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Abstract

Linear SISO control structures affected by perturbations and disturbances
have been analyzed from the viewpoint of their input and disturbance sensi-
tivity for the case of known and unknown process time delay. It has been
shown that disturbance sensitivity is the essential quantity, which differentia-
tes the structures under study in terms of their sensitivity.

Streszczenie

Poréwnano wrazliwo$¢ wejSciowa oraz zaktoceniowa liniowych struktur SISO
uktadéw regulacji w obecnosci perturbacji multiplikatywnych oraz zaktocen
sprawdzonych do wyjscia, dla przypadku nieznanego i znanego op6znienia
procesu. Wykazano, ze wrazliwo§¢ zaktéceniowa decyduje o zréznicowaniu
wiasciwosci odporno$ciowych rozwazonych struktur.
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1. Introduction

The aim of the paper is to compare basic linear SISO control structu-
res from the viewpoint of their robustness. Disturbances are assu-
med to be nonmeasurable, and their net effect is represented by
a disturbance acting on the output. It is also assumed that the process
to be controlled is distinct from its model known, and process pertur-
bations are unknown.

The robustness of a control system being subjected to perturba-
tions and disturbances can be judged from the input sensitivity being
a measure of the system ability to follow the reference signal, and
from output (disturbance) sensitivity being a measure of the system
ability to suppress disturbances.

2. Input and output sensitivity of control
system structures

2.1. Classic SISO control structure
The classic SISO control structure is displayed in Fig. 1.

Fig. 1. Classic single loop control system
Rys. 1. Standardowy, jednopgtlowy UAR

The following relation may be easily derived from Fig. 1 (here
the s argument is omitted for simplicity)
RP +d 1
1+RP 1+RP

y=r

1)

For this case the input sensitivity S_and the output one S, are
defined respectively by
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Taking into account the fact that the controller is usuéllly designed
on the basis of the known process model M rather than on the actual
process P, the structure of Fig. 1 can be presented alternatively as in
Fig. 2.
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Fig. 2. Classic control system with a controller having been designed from the
process model M
Rys. 2. UAR z regulatorem zaprojektowanym na podstawie modelu procesu

The controller R has been designed using the process model as
the base in full consciousness that the model M may differ from the

process P by perturbations A
P=M(+A) (€]

~ The perturbations may originate from different sources, such as
errors in identification, errors in modelling, deliberate model simpli-
fication, process nonlinearities, fluctuations and variations of pro-
cess parameters, etc.

In general, perturbations can be of random character, being sta-
tionary or not, exhibiting specific statistic characteristics [1].

In the following, it will be assumed that perturbations are limited,
i.e. they are subject to the condition

|AGw)|<A |, 0e[0,0) ®)
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as model output and taking egs. (1), (4) into account, we obtain for
the classic control structure
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(The s argument is omitted.)

2.2. Control system with Smith predictor

Processes with big and known time delay can be governed by
a Smith predictor based control structure shown in Fig. 3.



Fig. 3. Control system with Smith predictor
Rys. 3. Uklad regulacji z predyktorem Smitha

From Fig. 3 it follows with eq. (6) allowed for that
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where

P =M(+A)-e™ ®

2.3. Processes with big and unknown time delay

Processes with big and unknown time delay can be controlled by
an open-loop structure employing a delay-free model [7] as shown in

Fig. 4a.
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Fig. 4. a) Open-loop control of a process with big unknown time delay, b) Closed-
-loop control of a process with big known delay

Rys. 4. Sterowanie w ukfadzie otwartym procesem z nieznanym opdznieniem:
a) oraz w ukfadzie zamknigtym b) przy znanym opéznieniu

R " M

However, for the reason of existing perturbations and nonmeasu-
rable disturbances, the solution of Fig. 4a cannot be employed. If the
time delay is known, then the structure shown in Fig. 4b is applica-
ble by way of an indirect measurement of disturbances. Such a struc-
ture differs slightly from that with Smith predictor, however, the re-
lationship for the output is identical with that of eq. (8).

2.4. The Internal Model Control (IMC) structure

The Internal Model Control (IMC) structure in its standard form
is depicted in Fig. 5, from which the following relationship may be
derived:
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Fig. 5. Standard IMC structure
Rys. 5. Standardowa posta¢ Struktury IMC

Let the controller be exactly equal to the inverse of the process
model '

R=M" an
then in view of eq. (4) we get
y=r (12)

However such an “ideal” system is impracticable. There exist
a number of IMC-based solutions widely covered in the literature,
e.g. [11, 12, 14].

On the basis of results reported by [11] it is possible to find
a single-loop controller via IMC principles. Then

RMC _ F -
" TM_(+FM,) a3
where
M=M_M, 14
M+=e_SL1_[ﬂﬁ , ReB; >0 )
1+ B;s

and F is a filter of nth order with time constant T and order n to be
tuned [5]

1
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In this case the model output will be

F(s)=

y[;MC =1'FM+ (17)

In view of eq. (4) we get

yIMC=rFM+[1+A 1-FM, }+d 1-

1+AFM, | 1+AFM, (18)

2.5. The two-degree-of-freedom system (2 DOF)

The two-degree-of-freedom system (2 DOF) in its standard form
is depicted in Fig. 6 from which following relationship may be deri-

ved
l :

— K —» M

Fig. 6. Two-degree-of-freedom system
Rys. 6. System sterowania z dwoma stopniami swobody
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where

v, = KM (20)

2.6. The Model Following Control (MFC) structure

The Model Following Control (MFC) structure was introduced
into control engineering in 1990s. [3] described it as an adaptive
system applied to a servomechanism. Earlier, a similar concept was
theoretically analyzed by [10] from the viewpoint of robustness.
A two-loop MFC structure is displayed in Fig. 7.
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Fig. 7. Model Following Control (MFC) structure
Rys. 7. Struktura Model Following Control

While in [3] the output of the process has been compared with
that of the model, in [10] the model state vector has been compared
with the process state vector. The latter approach gives an additional
control signal, which is added to that stemming from the model con-
taining loop. This results in making the system more “rigid” and less
practical, which was pointed out by [9].

From Fig. 7 it follows that

+ A +d !
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Ymrc = Ym {1
It should be emphasized that the controller R is associated with
y,, only, according to eq. (6). As for suppressing of perturbations and
disturbances, the corrective controller R plays here a crucial role. It
may also be noted that MFC offers an effective solution for an unk-
nown delay-affected process control through a delay-free model in
case unknown time delay is of limited value (see 2.3).
As was shown in [9], the influence of disturbances and perturba-
tions on the process output is weaker, the greater is the transfer func-
tion magnitude of the R controller than that of the R  controller

, we[0,00) (22)
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ForR=R_the MFC structure loses its properties and boils down
to the classic single-loop feedback system. The inequality (22) is
restricted by stability conditions

1+RM(1+A)=0 (23)

Hence, [R| is bounded above by stability conditions (23) and |R |
is bounded below by sufficiently good reference tracking conditions
(see eq. 6).

Usually, the corrective controller R may be designed by adopting
a smaller stability margin than in case of R  the classic feedback
structure allows.

In [8] it was pointed out that for tracking purposes a model being
much quicker than the process itself may be employed. This solution
entails no impairment of disturbance suppression and makes it po-
ssible to modify y_ in a profitable way without abandoning the
“strong” controller R.

2.7. If the process and the model are interchanged in
the MFC structure

If the process and the model are interchanged in the MFC structu-
re, we get a new structure designated as MFC/IMC [9] depicted in
Fig. 8.

Fig. 8. MFC/IMC structure
Rys. 8. Struktura MFC/IMC

It follows from Fig. 8 that
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A
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It should be noted that y_* shown in Fig. 8 is not equivalenttoy
defined by eq. (6). The output sensitivity is here weaker than that in
the case of MFC, however, by contrast, the stability conditions are
worse.

2.8. If the process delay is known, then another struc-
ture called Model Following Control with Time
Delay (MFCD)

If the process delay is known, then another structure called Mo-
del Following Control with Time Delay (MFCD) may find applica-
tion (Fig. 9).

Fig. 9. MFCD structure
Rys. 9. Struktura MFC ze znanym op6znieniem procesu (MFCD)

As it may be derived from Fig. 9, in view of egs. (6) and (9),
we get

myeta— A |y
Yurep = Yo 1+RM(1+A)e™
1 (25)
+d—
1+RM(1+A)e™

Equation (25) differs substantially from eq. (8), which holds for
the control system with Smith predictor.
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2.9. The Model Feedback Control System (MFCS) where
The Model Feedback Control System (MFCS) [13] in its stan- SMD _ R _M
dard form is depicted in Fig. 10. Ym IR, +GM (29)

I, R,

Fig. 10. The model feedback control system (MFCS)
Rys. 10. Uktad regulacji ze sprzezeniem przez model (MFCS)

The transfer function from r and d to y are written as

+ f-1 ]+
1-f+(1+A)(1+R M)

d 1-f (26)
1-f+(1+A)(1+R M)

Ymecs = Ym |:1

When f(s) = 1 is settled then we get from (26)

Ymrcs = Ym (27)

So, exceptional properties this structure offers are distinguished
favourably against the background of the others.

2.10. The modified control structure with Smith
predictor

[2] have described a modified control structure with Smith pre-
dictor with reference to [4]. For a given substantial time delay the
structure can be displayed in the way the MFC does, which is depic-
ted in Fig. 11.

Fig. 11. Modified control system with Smith predictor (SMD)
Rys. 11. Uktad regulacji ze zmodyfikowanym predyktorem Smitha (SMD)

In [2] it was assumed that k  is a P controller, G, may be a P or
aPD controller, and R is a PI one. As was shown by the authors, the
structure is characterized by a very good input sensitivity.

From Fig. 11 it may be derived after simple manipulations

Ysmp =

1+MG+R M (—e*)
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The authors, however, did not analyze the disturbance sensitivity.
Interestingly, they arrived at a structure being akin to MFC, which
was obtained by quite other means.

3. Generalized sensitivities of SISO control
systems

On the basis of relationships defining the influence of perturbations
and disturbances on the output of structures having been considered,
a general equation, which holds true for cases under discussion, may
be written

y=r'S, [1+AS,]+ds, (30)

where
S,.(s) is the model input sensitivity
S,(s) is the output disturbance sensitivity
r* = re*L where L is the known time delay to be compensated.

The MFCS structure presents an exception. The model input sen-
sitivity is the same for all cases considered, except for IMC, and is
equal to

T IIRM Gh

In the case of SMD system, it holds

SMD _ RmM
" T1+(R,+GM (32)
The basic factor, which differentiates the structures among them,
is the disturbance sensitivity S (s). This quantity is of decisive im-
portance in suppressing disturbances and modifying the input sensi-
tivity depending on perturbations A (s)

S,(5)=S, [ +A©)S,()] (33)

On the basis of eq. (30), it may be plotted an equivalent general
block diagram of an open-loop control system, which holds for each
structure having been considered.

ld(s)

A(s) Sa(s) Sa(s)

*
T ISw(s))

Fig. 12. General control system sensitivity model
Rys. 12. Ogdlny schemat modelu wrazliwo$ci UAR

¥(s)

As may be easily inferred from the above given relationships,
a well-known relationship holds here for single-loop single-control-
ler structures

S,+8, =1 (34)

which does not hold true for two-loop structures, such as MFC,
MFC/IMC, MFCD and SMD,

S, +S, #1 3%)

However, as follows from eq. (33), the smaller is the disturbance
sensitivity S, the better is the input sensitivity of the control system
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in each case under study. It should be emphasized that the disturban-
ce sensitivity S, depends on perturbations in different ways being
peculiar to each structure considered.

4. Effect of time delay perturbations L, #L,

The study of process control with known big time delay in systems
with Smith predictor, i.e. SM, SMD, and in MFCD systems, has been
carried out under tacit assumption that the process delay is exactly
known being equal to the model delay. However, in practice this as-
sumption may be proved wrong. If so, the model is then composed
of a delay-free part M and time delay part L_, while the process al-
lows for perturbations in the delay-free model part and exhibits its

own delay L, #L,. So, we have

P =M(1+A)e™"

ML = :[\4e—SL,n (36)

From (36) the counterparts of eq. (8) holding for predictor Smith
based control systems can be derived

Yom =
Ly e [1+ A(+RM)-RMe* ) 4 Ae‘s(Lv‘Lm)]]+
" 1+ RMJ—e = (1 (1+ ) C))]
1+RM(l —e*~)
14+ RMfl— e (- (4 A C))]
Similarly, in the case of MFCD the counterpart of eq. (25) will be

37
+d

e 14 Ae v T
Ymrcp = Yme_SLm 1+ “sL,
1+RM(1+A)e "
1 (38)

-sL,

+d—
1+ RM(1+A)e

Obviously, if L =L , then eqs. (37) and (38) reduce to egs. (8)
and (25), respectively.

Introducing a new designation  for cumulative perturbations,
we get from (32) by analogy with (4)

P, =M, (1+3) (39
whence
S=e T 14 A (40)

Comparing the general relationship (30) with (38), in view of eq.
(40), we get for the MFCD structure

Yurep = Yue " [1+88,]+dS, @1)

5. Concluding remarks

The presented sensitivity comparison study made for individual SISO
control structures leads to a general relationship (30) and a general
equivalent block diagram in the form of an open-loop control system
(Fig. 12). It has been shown that disturbance sensitivity S, is the
essential quantity, which differentiates the structures under study from
the viewpoint of their sensitivity. Exceptional properties and simpli-
city of the MFCS structure are pointed out in [13]. It should be em-
phasized that an increase in MFC robustness results in giving up the
ideal reference tracking. This is of particular importance for time
delay affected systems, if time delay is unknown. In case of

delay-free processes this limitation loses in its significance by provi-
ding that |R| be much more greater than |R_|. At the same time
a sufficiently great value of [R | will secure a good reference trac-
king. It is significant that in case of tracking the model input sensiti-
vity can be substantially improved by employing a model M being
much quicker than the process P without impairing the output distur-
bance sensitivity.

The model following control structure may find wide application
in new intelligent controllers to robust control of parameter-time va-
rying plants.
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