated by integrating along the
entire circulation loop are used. The sophisticate
prediction of the bubble departure point and the
mass and energy integration in the boiling region
make the model represent the swell-and—shrink
phenomena from the perturbation of feedwater
flow as well as that of steam flow [1,8].

3. Fuzzy Control Model for Operators

The fuzzy controller has three steps of input
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Fig. 1. Structure of the Fuzzy Reasoning.
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fuzzification, fuzzy reasoning, and defuzzification
for actuator as shown in Fig.1:

3.1. Generation of the Fuzzy Control Rules

Mamdani’s rule generating method(9] based on
error{DE) and the change of error(CE) is widely
accepted because it is simple and related with the
conventional PD controller. There are several
other methods are suggested to couple the PID
controller with fuzzy controller. However, the rule
generation method based on PD inputs could give
us two sets of rules for level and mass flow rate if
we follow the conventional three elements control
scheme of the nuclear steam generator. Even
though we use only three lingustic term for the
fuzzification of inputs, there are more than 19
rules : 9 rules from level error, 9 rules from mass
flow error, and more than one rule to combine
these two sets of rules. To reduce the size of rule
matrix, we try to choose only two coordinates of
the level error and mass flow error for the rule
matrix which generate only 9 rules as shown in
Fig 2.

Since these rules are constructed by the prop-
ortional errors of the level and mass flow rate, a
large offset error and some instability are expected

E(L)

CE(L) 9 rules

> more than 18 rules
E(W)

CE(W) 9rules

(a) The conventional rules based on the PD scheme for three
elements inputs

E(L)

> 9 rules
E(W)

(b) The present rules based on the modified PD scheme
(E(W) = CE(Loollapsed))

Fig. 2. Rule Generation Strategy.
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but the developed controller works well. However
the mass flow rate error implicitly represents the
time variation of the collapsed water level. After
the thermal effect is settled down, the total mass
conservation equation of the steam generator rep-
resents the time variation of the collapsed water

level
d(M,,)
dtsg =Wi—W,
_ chollapse
T 1)

Therefore, the present rule matrix is a modified
form of rules based on PD action suggested by
Mamdani et al. The problem of the measurement
error of the mass flow rate at the low power level
could be resolved by using the energy conserva-
tion relation with the more accurate signal of the
core power and the first stage steam pressure in
the high pressure turbine. From the pressure in
the turbine, the steam flow rate, W, and steam
enthalpy, h,, are estimated. Also, from the
temperature sensor at the feedline, the feedwater
entﬁalpy is measured. The mass flow rate error
could be estimated by using the following relation
with the core power measured from the neutron
flux :

Wi Wiy =Wy(1 _hg/ hed)

+ Qcore’hta 2)

Besides the small number of rules, the present
fuzzy logic is directly related with the know—how
of operators who control the steam generator
according to the swell-and-shrink phenomena. If
we define the mass flow rate error(E(W)) as the
steam flow rate(W )-the feedwater flow rate(W;y)
then the water level swells when E(W) is positively
big(PB), the water level shrinks when it is nega-
tively big(NB), and the water level slightly oscil-
lates up—and—down when it is near zero(ZO). The
control actions are classified in five linguistic terms
: positively big(PB), positively medium(PM), near
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zero(Z0), negaitively medium{NM), negatively
big(NB). Let us-construct the control rule for these

mode :
a) Control rule for the swelling mode

If E(W) is positively big(PB) then the water level
swells temporarily as shown in Fig. 3-a. If the
water level error(E(L)), level set point-level, is de-
vided by three linguistic degrees of positively

Lset -L
(Lse ) i action

W \i\1 N e

20 (i)

iii\ PR |(iii)
PB
(a) Swelling(W,.—W.=PB).
{Lset -1) .
action

iii/

N8 20 | )

20 / NM (ii)
]/

- N . A NB  [¢iii)
i
(b) Shrinking(W,,—W=NB).
(Lset -L) action
i
ta /r\ HM | (1)
ii ii
t
20 / \\ IAU 20 | (ii)
- \ J PH |(iii)
iil

(c) Normal Case(W,—W=20).

Fig. 3. Control Rules Based on the Swell-and—shrink
Phenomena.
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big(PB), near zero(ZO), and negatively big(NB),
the control actions of the operator are rule 3, 6,
and 9 in Fig 4.

b) Control rule for the shrinking mode

If E(W) is negatively big(NB) then the water
level temporarily shrinks and increases as shown
in Fig. 3-b, the control action of the operator are
rule 1,4, and 7 in Fig. 4.

c) Control rule for the normal mode

If E(W) is near zero(ZO) as shown in Fig. 3—,
the control action of the operator are rule 2, 5,
and 8 in Fig4.

E(W) = Wet~- Wtg

NB 0 PB E(L)= Leet — L
NB NM 20 N
(rulet) | (rule2) | (rule3) | B
NM 20 PM Z
(ruled) | (rule5) | (rules) | O
0 PM pT P
(rule?) | (rule8) | (rule9) | B

Fig. 4. The Fuzzy—rule Map for the Steam Generators.

3.2. The Membership Functions for Inputs and
Outpus

Since we want 1o control the water level with
the minimum number of the rules, only three bell-
—type membership functions of NB, ZO, and PB
are used for the fuzzification of the inputs.

MZO)=exp(—x%/0%) for—oo<x/a< 3)

_|expl—(x/o +2%) for x/0>-2
B, forx/o<-2 (@
P exp(—(x/7—2)%) for x/0>2
#pB= 11 for x/6<2 )

where x is E(W) or E(L). The deviation o for
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water level error can be defined by the physical
unit of mm, since the level set point and error
boundary is not changed according to the power
level. Although the error range of the mass flow
rate could be wide, error range is proportional to
the standard mass flow rate of the given power.
The deviation for the membership function of the
mass flow rate error is expressed as

ow =kl W{Q), (6)
where W,{Q) is the steam flow rate at the power

of Q.

NB 20 PB

Fig. 5. The Membership Function for Inputs.

Also, the membership functions for control ac-
tion represented in the Fig.4 have 5 linguistic
values of PB, PM, ZO, NM, and NB which are

#ia(NB)=exp [~ (x/ 0 yiq +4)2],
H s (NM) =exp [~ (/T pia+ 271,
H,1lZO)=exp[—(x/ w(d)z] y

HuaPM)=exp [—(x/ 7 4~2)2],

:uwfd(PB) =exp ["(x/awfd—4)2] ) (7)
where
O td™= k2 o, 8

The above membership functions have three tun-
ing parameters of ¢, k1, and k2 which are less
than the three—elements controller having more
than four parameters.

8
NB ] z8 PH f8

Fig. 6. The Membership Function of the Control Ac-
tion.

3.3. Fuzzy Inference and Defuzzification

A direct reasoning method proposed by Zadeh
[10] is used here. In this method, the value of the
membership tunction of input is examined at first
for individual rule and the output depending on
this value is determined. Then the final output is
calculated by averaging the whole rule, as follows
; The output feedwater increasing D{W,In of n—th
rule is given by

D(Wro)n =min [AHEW), #PEL)] #i, (9)

where AJEMW)) and APE(L)) are the mem-
bership function of the prémise side for the input
error of the mass flow rate and the water level,
respectively. The degree of premise side is chosen
as the smaller one of two-premise membership
functions. And the output of the feedwater in-
creasement D(We,), from n—th rule is given by the
values of the conclusion membership function #
»a multiplied by this degree of premise side.

The final control action is determined by taking
the center of mass the output membership func-
tion as

" max(DWiy),) x dx

W =Wp + o ————— (10
[ _maxtDWia,) dx
The above defuzzification stage is easily calculated
by using the approximation function by E.Page
11} :

ffooe‘m Fdu=(r/2)%(1 +tfanh(y)) (11)
wher
y=(2/m)"/2X(1+0.04482360x) (12)

4. Results and Discussions

The fuzzy controller suggested here is im-
plemented by the steam generator'model describ-
ing the reverse dynamics of water level [7]. To get
the optimum shape of the membership function,
we take computational experiments to get the



376

FLC showing the short rising time, small over-
shoot, and fast damping.

Tuning the parameters for the membership
functions is done with ease by developing a soft-
ware tool showing the time variation of the water
level, control action, and shape of the mem-
bership function as shown in Fig.7. User easily
changes the parameters of the membership func-
tion, the operating power range, even fuzzy rules
by clicking the mouse on the pull down menu of
this software tool. Also, conventional PID control-
ler is equipped to compare it with the Fuzzy logic
controller. This tool is working on a personal com-
puter of IBM-PC compatible having the super
VGA board and the micro mouse compatible.

Fig. 7. The Fuzzy Tool Box for the Sensitivity Study.

4.1. Sensitivity Study

A reference transient is selected to do the sensi-
tivity study of FLC by increasing the set point of
the water level up to 100mm at 0 sec, step in-
creasing the steam flow rate to 0.4% of the rated
steam flow at 2000 sec, and sudden decreasing it
to 0.8% of the rated steam flow rate at 2500 sec.

(a) Sensitivity study at 5% power

At this low power, the swell-and—shrink phe-
nomena is dominant. A number of simulation are
done by changing three parameters of mem-
bership functions : 200mm< 2L <2000 mm, 0.01
<k1<2.0, and 0.01<k2<7.0.
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General statements obtained from these sensitivity

study are:

—Rapid response and large overshooting occur as
k1 increases.

—As k2 increases, large ocillation or control failure
occurs because of large control action.

—At 5% power, the reasonable control response
occurs when the ratio of {1 /k1} is about 1000.
Since the full representation of the results of the

sensitivity study is meaningless, two sets of the
representative responses are presented here. Fi-
gures from 8 to 11 have two parts : the upper part
shows the level response and the lower part
shows the perturbation of the steam flow rate with
the solid line and the response of the feedwater
mass flow rate in the dotted line. The numbers in
the parenthesis represnt o, ki1, and k2, respec-
tively.

The water level response by the fuzzy controller
with o =200mm, k1=0.2, and k2=0.01 shown
in Fig. 8 is very similar to that by the fuzzy con-
troller with ¢ =1000mm, k1=1.0, and k2=0.01
shown in Fig.9. But these figures show the slow
response due to small k2. Figures 10 and 11 show
effect of k2 value by changing it from 0.01 to 1.0.
The FLC with these value for the membership
functions shows quick response than that with kl
=0.01. From this comparison k2 is recommended
as 1.0.

~
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©
$ 40
5 7107 — 200, 02,001 s
;'56 LI B 1 B 0
0 500 1000 - 1500 2000 2500 3000
TIME IN SEC
T OO OO OSSOSO
$ef
g 53 “\\ l;” !
8 33 s 200, 0.2, CO1 st
B2 o o e 1 0 L 0
a 500 1000 1500 2000 2500 3000
TIME IN SEC

Fig. 8. Fuzzy Control of the Steam Generator(200, 0.2,
0.01) for 5% Power.
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Fig. 9. Fuzzy Control of the Steam Generator
with(1000, 1.0, 0.01) for 5% Power.
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Fig. 10. Fuzzy Control of the Steam Generator
with(200, 0.2, 1.0) for 5% Power.
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Fig. 11. Fuzzy Control of the Steam Generator
with(1000, 1.0, 1.0) for 5% Power.
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(b) sensitivity study at 100% power

Sensitivity study shows that good response
occurs when (9L/kl)is near 2000 at the rated
power. The FLC having the ratic (91/k1)=2000
shows slow but stable response for the 5% power.
The slow response at the low power does not
make any serious problem because slow startup is
needed to do other operating procedure at the
low power. '

4.2. Comparison to Pl Controller

It is not favorable to vary the gains of PI con-
troller or the membership functions of FLC as a
function of the power because it reduces the
transplantability of the controller and needs large
tuning efforts when the state of the system drifted
from the original state. We want to check which
controller controls robustly the steam generator in
a broad operating range, when their gains or
shape of the membership function are fixed to the
values tuned at 100% power or 5% power for the
same perturbation used in the sensitivity study.

As shown in Fig. 12, the PI controller of the
gains tuned for the 100% power fails to control
below the 30% power level due to large oscilla-
tion. The level response for 50% power is similar
to the 100% power because of small swell-and-
—shrink phenomena due to the feedwater. The Pl
controller of gains for 5% power succeeds in con-

~—~ 280 —
E 7 »
£ 200 - I8
» +
>
Q@
- % power
[\ £ power
"6 1 % power
=z —120- % power : fail
n S % power : fail
=200y T T T
10 100 1000
TIME IN SEC

Fig. 12. PI Control of the Steam Generator Based on
the 100% Power Control Efficiency.
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trol for all over the power range as shown in Fig.
13, but its response is too slow at high power
where fast response is required to follow the fast
perturbation from the turbine and reactor core.

~ 100 - RN
€ i
g 804
T 60
® .
> 40
o 4
. ‘O':,' —— 100 % power
© 5k - —- 50 % power
° _E'x ---- ?g % power
S T % power
= 20~ -------- 5 & power
(A o T
Q 500 1000 1500 2000 2500 3000
TIME IN SEC

Fig. 13. PI Control of the Steam Generator Based on
the 5% Power Control Efficiency.

The Fuzzy Controller tuned at 100% power
does not fail in any power range as shown in
Fig.14. The slow response at low power is not a
critical problem in the steam generator operation.
The response of FLC tuned at 5% power shows
large overshoot at the high power for the level set
point perturbation but the level perturbation due
to the steam flow rate change is not large as
shown in Fig. 15. It can be recommended that the
FLC tunned at the 100% power is the stgndard
fuzzy logic controller for the nuclear steam gener-

ators.
120
n fot T
Ol i — ]
£ e/ ; T ¥
~ e N -
so-y, ! /
3] 4
S ao0-p! s
Q@ __I" :/
. 20__|:: —— 100 = power
@ 0—."": ——~ 50 % power
o 'L'V: ---- :1')(5) % power
------ % power
= -20 --—= 5 & power
a1 A 0 S O A PO B SR A
4] 500 1000 1500 2000 2500 3000
TIME IN SEC

Fig. 14. Fuzzy Control of the Steam Generator Based
on the 100% Power Control Efficiency.
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Fig. 15. Fuzzy Control of the Steam Generator Based
on the 5% Power Control Efficiency.

Q 500

4.3. Multi-ramp Power Increase

A test is done with a multi-ramp power in-
crease from start—up to full power, the proposed
FLC shows good performance for the entire pow-
er range as shown in

Fig. 16. The power level is increased by 5%
during 1 min and then kept constant for 9 min
before another step. As shown in Fig. 17, the
control action is done in a robust way of no
frequent oscillation. Of course the conventional Pl
controller could not perform this operation due to
large oscillation in the low power.
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‘Fig. 16. The Water Level Response for the Multi-ramp
Power Increase with Fuzzy Controller.
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—— Steam Mass flow rate(lbm/sec)
------- Feedwater flow rate(lbm/sec)

Mass Flow Rate(lbm/sec)

0 2000 4000 6000
TIME IN SEC

Fig. 17. The Fuzzy Control Action for the Multi-ramp
Power Increase.

5. Conclusion

Based on the above discussions, the following
conclusions can be made :

(1) A compact FLC with 9 rules for the steam
generator is developed by directly combining
the inputs of the level error and the mass
flow réte error which represents implicitly the
time variation of the collapsed water level.

(2) This direct combination of level error and
mass flow rate error gives us physically clear
control rules between the operator’s control
action and the swell-and-shrink phenomena.

(3) The membership functions are tuned by per-
forming the sensitivity study.

(4) Comparison between the present FLC and the
conventional Pl controller shows the FLC is
more robust in all operating range than PI
controller.

(5) The present FLC has no problem in controll-
ing the water level for the ramp power-up
from the low power to the rated power.
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