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Abstract

The nucledr steam generdior level confrol svsferm iz designed bw the robust conidrol
metheds The design iz diwided info twe sfgpas First, the feedudgter controller is
designed by the Hw Then the feedioater controller lpcoted on the feedback loop iz

designed both by a classical FID and by robust technigues It iz found that the
controller of simple FPID whosze cogfficents vary with the power iz proper for the
sustern performance The simulition: show that the fwbrid svstem of He and FID fas

a good performance with proper stahility margine

1. Introduction

The nuclesr steam generator has a mumber of problems in the light of control
design, These contrel problems directly arise from the phiwsical characteristics of the
stearn generator, The mechanism of the stearmn generator iz based on the thermal-
hwdraulic phenomena of heat transfer and fluid dynamics, The mathematical moedeling of
the thermal-hwdraulic system is wvery difficult, It has many intrinsic uncertainties, no
matter how exactly it may ke medelled, This iz mainly due to the theorefical
assumptions, linearizations, and experimental correlations, Further, the dvnamics of the
working fluid gives an additional uncertainty,

The heat transfer mechanizsm of the steam generator results in the shrink and swell
effects, These effects are addressed by the control terminelogy of non-minimum phase,
The control design of the non-minimum phase plant s more Jdifficult than the unstable
plant, The effect of the non-minimum phase becomes more galient, resulting in the
difficulty in lewel control as the power becomes lower, This is due to the fact that the
plant properties warv with the operation power, which imposes ancther proklem on the
contrel desizn,

The robust control method could ke an alternative to the design of the steam

generator lewvel confrol swstem, The actual systermn should work as intended under the



real circumnstances ewven though it is designed with the inexact plant, The ultitnate
purpese of the contrel swstem is to maintain the rokwustness rather than  stakdlity,
Hewrerer, it should ke noted that too much stress on the rebusthess may result in the
performance degrades, In the conftrol design, no method can definitely be the best, and
compromises between warious methods are required in accordance with the system
characteristics, In this study, The rebust control iz applied fo the feedwater controller
design, For the feedback lewvel controller, the robust method are applied, followed by the
varlakble PID controller to be compared each other, Through the simulation it Iz found
that the hybrid swstermn which is comprised of robust feedwater controller and PID lewel

controller gives the sufficient stakility and good performance,

2 The Steam Generator Level Control Systemn

Figure 1 shows the steamn generator lewel control swstermn, The owverall swstem is a
kind of regulating svstem in that the lewel wariation should ke kept constant, The steamn
flow rate change and other feedbacked signals generate a driving signal which confrols
the feedwater flow rate to keep the lewel constant, The feedwater station iz a serve
svstemn in which the feedwater flow rate follows the stearn flowr rate,
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Figure 1, Steam Generator Lewvel Control Swvstem

The input and cutput of the stearmn generator plant are the feedwater flow rate change
{ AWrl and level wvariation( AL, respectively, Sewveral noises act on the plant, They are
changes of primary coclant temperature! AT, feedwater temperature! ATp, Alse it
should be noted that the steam flow rate changel AWE s not only a command signal to

the swstern but alse s a distuwrkance fo the steam generator, Therefore, the relationship
between these inputs and the lewel, should be identified,
Lee[l,[2] developed the MIMG (rulti-input muolti-cutput) transfer functions of the



stearn generator from the thermal-hydraulic code swhich describes the stearmn generator
dvnarmics in detail, Thev describe the property changes of the plant, With these open
loop transfer functictis, the steam generator contral swsterm could ke put inte the block
diagram of Fig, 2,
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Figure Z The Elock Diagram of the Owerall Level Control Svstem

In the figure, L5 B, i=1, 2, 3 4, are cpen loop transfer functions between the level
and each element of input wector of Nis) = [AWds), AWLs), ATp5), ATHS]

respectively, and Vis, B =1, 2, 3 4, are open loop transfer functions between the
percent power and the input wector, The feedwater stafion is represented as a single
block Figz), The characteristics of this svstem can be summarized as
17 the plant is dependent on its output, that is, the percent power, T
Z) the svstem is comprised of the open loop for power and the closed loop for lewvel
3) for the power loop train, all the input wector elements act as svstem inputs, and
for the level train, N;(s), i=2, 3, 4 acts on the system as disturbances
4) the system is WINOD, And one of the svstem output is to be tracked, the cther is
to ke regulated,
The owerall control swstermn design can be divided inte two steps of the feedwwater
controller design and the feedback locp controller design,

3. Feedwrater Controller Design

3.1 H.. controller

Since the feedwater control svstemn is a servo swystem, at least one integrator is
necessary, The wvalve station is assumed to be a first order lageer of time constant 1
gec, The rationales for this assumption are explained in Ref, [Z], Then the feedwater
station of Fig, 1 could ke recast inte Fig, 3,
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Figure 3, Block Diagram of Feedwrater Station

The feedwater svstem design is to find out the robust controller Hig) in Fig 3
For the robust design, Fig, 3 iz reconstructed as the two-port model of Figd,
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Figure 4, Two-Port Model of Feedwater Contrel Swystemn

The swvstemn equations are posed as
x= Ax+ B w+ Byu
2= Cix+ Iy wt+ Dyu
= T x+ Dy wt+ Dypu (11
where A B, & and Dy are systemn matrices of (5), 2= (%, XZ}T{S the state

variables wvector, s iz the nput wvector of (& #) Tand z is the regulated output
vector of [ wy ) T
The packed matriz of Eq, (1) is

-1 0 1 0 1
A B B . p 1 0 0 0 0

Py = | & Dy D= ( PH PE ) =| 0 1 0 0 0 ¥4
c, D, D R ) 0 0 o0 0 1
:oTa e 0 —-10 —10

This packed matrix is obtained with the assumption that the Jdisturbance acts on the

state wariable x;. Eq. (1) satisfies all the conditions for the existence of Riccati

solutions, And the design of Hoee controller is to find cut the admissible controller



H(sy swhich makes the infinity norm of the owverall closed loop system hawve a certain
upper bound, That is,

I Tooll o= Fi B, H) ¥ (3
where F{ P, H) is the LFT (linear fractional transformation) of the system which is
defined as Py+ PR H(I— Py, H) ' Py

There are many reliable algarithms to caleulate the controller 3],[4] and the controller is

found to be
B A414x10%s + 5. =10t
Heonls) = =2 3 138 10% + 6,758 X 10° “
with = 1.7253

The controller of Eq. (4) gives the PW (phase margin) of 674 and the G (gain
margin) of 91 5dE, which is sufficient to keep the swstem robustness, The regulated
outputs of [ ¥ 3 ) converge rapidly to the steady state walues, which shows the good

robustness, Since the system T is MIMO, it has two singular walues, and the infinity
norm of the system is 1,

The controller Hee 1050 is determined with the assumption that the disturbance acts

on x;. But it is possible to configure the svstem in such a way that the disturbance

acts on % In this case, the packed matriz has different elements of By = [0 1] Tand
the controller is

1.67110%s + 1.67110°
H. = =1. 3

208 = a0 + ooyt L E9 ®)
This controller gives the GM of 814 dE and PM of 7287

It iz informative to compare M. controllers with LTR (loop transfer recovery)

confroller[2], The Hw problem and LG (linear quadratic Gavssian) problem hawve the

same paradigm in that both problems are posed as a couple of Riceatl equations, The
differerice ketween them is the norm used in the performance function, In the LG the
performance function is the two-norm of output wariance -which is augmented by the
state warlable weighting matriz and control effort weighting matriz, The LaG problem
iz to find the stable controller which minimizes the two-norm of the system, and can ke
set as

Smbﬁmff(s} I Tl 2
The LG, which incorporates the observer, dees not guarantes the margins of the LGR

()

(linear guadratic regulation), Howewver, Dovle[12] showed that the marging of LQR can
be recovered with the LTR of

lirn

q—rm

Msion = M(8ign (7]



where M(s)igp= KOB M5y =K O (HLCPHBP=(s1— A}!
@ () =(sJ— A+BEK+ LCO) Elww )= Q=5BR

To obtain the target loop of M(s)rop, the feedwater serve system iz converted to a

regulating svstemn by the transformation of
£= Af+ Bwl=Cf+Dmw w= —K¢

A=(ﬂbJB=(G) C=(c, WD=0 (8)
00 A ( o)
whete (z, b, ¢} is the svstem matriz of the first order walve station,

From Eq.(8), the integrator gain and feedback gain are found to be [10  0.7321], and

the LR has the target PM of 817 With this target loop and by controlling the noise
spectral density of q-z BBT, where B=[h G],Tthe LTR controller is determined as
Eq. (3) and has the P of 77° and GM of 28 dE.

11418845 + 150
LR = 7015 0814 5 + 162,97 3

Figure 5 shows the unit step respenses of the feedwater swstem inceorporated with

pach controller designed so far, Comparing Hoe1(8) with Hu (), it can be knewn
that the speeds of the both are almest the same, but He. p(8) gives the shorter
settling time than He 1(5), Also there is no overshooting for the case of He a(8),
The Hs)pmm seems to be superior to Ha 050 o Huw (8 in the speed and settling
time, But the confrol effort of the H(sl;re iz much larger than these of He.

contrellers, which is net desirable with respect to the actuater mevement, Accordingly,

H mj(s} iz adepted as a finally designed controller,
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Figure §, Unit Step Besponses of Feedwater Station for Various Controllers



3.2 Robust Controller by MWS
The robust controller can ke designed by other offsprings of the He control

algorithms, One of them is the WMWS (mixed weight sensitivity) based on the classical
loop shapingB1,[6], The unity feedback svstem of Fiz. 3 can ke described by the
two-port model of Fizg, 6 with the sugmented wreights,
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Figure 6, Two-Port Model with Augmented Weights

Censidering the external commmand signal only, the swystem fransfer function is the
SINDsingle input, multiple output) of
s

W
where § and T denotes the sensitivity and complementary sensitivity, respectively,
The MWS problem is to determine the stable controller which makes the infinity

norm of the clesed loop swstern minirmum by selecting proper weighting functions, W

T
(n vl _
i)

T = (10}

and Wy are functions of frequency, and they are major design factors in WIWS, For the
desirable loop shapes, they should ke determined to satisfy the following conditions,
a(SGe) < | W7 Gw) | o(TGed = W 'Guw)| Vo (11
where ol - ) is the singular value,
The WWS requires numercus iterations hbecause the designed swstem is sensitively
related to the selection of weighting functions, And hbecause the Huee algorithm are

non-cohvexing prokblem, it is wery difficult to determine the optimal weighting functions,
The MZA (modified genetic algorithm)7],[8], which iz an efficient optimizing tool in the
non-convexing problem, is applied to determine the weighting functions, The objective
function of the G& is

C= Zu(:vll.v(t} — i+ ral w8 — pegfiith 7y =y =1 12)



With this objective function, the weighting functions are calculated as

_ 1 . fs+0.4049 _ 1 . {&®+2383%:+ 1 8388
Wls) = - ( 05097 ) Wie = = ( & +7.93355 )
Wi(s)=%a ri=0,1ra=0.2and y3=5 (13)

Wals) iz applied to the control input to meet the system rank conditions for the

solution existence, Then, Eq. (100 is set into the canonical form of Eq. (1), and the

controller is calculated in line with the H.. algorithms as

15.28% 4+ 113,35 + 93,05 (14)
£ 41312554+ 80,795 + 131.6

The simulation shows that the unit step response and the control effort of the

Hig) ym =

Hisyws svstem are almost the same as those of the Hj (s system, But because

of the avgmentation of weighting function, the order of the controller increases o the
third order (exactly, it is the fourth crder but through the meodel reduction, it becomes
of the third order), Alse it should ke noted that the H(g) s could be ditferent
depending on the objective function used in the G&, For example, if the larger penalty
15 given to the output, the system speed increases bat at the expense of the larger

contrel effort,
4 Feedback Controller

With the feedwater controller of Eq. (6), the feedwater station, Fisz), is represented as

Fe) = 1.6714 x10% (s + 1) (15)
s amelst 4+ 3.0746 x 1092 + 5.8571 % 10%s5 + 1.6714 = 107

By letting ((s) = F(s5) Al P) and by treating the effects due o  Ufs, P

(i=2, 3, )das a disturbance, the level control svstem of Fig, 2 can be simplified as
Fig, 7. And this scheme can easily be fashioned into the two port model of Eq. (1) with
the coefficients of

Gin—[A, B, C, D]

_ (10000047 o _ _ c i
B (GGGDDG)‘ B B G (GGGDDG)‘
D11=(g§jl, D12=(8J, CE_:{:, Dg]_=(|:| 1}, .DZQ_:'D UE:I

For the initial steady state power of 535, the He controller is found to be

217485 + 1,976 107 + 4,734 10%° + 3,692 10%% + 468 75 + 19.25 47
S+ 00026 + 2. 57 10% + 5.004 1057 + 2,624 10%% + 239,35 + 17,76
and has the PI of 8927 with the G of 364E,

i) =
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Figure 7. Lewvel Contrel Swvstem with Feedback Cenfroller

Thiz margin is  too large, and the svstem  performance  degrades  to o the
Impracticakility, Teo improwve the performance, an additional gain could ke introeduced, For
example, the gain of 30 results in the PN margin of 657 with the plausible speed, But
thiz gain walue gives no effects when the power is high, As the power increases, the
plant becomes more stable, hence the gain should be increased o maintain the same
effects, To keep the same performance as abowe at 3032 power, the gain should he
increased to around 120, if the confroller desizned at 6% power is used,

With an additional gain, the design factors are gain walues and the controller
coefficlents of Eq, (17), The gain walue contiol depending on the power conforms with
the concept of gain scheduling, But it is wery Jdifficult to prowvide the swystemn with the
flezikility only bv gain control, On the other hand, the H.. controller becomes different
with the power since the plant waries with the power, And the control of controller
coefficients  with continucusly  wvarving power s impractical, since the order of the
controller is too high,

Instead of the He controller, it iz found that the PID controller which was proposed
in Ref,[2] is more practical since the number of coefficients to be controlled is only two,
The proposed controller is

Kir
%} K P) =34.26 + 3.85P + 0.2P"

Cls, P = (Kﬁ(p:l +
K P
1.3 — 80P+ 2.1 P

With this controller, the systemn has an almest constant FW of abeout 307 for the
power rahge of 124 to 30%, and the GI increases slightly from 3dE at 132 power to

KB = P = power in percent (18]

EAE at 3022, For the power range of over 3022, the designed controller wields the larger
marging and ancther controller might be defined, Howewer, since the steam generator
level control is an issue in low power range, the controller of Eq. (18) is selected as a

feedback loop controller,



5 Simulations and Discussions

In Fig. Z, the changes of feedwater flow rate{ AWg) and levell A are calculated by

AWls) Fig{ (1 — O, B Ly, Pr ) — Fig 715, P
1+ Fis) Lals, PCs)

AL(5) = AWels (This, P) + This, PP F5) + 705, B
= 1+ F(5) Uyls, P Cls)

where T(s, Py = Tple, P Uis, B+ Txls, Py U5, P

And the power included in the transfer functions are obtained from

{20}

P = L_l[ ,,21 Vils, PINSS) (N = AWp Ny = AWy Ny = T Ny= 4T (21)

The lewel deviation and feedwater flew rate change are caleulated by the akowve
equations together with the designed controllers of Eq, (5) and Eq. (18),

The simulations are made in parallel with those of Bef.[2] for the comparison, Two
sitmations are simulated, One iz the power increase from 522 to 1022 and the other is
the power decrease from 1035 to 5%, The input conditions are the same as those of Hef,
2], Also as in Ref[Z], three cases are considered Case A is such that all the transfer
functions and the controller waries with the power, Case B is such that the transfer
functions warles continueusly with the fimed controller, while in Case C, the transfer
functions and confrollers determined at the initial power are assumed to be fized during
the fransients, In short,

faze A ¢ His, P =His, P(9) B, B = P, P8 C(5 B = Cs, (D)
ase B His, P = His Plf)) Pis, B = Pfs, PUE) Ol F) = CUs, Py) = Const
Caze & Hfs, P) = His Pyl = Comst Pis, B) = Pis, Fy) = Comst

O, Py = C(s, Py) = Congt

Figure 8 shows the lewel wariation for each case when the power is increased, Case
C showrs that if the wariation of the plant properties are not considered, the control
design is meaningless, Case & and B show the similar lewel responses, But the
transients of Case B iz somewhat milder than those of Case A, Further, although not
shown in the fizure, the feedwater transients of Case A is sewverer than those of Case
E. In summary, Case B shows a little better dynamics than Case A, This s due to the
fact that the controller Jdetermined at the low power glves a larger margins at high
power, Comparing these results with those of Befl[Z], the owerall trends are quite
similar, But while the Case & in Bef.[Z] shows the unstable oscillations, the responses
of Cagse & in this study show a good stability,

The lewvel transients for the power decrease are simulated alseo, It should be noted
Jalthough the results are not shown, that Case & shows the milder results than Case B,
contrary to the power increase, Howewver, the dvnarndes of the two cases are almost
the same as the LTR of Bef.[2], but the peak values of both cases decrease by & to 83



from LTR controller,
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Figure 8, Lewel Transients, From 5% to 103 Power Increase

6. Conclusion

The control swstemn design starts from the exact description of the plant to ke
controlled, But all the plant model have uncertainties, The contrel swstem based on the
uncertain plant might does not work in the actual situation, The robust control takes the
uncertainties inte account as one of the desizn factor, and makes the system maintain
the sufficient robustness in the real world,

For the stearmn generator, the He method with controlling the state wariables is

found to be the most appropriate one for the feedwater controller design, The cutput
response of the robust controller is almoest the same as that of the LTHR contreller, but
the robust controller decreases the control effort significantly, In contrast with the
feedwater station, the rokbust confrol method is not proper for the design of the feedback
loop controller,

The power dependent PID is preferakle fo the robust controller in the light of
various control specifications, The simulations show a good performance with proper
stability marging, Heowewer, sihee the plant wvaries through the transients, different
ocperational mode is recormended, That iz, for the case of power increase, the controller
determmined at the initial stage of transients is to be fixed, and for the case of powwer
decrease, the controller is to be waried with the powrer,
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