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ABSTRACT

The modified Smith predictor is well known as
an effective time-delay compensator for a plant with
large time-delays, and several papers on the modi-
fied Smith predictor have been published. Recently,
the parameterization of all stabilizing modified Smith
predictors for minimum-phase time-delay plants is
obtained by Yamada and Matsushima. In addi-
tion, Yamada et al. expanded the result by Yamada
and Matsushima and proposed the parameterization
of all stabilizing modified Smith predictors for non-
minimum-phase time-delay plants. However, they do
not examine a design method for modified Smith pre-
dictive control system using the parameterization of
all stabilizing modified Smith predictors to achieve
desirable control specification. In this paper, we
propose a design method for modified Smith predic-
tive control system to attenuate periodic disturbances
that often appear real time-delay plants using the pa-
rameterization of all stabilizing modified Smith pre-
dictors.

Keywords: Time-Delay System, Smith Predictor,
Periodic Disturbances

1. INTRODUCTION

In this paper, we examine a design method for
modified Smith predictive control system to attenuate
periodic disturbances. A Smith predictor is proposed
by Smith to overcome time-delay [1]. It is well known
as an effective time-delay compensator for a stable
plant with large time-delays [1-12]. The Smith pre-
dictor in [1] cannot be used for time-delay plants hav-
ing an integral mode, because a step disturbance will
result in a steady state error [2-4]. To overcome this
problem, Watanabe and Ito [4], Astrom et al. [9] and
Matusek and Micic [10] proposed a design method for
modified Smith predictor for time-delay plants with
an integrator. Watanabe and Sato expanded the re-
sult in [4] and proposed a design method for modified
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Smith predictors for multivariable systems with mul-
tiple time-delays in inputs and outputs [5].

Because the modified Smith predictor cannot be
used for unstable time-delay plants [2-11], De Paor
[6], De Paor and Egan [8] and Kwak et al. [12] pro-
posed a design method for modified Smith predic-
tors for unstable time-delay plants. Thus, several de-
sign methods for modified Smith predictors have been
published.

On the other hand, another important control
problem is the parameterization problem, the prob-
lem of finding all stabilizing controllers for plant [14—
22]. The parameterization of all stabilizing con-
trollers for time-delay plants was considered in [21,
22], but that of all stabilizing modified Smith pre-
dictors has not been obtained. Yamada and Mat-
sushima gave the parameterization of all stabilizing
modified Smith predictors for minimum-phase time-
delay plants [23,24]. Since the parameterization of all
stabilizing modified Smith predictors for minimum-
phase time-delay plants was obtained, we could ex-
press previous studies of modified Smith predictors
for minimum-phase time-delay plants in a uniform
manner and could design modified Smith predictors
for minimum-phase time-delay plants systematically.
Yamada et al. expanded the result in [23, 24] and pro-
posed the parameterization of all stabilizing modified
Smith predictors for non-minimum-phase time-delay
plants [25]. However, they do not examine a design
method for modified Smith predictive control system
using the parameterization of all stabilizing modified
Smith predictors to achieve desirable control specifi-
cation.

In this paper, we propose a design method for
modified Smith predictive control system to attenu-
ate periodic disturbances that often appear real time-
delay plants using the parameterization of all stabi-
lizing modified Smith predictors. This paper is orga-
nized as follows: In Section 2., modified Smith predic-
tors are introduced briefly. In addition, the problem
considered in this paper is described. In Section 3.

, we propose a design method for modified Smith
predictive control system to attenuate periodic dis-
turbances effectively. The modified Smith predictive
control system proposed in Section 3. cannot specify
the input-output characteristic and the disturbance
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attenuation characteristic separately. In Section 4.,
we present a design method for two-degree-of-freedom
modified Smith predictive control to attenuate peri-
odic disturbances effectively and to specify the input-
output characteristic and the disturbance attenuation
characteristic separately. In Section 5., a numerical
example is illustrated to show the effectiveness of the
proposed design method. Section 6. gives concluding
remarks.

Notations
The set of real numbers.

R(s)  The set of real rational functions with s.

RH,, The set of stable proper real rational
functions.

Hy, The set of stable causal functions.

u The set of unimodular functions on RH ..

That is, U(s) € U implies both U(s) € RHy,

and U7!(s) € RHy.
R{-}  The real part of {-}.
2. MODIFIED SMITH PREDICTOR AND
PROBLEM FORMULATION

Consider the control system:

(W) = G Tute) o ”
u(s) = C)(r(s) —y(e) + i)

where G(s)e™*T is the time-delay plant, G(s) € R(s),
T > 0 is the time-delay, C(s) is the controller,
y(s) € R(s) is the output, u(s) € R(s) is the control
input, di(s) € R(s) and daz(s) € R(s) are periodic
disturbances with period L > 0 satisfying

di(t+ L) =dy(t) (Vt > 0) (2)
and
da(t + L) = da(t) (Vt > 0), (3)

r(s) € R(s) is the reference input. It is assumed that
G(s) is coprime, u(t) and y(t) are available, d(t) is
unavailable.

According to [2-13], the modified Smith predictor
C(s) is decided by the form of

Ci(s)

= — 4
14 Co(s)e=sT’ )
where Ci(s) € R(s) and C3(s) € R(s). In addi-
tion, using the modified Smith predictor in [2-13],

the transfer function from r(s) to y(s) of the control
system in (1), written as

_ O(s)G(s)e*T
yo) =17 C(s)G(s)eT

C(s)

r(s) ()

has finite numbers of poles. That is, the transfer func-
tion from r(s) to y(s) of the control system in (1) is
written as

y(s) = G(s)e™r(s), (6)

where G(s) € RH,. Therefore, we call C(s) the
modified Smith predictor if C(s) takes the form of
(4) and the transfer function from r(s) to y(s) of the
control system in (1) has finite numbers of poles.

From [23-25], the parameterization of all stabiliz-
ing modified Smith predictors C(s) is written by

Cy(s)

Cls) =12 Cr(5)G(s)e—=T" @

where C[(s) is given by

Vi=1,...,n), (9)

Gs(s) is a stable non-minimum-phase function of

G(s), that is, when G(s) is factorized as

G(s) = Gu(9)Gs(s), (10)

G, (s) € R(s) is an unstable biproper minimum-phase

function, G4(s) € R(s) is a stable non-minimum-

phase function, s;(¢ = 1,...,n) denote unstable poles
of G(s) and Q(s) € RH«, is any function.

The problem considered in this paper is to propose

a design method for modified Smith predictive control

system to attenuate periodic disturbances effectively.

3. A DESIGN METHOD FOR MODIFIED
SMITH PREDICTIVE CONTROL SYS-
TEM TO ATTENUATE PERIODIC DIS-
TURBANCES

In this section, we propose a design method for
modified Smith predictive control system to attenuate
periodic disturbances effectively.

Using the parameterization of all stabilizing mod-
ified Smith predictor C(s) in (7), transfer functions
from the disturbance di(s) to the output y(s) and
from the disturbance da(s) to the output y(s) of the
control system in (1) are given by
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Therefore, in order to attenuate the disturbance dj (s)
and da(s) effectively, Q(s) is settled satisfying

A Q(jwai) ; —jwaiT
Gu 7 ~ Gs % Jedi
(Gutivn) + ZT2) Gl
—1 (Vi=0,...,n0), (13)
where wg;(i = 0, ...,nq4) are frequency components of

periodic disturbances d;(s) and ds(s) with period L
written by

211
Wdi = ——

= (Vi=0,...

JMd)s (14)
and wgp, is the maximum frequency component of
periodic disturbances d(s) and da(s) with period L.

Next, we derive a design method for Q(s) in (8)
satisfying (13). Since 1/G,(s) € RHy and G(s) €

RH, in (10), there exists Q(s) € RH satisfying

Gs(s)

G Q) = Guls)a(s),

(15)

~—

where G;(s) is an inner function of G4(s)/G,(s) sat-
isfying G;(0) = 1 and ¢(s) is written by
1

§)= ——— 16
19) = Trsme (16)
7 € R is an arbitrary positive real number and « is
an arbitrary positive integer to make Q(s) proper. 7

and « are chosen to satisfy

1
(1+jwdi7)0‘
~ 0 (Vi=0,...,ng). (17)

1 —Gi(jwai)q(jwai) = 1—Gi(jwai)

Using Q(s) € RHo, satisfying (15), Q(s) is selected

as
Q(s) = Q(s) (1 = Gu(s)Gs(s)eT) e™T,  (18)
where T > 0 is chosen as
T=mL-T, (19)

and m is the smallest positive integer that makes T
in (19) nonnegative. The fact that using Q(s) in (18),
periodic disturbances dy(s) and da(s) are attenuated
is confirmed as follows: Since

1- (Gu(]wdz) + m) Gs(jwdi)eijwd"'T
(

1 — Gu(jwai)Gs(jwai)e 747

(1 Gi(jwai q(jwdi)efjwd,f,(mf))

~ Giljes)
= (1 - Gu(jwdi)Gs(jwdi)e_jwdiT)
(1= Gi(jwas)a(jwai)e 7= ™F)
~ 0 (Vi=0,...,n4), (20)
e dwaiml — 1 (Vi =0,...,nq) (21)

and (17), (11) and (12) are rewritten by

y(Jwai) =0 (Vi=0,...,nq). (22)

Note that even if Q(s) in (8) is chosen as (18), the
transfer function from r(s) to y(s) has finite numbers
of poles, since the transfer function from r(s) to y(s)

is written by

y(s)
= {Gu(s)Gs(s) + Gi(s)q(s)

(1= Gu(s)Gs(s)e™*T) e_ST} e *Tr(s)(23)

Gu(s) € RHy, G4(s) € RHy, Gi(s) € RH, and
q(s) € RH.

In this section, we proposed a design method for
modified Smith predictive control system to attenu-
ate periodic disturbances d;(s) and da(s) effectively.
However, the modified Smith predictive control sys-
tem in (1) cannot specify the input-output character-
istic and the disturbance attenuation characteristic
separately. From the practical point of view, it is de-
sirable that the input-output characteristic and the
disturbance attenuation characteristic separately. In
the next section, we present a design method for two-
degree-of-freedom modified Smith predictive control
system to attenuate periodic disturbances effectively
and to specify the input-output characteristic and the
disturbance attenuation characteristic separately.

4. A DESIGN METHOD FOR TWO-DEGREE-

OF-FREEDOM MODIFIED SMITH PRE-
DICTIVE CONTROL SYSTEM

In this section, we present a design method for two-
degree-of-freedom modified Smith predictive control
system to attenuate periodic disturbances effectively
and to specify the input-output characteristic and the
disturbance attenuation characteristic separately.

In order to attenuate periodic disturbances effec-
tively and to specify the input-output characteristic
and the disturbance attenuation characteristic sepa-
rately, we present a two-degree-of-freedom modified
Smith predictive control system shown in Fig. 1.
Here, C(s) € R(s) is the modified Smith predic-

Fig.1: Two-degree-of-freedom modified Smith pre-
dictive control system to attenuate periodic distur-
bances
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tor written by (7), C(s) € R(s) is the controller to
attenuate periodic disturbances, Fi(s) € R(s) and
F5(s) € R(s) are written by

Fi(s) = Gy (s) + Qs (s)Gy ' (5) (24)

and

F2(3) = _Gs(s) - Qf(S)Gs(S)a

respectively, Qf(s) € RHy, is any function, 7' > 0 is
chosen as (19) and m is the smallest positive integer
that makes T in (19) nonnegative.

Next, we clarify control characteristics of control
system in Fig. 1. First, the input-output characteris-
tic of control system in Fig. 1 is shown. The transfer
function from the reference input r(s) to the output
y(s) is written by

(25)

y(s) = (Gu(s) + gu(z)) Gy(s)e *Tr(s). (26)

Therefore, the input-output characteristic is specified
using Q(s) in (8). That is, it is specified using the
modified Smith predictor C(s) in (7).

Next, the disturbance attenuation characteristic is
shown. The transfer function from the periodic dis-
turbance d;(s) to the output y(s) and that from the
periodic disturbance da(s) to the output y(s) of the
control system in Fig. 1 are given by

_ {1 _ (Gu<s>+ gj(ss))) GS(S)QST} o

P—Gﬂﬁé@k_mﬂ(1+Qf®D}ddﬁ (27)

=

—

1= Gu(9)C(s)e™™™ (14 Qs(s)) } da(s).
(28)

Therefore, the disturbance characteristic is specified
using Q(s) in (24) and (25) and the controller C(s).

From (26), (27) and (28), the role of the modified
Smith predictor C(s) is different from that of the con-
troller C(s). The role of the modified Smith predictor
C'(s) is to specify the input-output characteristic and
that of the controller C(s) is to specify the distur-
bance attenuation characteristic.

Finally, the condition that the control system in
Fig. 1 is stable is clarified. From (26), (27) and (28),
it is obvious that the control system in Fig. 1 is stable
if and only if following expressions hold true.

1. The modified Smith predictor C'(s) makes the con-
trol system in (1) stable.

2. C(s) € RH,,.

Next, we describe a design method for the con-
troller C(s) to attenuate periodic disturbances d; (s)
and da(s). From (27) and (28), in order to attenu-
ate periodic disturbances d(s) and da(s) effectively,
C(s) is settled satisfying

1= Gy (jwai)C(jwai)e 7™ (1 + Q (jwai)

=0 (Mi=0,...,nq), (29)
where wy;(i = 0,...,nq) is the frequency component
of periodic disturbances d; (s) and dy(s) with period L
written by (14). A design method for C(s) satisfying
(29) is summarized as follows: Qf(s) € RHo in (24)
and (25) is selected to satisfy 1+Q(s) € U. Using the
method in [26], there exists G (s) € RHy, satisfying

where Gg;(s) is an inner function of G(s) satisfying
Gsi(0) = 1, and g(s) is written by (16), 7 € R is an
arbitrary positive real number and « is an arbitrary
positive integer to make és(s) proper. 7 and « are
chosen to satisfy

: o) = o)
1- Gsi(]wdi)Q(]wdi) = 1- Gsz(]wdz) (1 T jwdiT)a
~ 0 (Vi=0,...,nq). (31)
Using G(s), C(s) is selected as
A GS(S)
C(s) = ————. 32
(s) 150,05 (32)

The fact that using C(s) in (32), periodic distur-
bances di(s) and da(s) are attenuated is confirmed
as follows: Since

1 — Gy(jwai)C(jwai)e 7™ (1 + Qy (jwai))

Gyi(jwas) ——————e Jwnmk
(de )(1 +jwdi7)a

~ 0 (Vi:O,...,nd),

= 1 —
(33)
(31) and (21), (27) and (28) are rewritten by

Note that even if C(s) in Fig. 1 is chosen as (32),
the transfer function from r(s) to y(s) has finite num-
bers of poles, since G, (s) € RHy, Gs(s) € RHw,

Gsi(s) € RHy and q(s) € RHyo.

5. NUMERICAL EXAMPLE

In this section, a numerical example is illustrated
to show the effectiveness of the proposed method.

Consider the problem to design a two-degree-of-
freedom modified Smith predictive control system
to attenuate periodic disturbances with period L =
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2[sec] in Fig. 1 for the unstable minimum-phase time-
delay plant G(s)e™*T written by

—sT _ s+10 —0.5s
CEe ™ = e —n° (35)
where
Gls) = s+ 10 (36)

(s+20)(2s —1)

and T = 0.5[sec].
First, we design a modified Smith predictor C(s)
in Fig. 1. G(s) is factorized by (10) as

2s+1
Guls) = 242 (37)
and
s+ 10
@)= @) (38)
One of G\,(s) in (8) satisfying (9) is given by
Guls) = 12.84(s + 40.5) (39)

s+ 104.5

From (7), the parameterization of all stabiliz-
ing modified Smith predictors C(s) for the unstable
minimum-phase time-delay plant G(s)e™*T in (36) is
given by

Cy(s
1-— C’f(s)—s e V58
(s+20)(2s—1)
where Cf(s) is given by
2s—1 (12845 +520 2s—1
Crs) = 553 ( s+1045 @ 25+ 1Q(8)> (41)

and Q(s) € RHy is any function. In order for
the output y(s) to follow the step reference input
r(s) = 1/s without steady state error, Q(s) € RHoo
is settled by

5+ 59.53

Qls) = (12)

Substituting (42) for (41), we have

13.84(s + 0.1243)
(5 +104.5)(s + 20)(s + 0.5)*
(s® + 68.285 + 1215)(s — 0.5)

Ci(s) =

. (43)

Next, T is designed. T'> 0 in Fig. 1 is set by (19)
as T = 1.5[sec].

Next, Fi(s) and Fy(s) in Fig. 1 are designed.
Qf(s) € RHy in (24) and (25) satisfying 1+Qy(s) €
U is set as

Qs(s) = 1. (44)

Substituting (37), (38) and (44) for (24) and (25),
Fi(s) and Fy(s) in (24) and (25) are written by

po-EL
and
Fy(s) = — 210 (46)

(s +20)(s +0.5)

Next, é(s) in Fig. 1 is designed in order to attenu-
ate periodic disturbances dy (s) and da(s) with period
L effectively. C(s) in Fig. 1 is settled by (32) as

. (s +20)(2s + 1)

€)= 3G 1 10)(0.001s + 1) (47)
where G(s) satisfying (30) is given by
~ ~ (s+20)(2s+1)
Gs(8) = 5 10y(0.000s £ 1) (48)
Gai(s) =1 (49)
and
1
4(5) = 50015 £ 1° (50)

Using the obtained control system in Fig. 1, the
response of the output y(t) for the step reference in-
put r(¢t) =1 is shown in Fig. 2. Figure 2 shows that

2

18- :!

16r :!

1.4r 8l

12r J

y@®

1+

0.81 :!

0.61 .

0.4 :!

0.2- :!

0 | | | |
0 5 10 15 20 25

t[sec]

Fig.2: Response of the output y(t) for the step ref-
erence input r(t) =1

the control system in Fig. 1 is stable and the output
y(t) follows the step reference input r(t) = 1 without
steady state error.

Next, the disturbance attenuation characteristic is
shown. Responses of the output y(t) for periodic dis-
turbances

dy(t) = sinwt (51)
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and
da(t) = sint (52)

in Fig. 1 are shown in Fig. 3 and Fig. 4, respectively.
Figure 3 and Fig. 4 show that periodic disturbances

0.3,

0 2 4 6 8 10 12 14 16 18 20
t[sec]

Fig.3: Response of the output y(t) for the periodic
disturbance dy(t) = sin7t

y(®)
=)

_3 i i i i i i I I I
0 2 4 6 8 10 12 14 16 18 20

t[sec]

Fig.4: Response of the output y(t) for the periodic
disturbance ds(t) = sinmt

d1(t) and da(t) are attenuated effectively.

In this way, we find that by using the result in this
paper, we can easily design a two-degree-of-freedom
modified Smith predictive control system to attenuate
periodic disturbances.

6. CONCLUSIONS

In this paper, we proposed a design method for
modified Smith predictive control system to attenu-
ate periodic disturbances. First, we proposed a de-
sign method using the parameterization of all stabiliz-
ing modified Smith predictors in [23-25]. Since pro-

posed method cannot specify the input-output char-
acteristic and the disturbance attenuation character-
istic separately, we presented a design method for
two-degree-of-freedom modified Smith predictive con-
trol system to attenuate periodic disturbances and to
specify the input-output characteristic and the distur-
bance attenuation characteristic separately. Finally,
we showed a numerical example to illustrate the ef-
fectiveness of the proposed design method.
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