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ibstract

In thiz paper, @ robust controller iz designed bv the use of H, control theorv for
the FWR power control The design specification iz incorporated by the freguency
weights using the ruxed-zensitivity problem. The robustness of He control iz verified
by comparing with the classical pulput feedback control and LONT contrpl in the cose of
medsurement delov of the power medsurement svsfern The H. optimal control shows
gxcgilent stabilitv-robustngss and performoence-robustness for external disturbances ond
noizes, Mmodel porgmeter udridiions, gnd medeling errors It dlzo provides @ practicdl
dezign methed because the design specification con be easily implemented

I. Introduction

& major difficulty In implementing an optimal contrel thecry such as  Linear
Guadratic Gaussian (LGG) is the lack of robustness, The model used to formulate the
optimal  control law  cannot exactly  match the phwsical process  dynamics, The
discrepancy between the actual process and its medel can arise from modeling errors,
maodel parameter wariations, and external disturbances and neoizes, The controller should
ke designed so that the system dvnamic performance -robustness and stabilitv-robustness
are met, & contrel swstem has performance-robustness when the contreller has  the
capakilities of cormmand follow, disturbance rejection, and insensitivity to sensor neise as
well as the accommodation of hardware failure,

The H_, optimal filter was applied to estimate the reasctivity using the linear and

nonlinear point kinetics model [1,2], The A, control theory was applied to solve the

reactivity instakility problem in BWR power control and for PWR power control without
the mized sensitivity problem [3,4], In this paper, a robust contreller is designed by the
use of H. control thecory for the PWER power control The design specification is

incorporated by the frequency weights using the mized-sensitivity  problem, The
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robustness of A, control is werified by comparing with the classical output feedback

confrol and LG control in the case of measurement delay of the power measurement
swstem,

II. Reactor Model

The nominal PWR meodel for controller design used in this paper is point kinetics
with one delaved neutron group and temperature feedback from lumped fuel and coolant
temperatures [56,7]. The reactor model with classical output feedback control is shown
in Figure 1, The peint kinetics equations with one delaved neutron group are as follows!

dn _ 50— 8
i n+ac (1)
de _ 8
priahekt Ac, (2]
The differential equation formulations for the Iumped fuel and coolant temperatures are
as follows
o
Wt = FPA 0~ UL(Ty~ T2, (3)
AT
Wl = (U= FIPL0+ UL(Ty— T — MC(To— T, Y
The reactivity input and feedback to point kinetics equations are represented by
o
ar = Gran (5)
do=8p. el Tiy— T +alT.— T, (6}

where &g, is the reactivity due to the control rod, &, iz the reactivity worth of the

roed per unit length, and 2. 15 the control rod speed,

The simple first-order lag meodel is applied to model the dynamics of the power
measurernent swsterm, The transfer function iz given asz follows
M
reit 1l

After normalizing and lnearizing the above equations around an equilibrivm peint, the

Gals) = (7]

following state-space representation is obtained as

%=Ax+ﬂu, w= T, (8

The statex and control & vectors are defined as  x=[dn, de, Ty 87T, do. gr,]T and

w=[r,], espectively, A,B,C matrices in the state-space representation are
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III. 5., Optimal Control

The standard setup of H. opfimal control is shown in Figure 2, In this fizure, &, u,

z, and v are the exogenous input (consisting of command signals, disturbances, and
sensor noises), the control signals, the output to ke controlled, and the measured output,
respectively, The transfer matrices Fls) and Kis) represent a zeneralized plant and a
controller, respectively, Then, Figure 2 stands for the following algebraic equations by
partitioning P(s) :

= P+ P,

»= Fom+ Paie,

te= R,
with a state-space realization of the generalized plant F given by
A B, FB
P(S:'= Cl .D]_]_ _D]_-z_ , (11:'
Cy Dy Ly

The transfer matriz from w to z is a linear-fractional transformation of Kis) as follows:
T o= By + PRE(I— B 7By, (12
The contrel objective of the standard H_ contrel problem iz fo find a rational-real

proper Kis) to minimize the H., norm of T4 under the constraint that K(s) stabilizes

Pis),

According to the general A, algorithm [84], for the general control configuration of

Figure 2 with walid assumptions, there exists a stabilized controller K(s) such that

| T, <7 if and only if :

1) X z0 iz a solution to the Algebraic Riccatl Equation (ARE)
AT+ XA+ Clo+ Xy 2B B - B X =0
such that Re A{A+ (y 2B.B{ — BB Xe] <0, Vi 5 and

2] V¥.z0 iz a solution to the ARE

AVt Yt T+ BB + vy o - cicy v =0



such that Re A+ Vo (v 207, — CfC0] <0, Wi and
3 pl X Vel ¢ 2, where g(A) is the spectral radius of A, (18]
Thern, the controller is given by i) =—ZF L (add— A0 T1F,,
where Fa=—B3] Xew, Loo=— Yeul§, Zeo=(I— 3y 2¥VuXo) "}, (16)
A=A+ ¥ BB Xeo + ByFeot+ ZeoLeoCa,

The controller can be separated into a state estimator and a state feedback as follows

P
of

Figure 2 shows the model based confroller consisting of the state estimator and state

feedback,
The closed-loop response is expressed as follows

v=Tr+ 85 d— Tn (18]

=AR+ By 2 BIN P+ Bt Z L S C R~ w=For (17)

where 1 = reference input, d = disturbance, n = noise, &z = disturbance model

L=PX : loop transfer function

Sig=(1+ PO '=(1+L)™" : sensitivity function

Tig=1-Sg=01+PE T PE=(1+ L)7'L : complementary sensitivity function
The Bode plot of each of S(g) and T(g) plave an important role in the robust control
swstem design, The Bode plot of Sis) determines the disturkence attenuvation since S(s)
1z the cloged-leop transfer function fram disturbance to plant cutput errer, The Bode
plot of Tis) iz used to measure the stability margin of the feedback system in the face
of the multiplicative plant perturkbations, Hence, it is desirable to make both of these two
functon as smal as possible,

The disturbance rejection specification can be written as ¢

IS g | WS o (19)

where | W) is the desired disturbance rejection frequency weight, Considering addition
of a disturbance with low frequency, | W) iz assizned to large walues in the

low-frequency range,
The robustness stability specification can be written as ¢

| T gy | WrT ] w1 (20)

where |Wois)| iz the size of the largest anticipated multiplicative plant disturbance.
Considering the plant disturbance to be in the high-frequency range, | Wiis)l iz assigned

to large walues in the high-frequency range, The disturkbence rejection specification and

robust stability specification can be combined into a single norm of the form as ¢

| %z]. = -

The problem of obtaining K(s) to satisty Eq.(21) is called the mixed sensitivity problem,
The control objective of the mixed sensitivity problem is to find a stabilized controller



K(z) such that the clesed-loop transfer function T,05) is internally stable and its A,

norm iz = 1,

IV, Simulation Results

Figures 4 and 5 show classical output feedback confrol reactor response for the step
change in relative power demand from 10022 to 11028 without and with measurement

delay, respectively, The walue of £, iz assumed to ke 01 and 10 in Figures 4 and &,

respectively, Figures B and 7 show LQG control reactor response for 1022 power step
change without and with measurement delay, respectively, The soluticn of the LG
problem is known as the Separation Theorem [89], It consists of first determining the
optitmal control to a deterministic linear guadratic regulator (LOR) problem, The optimal
state estimate is given by a Kalman filter, In the LQG control, the desisn specification
Iz incorporated b frisl-error method, Ewen after the design specification is determined,
the LQG based controller could shesw poor performance when the uncertainty is added to
the plant model,

Fizure 8§ shows the frequency characteristics of the sensitivity Sis) and
complementar v sensitivity  Tis) with the weights | W] and |Wds|, The frequency

weight | Wil )| was selected to make the sensitivity S(s) satistving the performance
specification, The frequency weight |Wis)| was selected to make the complementary

sensitivity satisfwing the robust specification, In this peper, the following frequency
weights were selected to meet the desited specifications

2

Case | : Wﬂg}:#} Wils)= G'}f +3 o)
3

Case 2 ¢ Wﬂﬂ:#} Wil i = G.]E +3

Figures 9 through 12 show the H_, control reactor response for 1022 step change

without and with measurement delay with Case 1 and Case 2 frequency weights,
respectively, &5 shown in these figures, the time responses were not changed in the
face of the hardware failure such as measurement delay under the assumption of no
constraint of the contrel input (e, rod speed), Time response depends on the frequency
weight, which is determined by design specifications,

V. Summary and Conclusions

The H. optimal contrel  shows  excellent  stabilitv-robustrness  and  performance-
robustness  for external disturbances and noises, model parameter  variations, and
meodeling  errors, It alse provides a practical design method hecause the design
specification can be easily implemented, For more realistic simulation, the nenlinear plant
model should be used, To control the axial power distribution and the reactor powwer



simultanecusly (ie, load follow operation), the zenon and iodine equations should be

considered in designing Ho controller,
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Sensitivity and Complementary Sensitivity

100 ==
O W S
sof  1MUin 0 T
s P TTETTTT
B

e
i it
20

--h-phHd
IR
ST
R
i Vit

il
Fyddi

eTeeeo

Gain @b)

e L L L L
oo LD AT i T e

-60 :
e Pl
T I T I P
-100
10" 107 10” 10" 10' 10° 10°

-80 [

]
Case T Wﬂg}z% Wl §) =

Sensitivity and Complementary Sensitivity

100
o fro oAb bbb b
sof  IHdi d el i i1 IR A TV
) L e RN LI S I N TN
A e nat S N R N A TR

ST R T e T
F IR TR

N T N W R (N1 IR I E‘ﬁh_%
TR W B I W E P ST I PR W T T
-100

107 107 10" 10" 10’ 107 10°
Frenuencv (rad/s)

-

Gain @b)

-20

.

-80

1 1
TET oIS S(s) (s
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