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addition, research is needed to determine necessary and/or suffici&iiRobust Smith Predictor Modified by Internal Models for
convergence conditions with respect to the hill climbing random vari- Integrating Process with Dead Time
able,R; (7, j), of the GHC algorithm; these conditions would provide

valuable guidance when definingR, (i, j) that will allow the GHC Milic R. Stojig Milan S. Matijevig and Ljubga S. Draganovic
algorithm to solve the discrete optimization problem. Moreover, a con-

vergence theory based on various hill climbing random variables may

e ; ; : Abstract—The internal model principle and control together (IMPACT)
grg\édajg;r;?iltgh?:]I?ot(r)maugl]aet?c?r::l convergence theary for a wide variety gt];ucture of the Smith predictor is proposed. The structure constructively

achieves both the robust stability and absorption of external disturbances.
In the structure design, the absorption principle is applied to enable the re-
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Smith predictor d The control portion within the system structure in Fig. 1 comprises

G(s) (13 +AG(s))e™ y the Smith preqlctor mternall controller, |n.the main Iogp, and two in-
s ternal models, in the local minor loop: the internal nominal plant model

explicitly and the internal model of external disturbad¢e embodied

in the transfer functiom(s)/C(s). Both the internal nominal plant

K(1-e®)

_______ s 1. L) model and disturbance model are treated as a disturbance estimator.
A(s) Under the nominal case, the closed-loop transfer functgrs/r(s)
R C6) andy(s)/d(s) are easily derived from Fig. 1 as
y(s)  K.K, o7 ®)
Fig. 1. IMPACT structure of the modified Smith predictor with one-input r(s) s+ K K,
internal nominal plant model. and
y(s)

stable process with large dead time, was in the category of an IM@S) A A
structure. Suitable modifications of Smith predictor have been pro- <1_ N ﬁ Ky (Ls)[gv {H—KT K, (1—e™L*)
posed in [16]-[18] in order to enable an undelayed estimate of output _ R(s) C(s) s ' s o Le
and constructing of disturbance-compensating controller for a process s+ K. K, ) (6')

with anintegrator and long dead-time. In [18], simple criteria for tuning

a dead-time compensator according to robust performance specifican virtue of (5) and (6), the speed of set-point response can be ad-
tions for plants with an integrator mode and long dead-time are pligrsted by choosing appropriate values of controller g&inor domi-
posed. Different schemes of the Smith predictor modification and thejnt time constari, = 1/K,.K,. Then, the absorption of an external
comparison from the stand point of parameter setting and system ggsturbance, speed of disturbance transient response, and the system ro-
bustness were presented in [19]. bustness with respect to uncertainties of plant parameters are adjusted
In this note, a new structure of the modified Smith predictor igy choosing the structure and parameters of the disturbance estimator.
proposed for processes that can be described by an integrator, gince term(1 — ¢~%*)/s in the numerator of closed-loop system
velocity gain and a long effective transport lag. The structure enablggnsfer function (6) has the frequency characteristics of zero-order
absorption of general class of disturbances and can be easily tunegldi, the speed of disturbance transient response is governed by the
achieve the desired speed of set-point response and to maintainr8iis of characteristic equatign + K, K, )C(s) = 0. For example,

preferred system robustness with respect to interval changes an¢fghe choose(s) = (T,s + 1)" (see Section Ill), the characteristic
uncertainties of plant parameters. The robustness analysis is givegdation of disturbance estimator becomes

detail and several simulations are presented to illustrate the design o .
procedure and to confirm the structure ability in rejection of different (s+ K. K. )(Tos +1)" = 0. (7

classes of disturbance. Thus, choosing proper valuesofand of tuning parametér,, one

can settle the speed of disturbance absorption. In doing so, lower order
Il. SySTEM CONTROL STRUCTURE n and smaller value of, will correspond to a faster rejection of distur-
The IMPACT control structure of the modified Smith predictor if?ance and a lower degree of system robustness, and vice versa. For the
shown in Fig. 1. For the analysis in this note, integrative industrial pr§ake of simplicity and easier physical realization, itis usually assumed

cesses will be considered and described by the following transfer furic= 2- The results of simulation runs, given later in this note, show
tion: that, withn = 2, notable system robustness is attained. Hence, the

main feature of the IMPACT structure in Fig. 1, consists in extremely

I, s
Gp(s) = k e 7* (1) simple and straightforward adjustments of the set-point transient re-
s(Tis+1)(Tos + 1) (Tus +1) sponse, speed of absorption of an expected class of disturbance, and
where degree of system robustness. This is accomplished independently; first
K, velocity gain factor; by choice of an appropriate value ©f and then by setting of tuning
T process dead time; parametefl,.
T; (T; > 0,i=1, 2,...n) are process time constants. Notice, due to the presence of integration mode in the internal one-
The process transfer function may be rewritten as input nominal plant model, the structure of Fig. 1 is internally unstable.
/ K. This obstacle may be overcome by transforming the structure of Fig. 1
Gp(s) = < ; + AG(s)) e * (2) into the equivalent one having the internal two-input nominal plant
’ model, shown in Fig. 2, which is internally stable. In the structure of
with Fig. 2, polynomialC(s) = (T,s + 1)" is chosen.
AG(s) = Tlfl—i—l + Tzi:—l +o+ Tn];’ii—l 3) 1. PRINCIPLE OF ABSORPTION
. . . . . i From (6), the steady-state error in the presence of a known class of
where re5|due_si(z =1,2,...,n)are functlons_ of velocity gaif’, external disturbancé(t) will become zero if
and process time constarffs. For a long dead time, one can assume
the nominal plant model as lim s
1 A(s) Ky _;.\ .- . K, —Ls
Gipn(5) = Bz o720 (4) <1_R(s) o )I‘v {1“"‘7”‘6 :
’ s+ K, K, (®)

whereL is an identified effective transport lag add7(s) in (2) is an s
unmodeled process dynamic. For the integrative plant (4), the propor- ‘¢ d(s) =0
tional main controlleiG,.(s) = K, is applied. s — 0.
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\ Smith predictor d wherefrom one calculate$,(s) = s(rnTy + L) + 1 and the transfer
r . G(s) . (g +AG(s))e™ Yy N function inside the disturbance estimator becomes
: : s 1 A(s) L s[s(nT, + L)+ 1] (14)
! K(1-e9) | s R(s) C(s) K, (Ts+1L)»
: ! s . . .
o= s 1. ) € Tstl The control part of IMPACT structure of modified Smith predictor
| 4,08 in Fig. 1 contains five parametefs,, L, K., T,, andn. Two of them,
R(s)| [C(s) plant parameter&’, and L, are measured or estimated by simple ex-

periment. Other three parametéss, T, , andn are to be adjusted with
respect to prescribed speeds of set-point transient and disturbance tran-
Sient responses and to the desired degree of system robustness with re-
spect to mismatches df, and L.

Moreover, it is possible to design the observer estimator that rejects
any kind of expected disturbance. To this end, suppose the class of

Fig. 2. Internally stable IMPACT structure of the modified Smith predicto
with two-input internal nominal plant model.

In the case of integrative plant, the proper choic&6f) is R(s) =

K. Since K disturbances having the Laplace transfatts) = N(s)/D(s). Then,
K, {1 + K, (1— 67LS):| relation (11) is satisfied if the following equation holds:
S
1i S —Ls 0 9
H s+ K, K, © 7 © C(s) — Ao(s)e 2* = ®(s)B(s) (15)
s—0
the relation (8), for(s) = K,, is reduced to where(s) represents the so-called absorption polynomial determined

by ®(s) = D(s).Forexample, to the polynomial and sinusoidal distur-
bancesd(t) = 3.7, d;t'~" andd(t) = sin wt) correspondb(s) =
s™Thand®(s) = s* + w?, respectively.

To reduce (15) into polynomial equation, the exponential tefi?
As it will be shown later, the stable polynomi@l s) is to be chosen g approximated by the finite power series

according to the desired speed of disturbance transient response and

: *4(8) —Ls _
lim s |:1 — SC(s) e :| d(s)=0 (10)

s — 0.

degree of system robustness and then polynorh{a) is determined . N (—Ls)*
so to satisfy relation (10). Due to stability conditions, polynoria) e 7= Z o (16)
must contain a single zero at the origin and thus it may be replaced k=0

by A(s) = sAo(s), Ao(0) # 0. With stable polynomial’(s) and
A(s) = sAp(s), relation (10) may be rewritten as
lims [C(s) — Ao(s)e™"*] d(s) =0

Substitutinge~Z* from (16) into (15), relation (15) obtains the spe-
cific form of the Diophantine equation

(11) N - k
5= 0. Ao(s) > ( kf) + B(s)d(s) = C(s). 17)
For chosen stable polynomié@l(s) and the class of polynomial dis- k :
turbancesi(t) = >, d;#~', polynomial A(s) is uniquely deter-
mined from (11) by calculating
k

=0

A single solution of the Diophantine equation, which plays a cru-
cial role in the design procedure of the observer estimator, proposed in
this note, does not exist [20]. Relation (17) is a linear equation in poly-
nomials 4, (s) and B(s). Generally, the existence of the solution of
the Diophantine equation is given in [21]. According to [21], there al-
Wails exists the solution of (17) fet, (s) andB(s) if greatest common

i N L))/ ) divi )
and . and: — 0. 1, 2. and so on. factor of polynomial$ ;" , (((—Ls)")/k!) and®(s) divides polyno

H f Hv disturb b idered I:é]ial C'(s); then, the equation has many solutions. The particular so-
owever, most trequently disturbances may be considered as SipW, , 5 constrained by the fact that the control law must be causal,
varying and in these cases the polynomiak) should be calculated to

) . S e, deg A(s) = 1+ deg Ao(s) < deg C(s). Hence, after choosing
correspond to the ramp sign&(t). As the experimental results given, iable p(olilnomiat?(s), AS,(and degree(s of polynomial, (s) and

later in this note will show, polynomial (s) that corresponds to arampB(S) and inserting the absorption polynomiis) that corresponds
disturbance efficiently absorbs constant, ramp, and slow varying diSt%'an’expected external disturbance, polynomialés) and B(s) are
bances and even it suppresses the effects of low frequency StOCh%SzﬂEulated be equating coefficients of equal order from the left- and

external signals. . .
. . . . right-hand sides of (17).
Hence, in the design of local minor loop inside the control structureg a7

of Fig. Litis first necessary to chose polynon@éls). This can be done
according to the desired speed of disturbance response and degree of
system robustness with respect to uncertainties of plant paraniéters Linear continuous models of finite orders fairly well approximate
and L. dynamic behavior of plants at a low frequency range; disagreements
For the sake of clarity and to reduce the number of adjustable parasgppear at high frequencies [6]. Differences between the nominal plant
eters, let us assun®(s) = (T,s + 1)". Then, for rejection of ramp G, (s) and real plantZ,,(s) appear due to unmodeled dynamics and

. d , —TsT _ .
lim F: [C(s) — Ao(s)e ] =0, 0<k<m (12)

s —0
where, for example, for the constant, ramp, and parabolic disturban
[or for d(s) = 1/s,d(s) = 1/s*, andd(s) = 1/s*], k = 0,k = 0

IV. ROBUSTNESSANALYSIS

disturbance, relation (12) gives uncertainties and/or perturbations of plant parameters. In the robust-
A0(0) =1, fork =0 (13a) hess anglysis, real plgﬁtf,(s) i_s considered as a member of the iqfi-
, nite family of plants within which each member more or less deviates
dAo(s) —nTo+ L from the nomin.al plan&,. (s). Thus, the family describes all plants
o ds and may be written as

Ao(s) = Ag(0) + s(nTy + L), fork=1 (13b) P={Gp: |Gyp(jw) — Gpn(jw)| < la(w)} (18)



1296 IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 46, NO. 8, AUGUST 2001

wherel, (w) represents the additive bound of uncertainty. Note that, fc
the same purpose, the so-called multiplicative bound of uncertainty
used [6], [7]. Hence, each member of the family satisfies the relatior

Ta>Te>Ty

4
Gp(jw) = Gon (jw) + La(jw) )
With |1, (Gw)| < Ta(w). 100

Suppose thaf?,, (s) andGpr (s) have the same number of unstable
poles (in the right half-plane) and that the desired closed-loop syste 0%
transfer function,,. (s) is stable. Then, each member of the family is
stable if and only if the following criterion of robust stability is satisfied 1
[6]: Ia(w) < B(w), where

164
Bw) = ‘gp”“,“‘f)) g”éjj‘)) (20)
m(jw fo Jw) ofrad/s] 10% 2
while G ¢(s) andGys(s) are defined from
Fig. 3. Influence of disturbance estimator parameters on the robust stability.
u(s) = Grp(s)r(s) — Grul(s)y(s) (21)
as the transfer functions of feedforward and feedback portions of tt 0-8;
system control structure, respectively. 0.5
For the IMPACT structure of Fig. 2, one derives ’
. 0.4}
Bw) =K, M‘
Jw 0.3r
Cjw) 0.2}
: - - . — |- 22 .
‘C(Jw)+('Tr‘7w+1—C*L“)Ao(‘7w) #2 0.1
From the above analysis, one can conclude that the design of min &«
local loop of the IMPACT structure may contribute to the system ro- 0 / ]
bustness, but only for given interval changes and/or uncertainties 1 ,| ]
plant parameters.
Notice from (22) that?(w) tends to a constant value at high fre- 0.2}

guencies. Namely, if one choos€%s) = (Tos + 1)" andAq(s) = 0 5'0 160 150

Ane18" " nas" 2 4t ags + ap, then SECS
lim f(w) = & Fig. 4. The absorption of a constant disturbance.
Ton + Tra/nfl )

C(s) = dee Als)(— - Ao(s (23a) ,
for deg C'(s) = deg A(s)(= 1+ deg Ao(s)) C(jw) = (Tojw+1)", andAo (jw) = (nTo + 9.7)jw + L into (22),

W — 0. one obtains

lim f(w) = K, T, for deg C'(s) > deg A(s) ) 25w+
(23b)  B(w)=0.1 ‘J—‘
W — 0. jw
It is evident from (22) that a greater value®f = 1/ K, K,, yields . ‘ , S (TOJ’“";{/)VH: __ )
a higher degree of system robustness. Consequently, to improve the (Tojwt 1) +(2jw+1—e=0«) [(nTo+9.7)jw+1]
system robustness, the speed of set-point response must be slowed (26)

down. The influence of disturbance estimator on system robustnesswill - o )
be investigated by the illustrative example in the section that follows, N Fig- 3, the additive bound of uncertainties ) = |G, (jw) —
Gpn(jw)| is shown three times together witi{w) drawn forn = 2,

3, and 4 and for different values ®%: (To1, To2, Tos) = (9, 6, 3).1In
virtue of Fig. 3, for a higher degreeof chosen polynomial’(s) and
First, we shall investigate the influence of disturbance estimator grgreater value of time constaf§, the system robustness improves.

system robustness. To this end, let us consider particular examplarpbther words, lower speed of disturbance rejection corresponds to

the process given by [19] the growth of system robustness, and vice versa. Recall that, in the ex-
0108 ample, the observer estimator is designed to absorb ramp disturbances.

— (24) The same IMPACT structure with observer estimator
s(14 s)(1+0.5s)(1 4+ 0.1s)

V. SIMULATION RESULTS

Gp(s) =

1 A(s) 1 s
R(s) C(s) K, (T,s+1)"

with identified nominal plant model

(27)
—9.7s
Gpn(s) = 0167 (25) designed to reject constant disturbances will exhibit better robustness.
5 Generally, the design of the local minor loop for absorption of more
In the example, the disturbance observer is designed to absorb raramplex external disturbances requires a higher order of polynomial
disturbances. Thus, by setting pertinent value= 2, and’, = 0.1, A,(s) and, according to (22), results in a lower degree of robustness.
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-2 : : : : ' . 0 50 100 150 200 250 300 350 400
0 50 100 150 200 250 300 350 400 SECS
SECS

) ) ) ) Fig. 7. The absorption of a noise contaminated slow varying disturbance.
Fig. 5. The absorption of a combined ramp disturbance.

absorption polynomiab(s) = s*(s* + 0.1%). Substituting®(s) into
(17) and choosingV = 4 andC(s) = (6s 4+ 1)°, the Diophantine
equation (17) is solved fad,(s), using the procedure outlined in the
last paragraph of Section Ill, to obtait(s) = sAy(s) = s(5057s> +
287.5524+39.7s41). Fig. 6 illustrates the process of absorption during
the transient and complete rejection of disturbance in the steady state.
Most frequently disturbances are slow varying. Such a disturbance
contaminated with the white noise of variance 0.1 is shown in Fig. 7.
To insure its rejection, the structure in Fig. 2 is designed to absorb ramp
disturbances by using (14), with= 2 and7, = 6. Fig. 7 illustrates
the disturbance absorption and suppression of noise contamination.
The disturbance rejection may be further improved by choosisgl
and/or a smaller value df, . However, in doing so, one must maintain
the robust stability with respect to uncertainties of plant parameters.

VI. CONCLUDING REMARKS

.35 s 1 L |
0 100 150 200 250 . .

° ° SECS We have proposed a new structure of the Smith predictor for con-

trol plants with the integration mode, velocity constant, process time

Fig. 6. The absorption of a more complex disturbance. constants, and relatively long transport lag. It is to be noted that the

similar design procedure can be carried out in the case of static plants
by including thel-action into the main controller. The structure com-

To illustrate the efficiency of the IMPACT structure (Fig. 2) in disprises the Smith controller and two internal models: the two-input nom-
turbance absorption, we consider the example of control plant givenigl plant model explicitly and model of disturbance embodied into the
(24) and (25). In all simulation runs the reference(is) = 0.5 - 1(f)  disturbance estimator. The structure is internally stable and may be ad-
andT,. = 2. Fig. 4 explains by example the absorption of constafjsted, according to the desired speed of set-point response and speed of
disturbancel(t) = —0.2 - 1(* — 70). First, the structure in Fig. 2 is disturbance rejection, in a simple way by tuning only three parameters
designed to absorb a ramp disturbance by using transfer function (¥hving clear physical meanings. The observer estimator is designed by
with » = 2 andTy = 1. Tracey: (¢) of Fig. 4 shows the disturbance the absorption principle, which enables the structure to absorb any class
response. Second, the structure is designed to absorb a constant digfdlisturbances, arbitrary slow varying disturbances, and low frequency
bance using (27), with = 2 andT = 1, and tracey»() is obtained. stochastic external signals. It has been shown that the structure design
In both cases, the constant disturbance is absorbed during the transigsdssible for interval uncertainties of plant parameters. This constraint
and consequently does not affect the steady-state value of the outpgéin be taken into account by the additive bound of uncertainty and the

In the second example, the combined ramp disturbance showrcifterion of robust stability, employed in this note. Several simulation
Fig. 5 is applied. The structure in Fig. 2 is designed to absorb rargsults are presented to illustrate the design procedure and to demon-
disturbances by transfer function (14), with= 2 andT, = 6. Fig. 5  strate the efficiency of the structure in disturbance rejection.
illustrates the disturbance absorption. Notice from the figure that each
linear segment of the disturbance is absorbed after certain time period.

To emphasize the capability of the proposed IMPACT structure of
Fig. 2 for the absorption of an arbitrary class of disturbances, the moreThe authors are grateful to the anonymous reviewers who con-
complex disturbancéd(¢) = 0.25 sin(0.1(¢t — 37)) - 1(¢ — 37) — tributed their valuable suggestions and comments to improve the
0.02(¢t — 70) - 1(¢ — 70) is applied. To this disturbance correspondsontent and organization of this note.
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