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Control System Design for a Rapid Thermal
Processing System

Ching-An Lin and Yaw-Kuen Jan

Abstract—This paper proposes a control system design for a controller and a simple proportional integral (Pl) feedback
rapid thermal processing (RTP) system, which has four circular controller. One of the advantages of a Pl controller is its
concentric lamp zones and four temperature sensors. The control simplicity: the controller order equals to the sensor number.

system consists of a least square feedforward controller and an It is al itable f d hold-steadv t ¢
output feedback proportional plus integral (PI) controller. The IS alSo suitable for ramp-up and hold-steady temperature

goal is to maintain uniform temperature tracking for typical commands typical for RTP processes. The proposed design
ramp-up and hold-steady profiles. A high-order nonlinear model method involves establishing a model based on the uniform

describing the temperature dynamics of the rapid thermal steady state, model reduction via balanced realization, and an
processing (RTP) system is used for the feedforward controller LQR design for choosing the gain matrices. Robustness of the

design. A balanced reduced model, obtained from a linear model desian i teed bV | . traint. b d del
around a desired uniform steady-state temperature, is used for esign Is guaranteed by Imposing a constraint, based on moade

the design of the multinput—multioutput (MIMO) PI controller. ~ reduction error, on the design requirement. Design tradeoff
The PI controller gain matrices are designed using an LQR-based between dynamic performance and robustness is achieved
procedure. Tradeoff between robustness and performance of the by choosing the parameters in the LQR performance index.
system is discussed. Simulation results show the control systeMThe controller designed is simple and the Pl gain matrices
designed yields robust temperature tracking with good uniformity b v t d. Simulati Its sh that th trol
for a wide temperature range. can be easily tuned. Simulation results show that the contro

_ ) system designed yields robust temperature tracking with good

Index Terms—Output feedback, proportional plus integral (Pl) uniformity over a wide range of temperature

contoler, api herml processing (R17)1eduoed order SIS, e consider an RTP system which has  ircular chamber and
ment. four concentric lamp zones. A simplified schematic of the RTP
system is shown in Fig. 1 [10]. The lamp configuration has been
optimally designed for maintaining uniform temperature on the
wafer. A detailed design procedure can be found in [10].
APID thermal processing (RTP) is a relatively new man- By dividing the wafer intaV concentric zones, starting from
ufacturing technology that is applied in the processing difie center, and assuming that the temperature and the radiosity
silicon and gallium arsenide wafers [1], [2]. Maintaining wafepver each zone are uniform, we obtain a high-order nonlinear
temperature uniformity while following fast temperature trajecstate equation in matrix form
tories is a key requirement for RTP systems. Many approaches

I. INTRODUCTION

r 4
have been proposed for temperature control system design. Fo T_l T_l T_l
example, internal model control with gain-scheduling proposed | : | = DI :|+E]| :
by Schaperet al. [3]-[5], the quadratic dynamic matrix con- Tn Tn Tx
trol (QDMC) strategy with successive linearization proposed by B, Ty T
Stuberet al.[6], closed-loop adaptive control [7], decentralized . .

. . } ; +F | [+V : (1.1)
control [8], and control by iterative learning [9]. It is generally : ' :
B, Toon TN

agreed that multizone multisensor feedback control is necessary
to meet the stringent uniformity requirement especially wheghere7;,i = 1,2,...,N — 1, denotes the temperature of
the wafer becomes bigger. For real-time implementation, it fise ith wafer zone, and’y is the temperature of wafer edge,
also very desirable to have a simple controller thatis nottoo di8;, ; = 1,...,4, is the heat flux generated by thiéh lamp,
ficult to tune. The decentralized control with steady-state modgl;,« = 1,2,..., N, is the ambient temperature of thith
proposed in [8] can be viewed as an effort in this direction. wafer zone, matrixD describes the effect of conduction,
This paper proposes a control system design method faatricesE and F describe the effect of radiation including
an RTP system with four concentric lamp zones. The contn@flection of the chamber wall, and matr® describes the
system consists of a feedforward least square open-loegnvective heat transfer. A detailed derivation of (1.1) can be
found in [11]. These matrices depend on the distribution of

. . . wafer temperature. In the design example, we tAke= 101
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Lamp 1

Fig. 1. A simplified schematic of the RTP system.

discusses the design of PI controller gain matrices. Design pro IR
cedure and simulation results are given in Section V. Section VI l(F F) F'(x, -Ez,)

Cx,
* x=Dx+Ez+V(x, —x)+Fu |‘:r(%-—
x Y

provides a brief conclusion. 30

u

Il. CONTROL SYSTEM STRUCTURE

PI CONTROLLER

The block diagram of the proposed control system is shown in D .
Fig. 2. We use the open-loop feedforward control law proposed u g K< ]
ShanChalil)

in [10], that is

€m

B1,(t) Td(t) Td(t)4
T\ —1]T . .
: = (F F) F B -E : Fig. 2. The RTP system with feedforward and PI feedback control.
Bu,(t) Ta(t) Ta(t)*
(2.1) We measure the wafer temperature at four points (zones).

Thus the measured output is
whereT,(t) is the desired temperature trajectory. As seen in

[10], a criterion for choosing a lamp configuration, which de-
terminesF, is to make the equation error

y(t) = Ca(?)

whereC is a4 x N matrix with all zero entries except a one

Tu(t) Tu(t)* B1,(t) in each row indicating the measurement location.d,gft) :=

8(t) = . _E . _F . 2.2) y(t) — Cha:d(t) be the temperature error at the measured loca-
- ; ' tions. Thus
Tu(t) Ta(t)* Bu,(t)

small. To make the equations compact, we also define the fol- em(t) = Cef(t). (2.3)

lowing variables: The PI controller is described by

B (t) I (t) { C(t) = Cm(t) (2.4)
u(t) = : , x(t) = : , u(t) = —G((t) — Ken(t) '
:B4(t) In(t) where the constant matrick§andG are proportional gain and
T (t) n)* integral gain, respectively, to be designed.
Too(t) : ;o 2(t) = Lete(t) := z(t)—xq(t) be the temperature error vector. From
T N (1) T (2)* (1.1) and (2.2), the equation describing the dynamies tfis
Tu(t) &(t) = Ae(t) + Fu(t) +w(t) (2.5)
za(t) : . | eRY, and
Td.( ) where we have (2.6)—(2.8), shown at the bottom of the next page.
- h Typical desired temperature trajectdfy(¢) in many RTP ap-
Tu(?) plications can be characterized as a ramp at a constant positive
za(t) : € RN slope followed by a hold [3]. Since the matrid@sE, F, andV
Ta(t)* in (1.1) and hence (2.2) depend only on the temperature of the

wafer, if the wafer temperature has uniformly reached the de-

in Fig. 2. The control input:(¢) is the sum of the open-loop sired steady state, that is, the final valueZgft), then these

controlw,(t), defined in (2.1), and an additional inpift) (to matrices become constant. Hence, in the sequel we will take

be provided by feedback), i.e., them as constant matrices corresponding to a specified steady-
state (final) value off,(¢). To simplify further, we takel =

u(t) = uo(t) + (). 4Ty(t;)E whereTy(t;) is the final value off,(¢).
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Thus (2.5) gives a linear time-invariant model for the dywherea = —A~lw,, provided thatCA ~'F is nonsingular.
namics of the RTP system, whe#€t) is the disturbance term We note that, from (2.5)y is the open-loop steady-state tem-
which takes the convection effect into account. This is the modmrature error and thaEA~*F is nonsingular means that the
we will use in the design of sensor locations and the Pl coRTP system has no transmission zero at dc. SWCE, anda
troller. Later in simulations, to verify the design, the nonlineaare fixed, the steady-state erkqris completely determined by

high-order model (1.1) will be used. Candisindependent & andG. LetJ = [J; Jo J3 J4],1 <
Combining (2.3) through (2.5), the dynamic model of the; < J, < J3 < J4 < N, be the location indexes of wafer
closed-loop system is temperature to be measured. A criterion to chahsand hence
) C, is to maké|es||oe < ||e]|0, Where|| - || denotes the infi-
[?(t)} — Ay [G(t)} n [w(t)} (2.9) nite norm of a vector.
¢(t) <L) o LetF'; denote thegth row of A=F. ThenF;, ,i = 1,2, 3,4,

is the ith row of CA'F. We think of the jth row of
A 'F(CA™'F) ! as the coefficients of’; expressed as a
Ay = {A — FKC —FG} (2.10) Iingar combination of‘ji,i =1,2,3,4. Therefore, from (3.2),
< C Ouxa |’ ' if ¥;,J; < j < Ji, satisfies

where

& J—di

A~ Jiz1—7 &~
Fj = <FJ7'+1 + L‘]F‘L‘ (33)

Jiv1 —J; Jiv1 —J;
In this section we show that as long as the closed-loop systéfen thejth entry ofe, in (3.2) satisfies

is stable, the steady-state temperature error is completely de- ) )

termined by the sensor locations and we propose a method 0,  —q,— < J— i N Jit1 —J

choose good sensor locations. Thus the subsequent design of ’ ’ Jipr =i T i — s

the gain matrice& and G would not affect the steady—state.rhis means that if one row ch—'F is interpolated fromyth

performance. andJ;1th rows of A=1F, then the corresponding entry of the

Consider the closed-loop RTP system (2.9). Suppose the ma- . A .
tricesK andG have been chosen so that the system is sﬂablé:.%sed loop steady-state error is the deviation of corresponding

Assume that the disturbanagft) — w.., a constant vector, asentry of« from a value interpolated accordingly frofth and

# — o0. We note that in view of (2.8) and (2.2), this assumptio‘r{”lth entries ofx. This generally has the effect of making the

is equivalent to that the ambient temperatrirg(¢) approaches curve .Ofes smoother than .that of. The prqposed method of
choosingJ;,i = 1,2,3,4, is as follows. First, lef"; be the
constant steady state as- oo. ith column of F and plotA—'F; ¢« = 1,2, 3,4, with respect
We note first that closed-loop stability implies that,, in b A P

(2.10), is nonsingular, which in turn implies the, the inte- © MY indexj, j = 1,..., V. Second, lev, =1,J, = N
X L . L and find indexes/, and .J; to separate these curves so that
gral gain matrix, is nonsingular. It is intuitively clear thét

. . . o .all broken segments between each two neighboring indexes are
must be nonsingular, otherwise a linear combination of the in-

tegrator states would be unstable and unobservablec,Let {;?;Ig ;;;ai:‘gtrr]]té -rrgseusl'?a::drﬁ;te:?é ;_llf‘iégaéh;f LT:P '?r?ilé
lim; o e(t) andis = lim,;_, w(t). From (2.5) and (2.4), we guar.

approach is especially suitable when the associated broken seg-
have . .
ments of« are also nearly straight, as will be seen from the

Ac, +Fii, +wo, =0 and Ce,=0. (3.1) €xamplein Section V.

I1l. SENSORLOCATIONS AND STEADY-STATE PERFORMANCE

It then follows that the closed-loop steady-state temperatuké DESIGN OFGAIN MATRICES BASED ON AREDUCED MODEL

error is given by In this section we propose an LQR-based method for de-

signing the gain matriceK andG. We first obtain a reduced-

_ AL —1l—1
= (IA‘ ATF(CATF) C) @ (32) order model from the high-order linear system (2.5) and (2.3)
Iwe will use “stable” to mean “asymptotically stable.” via balanced realization [12]. The design problem is cast as an
A=D-V+E, (2.6)
(T(1)? + Tu(@®)?) (1(t) + Tu(t)) O --- 0
E-E 0 : 2.7)
: L 0
0 0 (T ()? + Tu()?) (Tn(t) + Tu(t))

and
w(t) = V(zoo(t) — za(t)) — 6(). (2.8)
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optimal LQR state feedback problem. Design parameters arehere
cluded in the quadratic performance index to allow tradeoffs be-

tween speed of response and robustness. A — [An O7’><4:| B. [ Fy } and
! Cl 04><4 ’ ! 04><4
A. Reduced Order Model and Robustness Condition K, =[KC; G].

Consider the open-loop controlled RTP system described by ]
(2.5) and (2.3). The system is stable and, with the disturbarled the LQR cost function be
w(t) neglected, is described by

< [Tat)]" [PCTC, O,ns] [2(t) I
{40 = Aty ity wn {[«t)} ol Sl an) +||u<t>||2} @
em(t) = Ce(t ’ ’
m (4.6)
wheren and A are weighting parameters to be adjusted to meet

transient and robustness requirements. For @aatd A, there
2?orresponds an optimal control law

The corresponding transfer matrix#&(s) = C(sI — A)~'F.
Leto; > 09 > --- 2 0p > Opp1 = Opgo = -0 >
on > 0 be the Hankel singular values of the system (4.1) [1

Let the reduced-order system obtained from (4.1) via balanced &(t)

realization, by keeping states, be a(t) = -K* [C(t)}
: N : g . which minimizes (4.6). The unique state feedback gain matrix
i% y (1318@) +l (4.2) which (4.6). Th feedback
m — 16t

K* can be computed by solving a matrix algebraic Riccati equa-

wherez(t), a(t) andén(t) are the state, input, and output, relion [14]. SinceA,. — B, K* is stable [14] A, is stable if there

spectively. The reduced-order system is stable with transfer nfiStK and G such thaiK,. = K*. And this is true ifC, is

trix H,(s) = Cy(sI — Ay;) 'F,. It is well known that the Sduare and nonsingular, since we cankKet= K:C[* and

model reduction error satisfies [12] G = K; whereK” = [K} K3]. _
If C; is notsquare an@; C? is nonsingular, based on a least
N square approximation df,. to K*, we let
|H-H|<2 Y o (4.3)
i=r+l K=K;CT(C,CT)™ and G=Kj; (4.7)

where||H||o := sup,e g (H(jw)). . . : -
Consider now the PI controller for the reduced-order systefrPntroller gain matrices thus designed will give a property thata

(4.2) defined by the state equation performanceindeX_,_, | [y~ e..(t) dt|* of the original system
is determined only by the value of the weighting paramater

E(t) = em(t) (4.4) We will prove this in the next section. Suppose the dimension
a(t) = —G((t) — Ké, (t) ) of C; is 4 x » with » > 4. The following proposition gives

a sufficient condition foiC; CT to be nonsingular. A proof of
where ((t) is the state of the controller. If the closed-loovhich can be found in [11].
system described by (4.2) and (4.4) is stable, then theProposition 4.1: Let the singular values of the matrX =
closed-loop system with the original plant (4.1) and the san@®@A ~'F bed;,i = 1,2,3,4with 61 > 62 > 63 > 4. If

controller ( andG) would be stable, provided [13] Gy > 22?‘:7,“ o; thenC; C¥ is nonsingular. O
For givenr, sinceK* is uniquely determined (and thus d&e
Qoo < + (4.5) andG) by the giver andJ, it remains to see how to chooge
Dimrg1 i and A such that (4.5) is satisfied and the dynamic performance

has the desired transient property.
where

1 _1 1 C. Performance Analysis
Qs) = — {I + <G; + K) HT(S)} <Gg + K) . We will first show that the dynamic performance is closely
related to), the weighting parameter associated with the inte-
gral error. From (3.1)ji, = —(CA™'F)"!CA 'w,, and is
B. Design ofK andG independent oK andG. And we also have

We now consider the design & andG. If we take[ﬁ'(?] as

[e9) oo T
the state of the closed-loop system (4.2) and (4.4), the equation  [im ¢(¢) = [/ ey, () dt .. / ey, (t) dt}
can be written in state feedback form. More precisely, we have t=eo 0 0
= -G, (4.8)
St _
{‘?( )} — (A, - B.K,) [@(t)} and N
() ¢(®) where((t) ande(t) are states of the original system (2.9). The

dependence of the dynamic performance)os described by
the following proposition.
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Proposition 4.2: Consider the system (2.9). SuppdSeis and A, is stable. Otherwise
designed as (4.7). Then i) If |Qlloe > (x2/23i ., o) then decrease
A and go to Step 4).
(@) GTG=\L i) 1f [|Qlloo < (x1/23 1,4, 07) then increase
5 4 e 2 A and go to Step 4).
(b) th_%n C(t)H = Z / ey, (t) dt‘ = ﬁ||a5||§. i) If A is not stable then increase the dimen-
i 2 =lJo sion of the reduced-order system by one and

go to Step 3).

_ Proof: _Assertion (a) follows from the Riccati equation as- Remark: (a) Note that in Step 3) we assign factgrsandys
sociated with the LQR problem and (b) follows from (a) angh make the adjustment gif2|| stop at a condition of
(4.8).

Remark: Condition (b) shows thaEf=1 | o es (t) dif? is X1 < X2
inverse proportional t.2. 2y Qe <

N :
it T 2 10
Note that the cost function in (4.6) is equal to = 2imr41 %

- (b) In Step 2), the dimension can be arbitrarily chosen from
/0 {2 lem B3+ VO3 + a3} de. the integer sefro, ro41, ..., N}.

B. Simulation Results
With such a cost function, smaii and A generally give small - 6 |amp configuration in [10] is used to simulate the per-

Jo~ lu(#®)|[3 dt. Since roughiyf|Q||~ is the gain from the ref- ¢, ance of the proposed control system. The simulations for
erence input to the control input, small and A give small 1, ¢josed-loop and open-loop controlled systems are based
Q]| Hence ifA haQS been designed large enough to get smafl ihe high-order nonlinear model with the effect of convection
21| Jy e (2) dt|* and good transient response, we need {Rc|yded. The physical parameters of the system under study
reducen in order to reduce the value §&||o.. _are the following. 1) The thickness of the 200 mm wafer is 1
To summarize, when sensor locations have been determingd, The wafer has a total emissivity 0.7 and it is divided into

the following conditions are required for stability: @ CT is 101 concentric zones. 2) The widths of the ring-type lamps and
nonsingular; 2)A., is stable; and 3) (4.5) must be satisfied iy 5 4 are fixed at 10 mm and the radius of the disk-type lamp
designing controller gain matrices. Note thafif is square and

) ) g 1is 25 mm. 3) The radius of the chamber is 180.5 mm and this
nonsingularA.. is always stable. 1€, is not square, we need

Tor 1o & > - also is the radius of lamp 4. The height and radius of lamp 3
to check thatC; C¥ is nonsingular and the correspondiAg,

; ) i : is 26 mm and 100 mm, respectively. The height and radius of
is stable. To satisfy condition 3) we should decregde satisfy lamp 2 is 87.9 mm and 84.2 mm, respectively. The wall and

the requirement on dynamic performance we should inCr&as€.gijing of the chamber have an emissivity of 0.5 except for these
areas occupied by lamps. The chamber wall and ceiling are to-
V. DESIGN PROCEDURE ANDSIMULATION RESULTS tally divided into 49 annular zones. 4) The ambient temperature
A. Design Procedure (°C) of theith wafer zone Igmz = 300 fori = .1, 2,...,101.
The design procedure for the PI controller is summarized -gr%efzr;\/(i?;yg;hgs}rgggnc'em(T) 's approximated [13] as

follows. . . The tracking error at time for temperature profil&,(¢) is
Step 1) Use the method proposed in Section 11l to chdose yafined as

the sensor locations.
Step 2) Find the smallest singular valée of the matrix .
CA™'F and perform balanced realization & s) 135501 I73(#) = Tu(t)] = 180 les(t)]-
to geto;,i = 1,...,N. Let rq be the smallesp
satisfyingoy > 22?;p+1 o; andp > 4. Assign The temperature profil€ C) used for the controller design is
the dimension of the reduced order system®as
Step 3) Extract the reduced order system from the balanced Ty(t) = {400 4100t forO<t<7
realization of H(s). Choose small; and largeA 1100 for7<¢<30"°
(with A > n) for the cost function given in (4.6).
Assign factorsy; andys with 0 < x1 < x2 < 1. Following the design procedure, four columns Af 'F and
Step 4) Find the optimd* which minimizes the cost func- the computed open-loop steady-state ercgrare plotted in
tion. Assign gain matriceK andG asin (4.7). Com- Fig. 3 for choosingJ. The computed steady-state tracking
pute || Q|| o- error,max; <;<1o1 |o/, 1S 19.4492C. Since the most nonlinear
Step 5) Decreas@ and repeat Step 4) until the value ofcolumn of A~'F is A~'F3, approximatingA—'F; by a
@]l does not change significantly aslecreases. piecewise linear curve is most important. We thus choose

(5.1)

Step 6) The design is completed if J =[1 55 95 101].
The computed Hankel singular values df(s) are
X1 < Qs < X2 2.1076,0.834,0.1045,0.0335, 0.0097, 0.0040, 0.0009 . . ..
- o N

23 o 2 Lo Sinces, = 0.0482 and2 3", o; = 0.0307, C, is nonsingular



LIN AND JAN: CONTROL SYSTEM DESIGN FOR A RAPID THERMAL PROCESSING SYSTEM 127

AT,

2.5 § 51 101 19.5 3 51 101

J J

Fig. 3. Four columns oA ~'F and open-loop steady-state error,

TABLE |
SIMULATED RESULTS FORDIFFERENT TRAJECTORIESWHEN K AND G ARE GIVEN IN (5.2)

Hold- Convection effect included No convection effect
heating 3 .
~ | max maxle/| min maxle max maxle|| min maxle, )
Sit;rﬁgﬁlgn te{Q30]ie[L10)§ g :e(zso]ieu,lo)ﬂ d ,q"ﬁﬁ)fl[eii’:m ,6{030],'5{1110)3 ) 16{7,30115[1.10)# d ,E[”ﬁf‘g}lletm
1100°C 0.554 0.205 0214 0.578 0.179 0.211
1000°C 0.446 0.153 0.153 0.467 0.133 0.152
1200°C 0.666 0.256 0.290 0.692 0.234 0.284

for » = 4. With x; = 0.98,x2 = 1 and(n, A) starting from represents the damping behavior of the tracking error. The third

(10, 100), the design procedure givgs= 0.007, A = 25.4187  entry, max;c[; 1017 |ei(t)||t=30, iS used to compare with the
computed steady-state tracking error. The maximal tracking
error during the entire heating processx 1<i<io1 |ei(t)], is

- _ £ ) ] 0<t<30
er?(’gl(g 11)4;(2?;7 ggggz 0(')73(%);)6 less than 0.7C for all these trajectories. Hence, the controller
K=|"2 909 AT (5.2a) designed achieves good performance and robustness.

—0.0002 —4.9936  8.2223 3.5416

For all these cases, it turns that tracking errot at 30
L 0.3644 1.5305 —6.9740  6.2981

is very close to the computed steady-state tracking error,
maxi <;<101 iy ,o |€,;(¢)]. When sensor noise is added

and to the simulation, roughly the same amount of sensor noise

[24.8012  —54934  0.6156 0.6717 propagates to the tracking error.
G = 52462 24.3557  4.9482 0.9477 (5.2b) We next consider a case whetg is not square. When the

—1.8266 -4.1358  19.2298  15.9962 dimension of the reduced-order system is increased to six, the
L 0.3848 23714 158574 19.7200 design procedure gives= 0.0417, A = 1710.2

The value of the resultant||Q|.. is 32.3864, thus

1Qlle < (1/23:%0;) = 32.5733. To demonstrate the 194.197 —136.426 9383  0.649

robustness of the Pl controller (5.2), simulations are per- —52.506 178272  —4.393 —2.832

formed for three desired temperature trajectories: all startK = 3.085 —48.618 79.492 20.838

from 400°C but with three hold temperatures 12@) 1000C —92.220 23.374 —73.036 58.302

and 1200C beginning att = 7. Convection effects con- (5.3a)

sidered includeV = (1/pHC)diag[h1,hs,...,h101] and
V = 0. The results are summarized in Table | which in-

CIUdeSInaX 1§i§101 |C7(t)|, Inin7§t§30 Inaxl §i§101 |C7(t)| and 1669078 _367575 57322 24877
0<t<30 _ G- 349.498  1641.770  319.018 74.214
maieissor] [¢4(8)|e—ao- It 1S clear thatmaxicizon fei(t) = | —123.294 —281.404 1349.582 1004.528
1
is the most significant performance index for the temperature 40.808 123.005 —999.204 1381.895

controller. The second entrynin;<; <30 maxi<;<101 |€:(¢)], (5.3b)
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TABLE I
SIMULATED RESULTS FORDIFFERENT TRAJECTORIESWHEN K AND G ARE GIVEN IN (5.3)
Hold- Convection effect included No convection effect
heating . :
i max maxle|| min maxle max maxie|| min maxie,

sitgﬁﬁnlgn ,6[0,30”@0)# A tE[7.30]idlAlO)#’ ,E[T?O’j}|er‘/=30 ze[O.30]i€[l.10)3 " ’6[7,3011'6(1-10)# | ie?;l,la(ﬁliel‘,:m
1100C 0.531 0.213 0214 0.526 0.210 0.211
1000°C 0.426 0.153 0.153 0.423 0.150 0.152
1200°C 0.642 0.289 0.290 0.636 0.283 0.284

Note that the entries of the gain matrices are much larger theame importance and hence only two parameters are required.
that of the previous case. These control gains are also appligte small number of tuning parameters makes the design ap-
to these cases with different temperature trajectories. Simupaeach attractive.
tions are performed with results shown in Table II. As the results
show, the performance is close to that obtained in the previous
case. Since the resultakt and G give alrgluch higher value of

Qlloo (1Q| 00 = 299.1618 While (1/23";2 0;) = 299.8784), , , _
lLeHcon|'|tro|l|ler provides a faster( r/esgtj)n;e. ')rhe tracking errors' N€ authors would like to thank the reviewers for their com-
are driven to steady state more quickly with a smaller pe(,ments and suggestions which improved the paper.
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