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Abstract: - The paper deals with design of controllers for time delay systems having integrative or unstable
properties. The proposed method is based on two methods of time delay approximations. The control system
with two feedback controllers is considered. For design of controllers, the polynomial approach is used.
Resulting continuous-time controllers obtained via polynomial equations and the LQ control technique ensure
asymptotic tracking of step references as well as step disturbances attenuation. Simulation results are presented

to illustrate the proposed method.
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1 Introduction

Different classes of technological processes include
a time delay in their input-output relations. Plants
with a time delay cannot often be controlled by
conventional  controllers  designed  without
consideration of the dead-time. The control
responses using such controllers are often of a poor
quality or even can tend to destabilize the closed-
loop system.

A part of time delay processes can be unstable or
having integrating properties. Typical examples of
such processes are e.g. pumps, liquid storing tanks,
distillation columns and some types of chemical or
biochemical reactors. A control of such processes
represents a difficult problem especially for
processes containing also other stable or unstable
parts with the integrative term.

For control design of unstable and also integrating
processes several ways exist. Some methods are
based on several modifications of the Smith
predictor which was originally developed for stable
time delay systems. Such modified Smith predictors
were published e.g. in [1] — [4]. Other group of
methods employ PID control strategies [5] — [8], the
robust control methods [9] and [10] or methods
based on the ring of quasipolynomials, e.g. [11]. A
solution of differential equations describing the time
delay systems can be found e.g. in [12]. Other
simulation possibilities are described e.g. in [13].
This paper presents one method of the controller
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design for unstable and integrating time delay
systems and also for its combination with a stable or
an unstable first order system. The presented
procedure is based on approximations of the time
delay term by the first order Taylor numerator
expansion (TNE) and by the first order Padé
approximation (PA). The control system with two
feedback controllers is considered, see, e.g. [14],
[15]. The controllers are derived using the
polynomial approach published e.g. in [16]. For
tuning of controller parameters, the pole assignment
method exploiting the LQ control technique is used,
see, e.g. [17]. The resulting proper and stable
controllers obtained via polynomial Diophantine
equations and spectral factorization techniques
ensure the asymptotic tracking of step references as
well as step disturbances attenuation.

The structures of developed controllers together
with analytically derived formulas for computation
of their parameters are presented for five typical
plants of time delay systems: the unstable first order
time delay system (UFOTDS), the unstable second
order time delay system (USOTDS), integrating
time delay system (ITDS), and, the stable and
unstable first order plus integrating time delay
system (SFOPITDS, UFOPITDS).

Presented simulation results obtained by both
approximations document usefulness of the
proposed method providing stable control responses
of a good quality.
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2 Approximate Transfer Functions

The transfer functions in the sequence UFOTDS,
USOTDS, ITDS, SFOPITDS and UFOPITDS have
forms

K

Gi(s)=——e ™" (1
Ts—1
K
O = T s 1D @
Gy(s) = et 3)
S
Gy(s)= e (4)

s(tstl)

2.1 TN expansion
In the first case, the time delay terms in (1) — (4) are
approximated by the TN expansion

e =1-1,s.

)

Then, approximate transfer functions relating to (1)
— (4) have forms

Gy (s)= (6)
Ts—1 s —ay
where
K Kt 1
b0=_a b]= d s a():_ (7)
T T T
for the UFOTDS,
K(l-7,s by —bs
Gy () =— 0TS D=hs
(us=D(ty8+1) s +as+aq,
where
K Kt 1 T, —1T
b():_abl: d:a0= ,» ) = . 2 (9)
U U T T
for the USOTDS,
K(-t,s) b,—bs
Gy ()= 2T _Do=his g
s s
where
by=K, =K1, (11)
for the ITDS, and,
K(-t,;s) by—bs
Gysn(s) = 49) _bo=h (12)

s(tstl) s2+a1S
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where

K
b():_’ =—,
T T

for the SFOPITDS and UFOPITDS.

(13)

2.2 Padé approximation

In the second case, the time delay terms in (1) — (4)
are approximated by the by the first order Padé
approximation

2-1,8
2+1,s

=Ty 8
e 1" =

(14)

Now, approximate transfer functions in the same
sequence take forms

K(2—‘Cds) bo_bls

Gip(s)= = (15)
P s -D@+1ys) SEras—ag
where
2K K 2 27—
b= b=, ay=—— , g =L (16)
T, T TT, T,
for the UFOTDS,
KQ2-1t,s
Gyp(s)= (2-745) =
(Tys=D(Tys+D(2+71,5) (17
_ bo_bls
S3+a2S2+CIlS—a0
where
2K K 2
bO = . bl = , ao =
1T Ty 1T 1T Ty
a _2(m-m) -1y a _200m 44T — Ty (18)
1T Ty 1T Ty
for the USOTDS,
KQ2-t,5) by—bs
Gop(s) = 2T _b=his g
S(2+‘Cds) s“tas
where
2K 2
b0=—,b1=K,al=— (20)
Tq T4
for the ITDS, and,
KQ2-1,s
Gy sp(s)= @-tys)
s(tstD)(2+71,5) )
bo_bls ( )

s° +a,s® +ays
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where
2K K 2 2T+1
by=—,b=—,aq=t—,a= 4 (22)
1T, T T, T,

for the SFOPITDS and UFOPTDS.

Remark: For the UFOTDS and the UFOPITDS the
conditions T; #7T in (6) and (12), T, #7, in (8),
and, T, # 2t in (15) and (21) must be fulfilled.

All approximate transfer functions have the form

G ()=

a(s)

where b and a are coprime polynomials in s that
fulfill the inequality degb <dega .

(23)

3 Control Design
The control system with two feedback controllers is
depicted in Fig.1.

Fig.1. Control system.

In the scheme, w is the reference signal, v, v, are

input and output disturbances, e is the tracking error,

uy is the controller output, y is the controlled output

and u is the control input. The reference w and

both disturbances v; and v, are considered to be

step functions with transforms
"o

V; A%
W(s)=—2, Vi(s)=—L, 7y(s)=-2
S S S

(24)

The transfer function G, represents a proper
approximate transfer function in the general form

(23).
The transfer functions of controllers are
g(s r(s
0(s) =18 p(sy=L) (25)
p(s) p(s)

where g,rand p are coprime polynomials in s.

3.1 Application of Polynomial Method
The controller design described in this section
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follows from the polynomial approach. The general
conditions required to govern the control system
properties are formulated as follows:

¢ Strong stability of the control system (in
addition to the control system stability, also the
stability of a controller is required).

¢ Internal properness of the control system.

¢ Asymptotic tracking of the reference.

¢ Attenuation of disturbances.

The procedure to derive admissible controllers can
be carried out as follows:

Transforms of the controlled output and the tracking
error take the form (for simplification, the argument
s is in some equations omitted)

Y(s)= % [6r W (s)+bpVi(s)+apV,(s)] (26)

E(s)=§[(aﬁ+bq)W<s)—bﬁV1(s)—apV2(s)] @7)
where

d(s) = a(s) p(s) +b(s)(r(s) +G(s))

is the characteristic polynomial with roots as poles
of the closed-loop.
Establishing the polynomial ¢ as

1(s)=r(s)+4(s)

and substituting (29) into (28), the condition of the
control system stability is ensured when
polynomials p and ¢ are given by a solution of the

(28)

(29)

polynomial Diophantine equation
a(s)p(s)+b(s)t(s) = d(s)

with a stable polynomial d on the right side.

With regard to (24), asymptotic tracking and both
disturbances attenuation are provided by divisibility
of both terms ap+bg and p in (27) by s. This
condition is fulfilled for polynomials pand ¢ in the
form

(30)

€2))

Subsequently, the transfer functions of controllers
take forms

p(s)=sp(s), q(s)=sq(s).

q(s)
p(s)

_ ()
sp(s)’

A stable polynomial p(s) in denominators of (32)
ensures the stability of ontrollers.

The control system satisfies the condition of internal
properness when the transfer functions of all its

O(s)=

s R(s)

(32)
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components are proper. Consequently, the degrees
of polynomials g and » must fulfill inequalities

degg<degp, degr<degp+1. (33)

Now, the polynomial # can be rewritten to the form
t(s)=r(s)+sq(s). (34)

Taking into account solvability of (30) and
conditions (33), the degrees of polynomials in (30)
and (32) can be easily derived as

degt =degr=dega, degg=dega—1
(35)
deg p=dega—1, degd =2dega.

Denoting deg a = n, polynomials ¢, » and g have the
form

()= Y05 10 =Dns' a0)=Y g5 (6)
i=0 i=0 i=1

and among of their coefficients equalities

Th=ty, r+q;=t fori=1..,n (37)

hold. Since by a solution of the polynomial equation
(30) only coefficients ¢; can be calculated, unknown
coefficients r; and ¢, can be obtained by a choice of

selectable coefficients P, € <0,1> such that

rn=Pt;,, ¢;=>1-p)t;, fori=1,..,n. (38)

The coefficients P; distribute a weight between
numerators of transfer functions O and R. With
respect to the transform (26), it may be expected
that higher values of B, speed up control responses
to step references.

Remark: 1f B; =1for all i, the control system in

Fig. 1 demotes to the IDOF control configuration. If
B,=0for all i and the reference and both

disturbances are step functions, the control system
corresponds to the 2DOF control configuration.

The controller parameters then follow from
solutions of the polynomial equation (30) and
depend upon coefficients of polynomial d. The next
problem here means to find a stable polynomial d
that enables to obtain the acceptable stabilizing and
stable controllers.

3.2 Pole Assignment

In this paper, the polynomial d is considered as a
product of two stable polynomials g and m in the
form

d(s)=g(s)m(s) (39)
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where the polynomial g is a monic form of the
polynomial / obtained by spectral factorization

[s a(s)]* (p[s a(s)] +b" ($)b(s) = h* (s)h(s) (40)

where @ > 0 is the weighting coefficient.

Remark: In the LQ control theory, the spectral
factorization (40) is used in a procedure of
minimization of the quadratic cost function

J=T{ ez(t)+(pa2(t)}dt (41)
0

where e(¢) is the tracking error and u(¢)is the
control input derivative.

The polynomials % and derived formulas for their
parameters calculation have forms

h(s)=hys® + s +hy (42)

for the UFOTDS and ITDS with the TN expansion
where

=g, h=\oad +bE+2hh,  (43)
and a; =0 for the ITDS,

ho = |b0

h(s)=hys® +hys* + hys+hy (44)

for the UFOTDS and ITDS with the Padé
approximation, and, for the USOTDS, SFOPITDS
and UFOPITDS with the TN expansion where

o =By, s =, Iy =\J9ag +bE +2hy hy
hy =\ (af —2aq) + 2 Iy

and aqy=0 for the ITDS, SFOPITDS and
UFOPITDS, and,

(45)

h(s)=hys* + hys® + hys® +ys+hy  (46)

for the USOTDS, SFOPITDS and UFOPITDS with
the Padé approximation where

’h4 :\/6’ hl =\/(pa3 +b12 +2]’l0h2

h() = |b0

hy =\0(al —2agay)+ 2k by —2hgh,  (47)

hs :\/(P(Cé =2a)+2myhy

and g, =0 for both SFOPITDS and UFOPITDS.
For calculation of d, polynomials (42), (44) and (46)
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are arranged to monic forms g(s) (with unit
coefficients by the highest power of s) such that

gj=hi/h, j=0l..n (48)

where n=degh.

The second polynomial m ensuring properness of
the controller is chosen as

m(s)=1 (49)

for both UFOTDS and ITDS with the TN
expansion,

m(s)=s+i (50)
Ta
for both UFOTDS and ITDS with the Padé
approximation,

m(s)=s+L (51)
T2

for the USOTDS with the TN expansion,

m(s)=(s+iJ[s+ij (52)
T Ta

for the USOTDS with the Padé approximation,
m(s)=s+ 1 (53)
T

for both SFOPITDS and UFOPITDS with the TN
expansion, and,

m(s) = (s + iJ[s + l} (54)
Ty T

for both UFOPITDS and SFOPITDS with the Padé
approximation.
The above forms of m lead to the polynomial d with
coefficients containing only the selectable parameter
¢ with all other coefficients depending on
parameters of polynomials b and a. Consequently, a
location of the closed loop poles can be affected by
the selectable parameter @.
The transfer functions of controllers with degrees of
polynomials in their numerators and denominators
given by (35) are

0s) =11, R(s) =120 (55)

Py Pos

for both UFOTDS and ITDS with the TN
expansion,
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2
s+ rST+hSs+r
Q(S)ZCIZ q1 , R(S): 2 1 0
S+ Do s(s+py)
for both UFOTDS and ITDS with the Padé
approximation, and, for the USOTDS, SFOPITDS
and UFOPITDS with the TN expansion. Further,

(56)

05>+ x5 +q,

S2 +p1S+p0

1’ 1St RS+
s(s*+ pys+py)

for the USOTDS, SFOPITDS and UFOPITDS with
the Padé approximation.

In all cases, the parameters ¢ in numerators of
controllers are computed from parameters ¢
according to (37).

For clarity, derived formulas for computation of
parameters po and ¢ the controller derived for all
considered cases together with conditions of the
controllers’ stability are introduced in the form of
tables.

0(s)=
(57)

R(s) =

Table 1. Controller parameters for UFOTDS
TN expansion

Tt (81 + T80T
o =

T 1
to=—gy» tj=——(py—1
0 Kgo 1 KTd(Po )

po>0fort, <7t
Padé approximation

T
T[zgz +7, (g +2dgo)}+2

= R h=—
Po 2T1-1, 0 Kg0

1

4 ZE[PO +1(g +T480)] s

h=—[t(p—2)-1]

po>0fort, <21

Table 2. Controller parameters for ITDS
TN expansion

po=1+1,(g +K1,)

1 1
thy =Ty =80 4 =E(g1 +7,80)

po>0forall T,

Padé approximation

Issue 10, Volume 11, October 2012



WSEAS TRANSACTIONS on SYSTEMS

Petr Dostal, Vladimir Bobal, Zdenék Babik

T, 1
=g, +—*Q2g+1 , h=h=—
Po=8% (2g,+7,80)> th="p sl

1 Ty
H=—(g +7 , h=—2Q2g +7
1 K(gl 480)s b 4K( 81 +7480)

po >0 for all T,

Table 3. Controller parameters for USOTDS

TN expansion

2
_ (g +Ty8 +T480) +1
T~ Ta

0

t=ig I:L[p+’cg+1:(‘c+'c)g]
0= % 80> = AP0 T &I T2 T )80

PR 1| IR
2 K <, Po— &> T

p0>0f0er<T1

Padé approximation

T 2
2g3+7 [28’2 +Td(gl "'2dgoﬂ"'T
1
4

1

=8t

T

T 1

lhy=—80-14 ZE[pO +1, (g +(1; +Td)go)]

K
L | o> RS -
27 % T, 1~ T2 (Po

41, 1
- —=+l|| g+t t+t— |- g
T, T

T 1
I 2_2{71(170 -82)— 83 _‘c_}

K 1

po>0 for 1, < 271,

Table 4. Controller parameters for SFOPITDS

TN expansion

1

=—&o

Po=8 +T,(g1+7480), fo 1%

1 T
t=—J[g +(T+7 , t,=—(g +71
! K[gl (t+1,)80], B K(gl 480)

po> 0 for all T,

Padé approximation

T
Po =8> +Td(2gl +T,80), P =8

E-ISSN: 2224-2678

591

1

lh=—>80- 4 =i[g1 +(T+Td)g0]
K K

1
ty = E[(ZH T4) (281 +7T,80) +21T,4 g |

1T
—d(2g1 +T,80)

=
3T 4K

p1 >0 for all T, po> 0 for all T,

Table 5. Controller parameters for UFOPITDS

TN expansion

_ (T+7)[ g +74(g +T480)]+27

Po -1,
fo=igo= l1=i[g1+(f+'5d)go]
K K
1 2rgy (Tt T,y)(g +T,80) 2
Z_E T-Ty,

po>0fort, <7t

Padé approximation

2
4g; +(2T+Td)(gz +Tig1 +ngoJ+4
T

2 4
Po =
2T-1,
2
P =83 t—
T
ty = t—1[+(r+r)]
0 KgO’ 1T 81 a)8o
1{(4r 8 47
h=—||—"1|po——8& | —+1|g2~
K|\, T, Ty
8
T,
1 2
Lh=—|"7T - —2g,——
3 K{ (Po—g2)—2g3 J

p1>0forall t,;, py>0 fort, <2t

4 Simulation Results

All simulations were performed by MATLAB-
Simulink tools. In all cases, the unit step reference w
was introduced at the time ¢ = 0 and the step
disturbances v, and v, were subsequently injected

after settling of the control responses.
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4.1 UFOTDS

The parameters in the transfer function (1) has been
chosen as K=1 and T =4.

The responses in Fig.2 document applicability of the
TNE for the UFOTDS with a small value of t,.
Further, the responses illustrate necessity of a higher
value of @ to achieving of an aperiodic character of
responses. Smaller values of ¢ lead to their
oscillatory character. An effect of the parameter [3;
can be seen in Fig.3. Its increasing value speeds the
control but causes expressive overhoots.

A preference of the PA in comparison with the TN
is evident from the controlled output responses in
Fig.4 computed under the same conditions.
Moreover, the PA enables a use also for higher
values of T, as shown in Fig.5.

1.2
1.0+ n .;...t - Wod -,”3
08| ’
06|
0.4 fi
02k

0.0 ‘

I I I I
100__ 150 200 250
Time

Fig.2. UFOTDS - TNE: Controlled output for various ¢
(Td: 2, B] = O, V= - 02, V) = 01)

y
2.0 — B =0
H " ..... B, =02

1.5 ; T e B,=05
1.0 LA --- -
05-i

d

i
00 T T T I

0 50 100 150 200

Time

Fig.3. UFOTDS - TNE: Controlled output for various 3,
(t4=2,0=100,v;=-0.2,v,=0.1).

y
1.2
w
1.0 -+ RATE Ve ,\Z’/ ~~~~ -
06 [if
0.4 4 ,' — =4
oE e 9=25
02— 0 =100
0.0 \ T T
0 50 100 150 200
Time

Fig.4. UFOTDS - PA: Controlled output for various @
(Td: 2, BLQ = 0, V) =- 02, V) = 01)
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I I I I I I I I I I
0 50 100 150 200 250 300 350 400 450 500
Time

Fig.5. UFOTDS - PA: Controlled output for various ¢
(Td: 4, BI,Z = O, V= - 02, V) = 01)

4.2 USOTDS

The parameters in the transfer function (2) were
chosenas K=1,1,=4,1,=2.

Also in this case, an application of the TNE is
possible for smaller values of the time delay and for
higher values of @. A higher value of T, needs a use
of the PA. The simulation results can be seen in
Figs.6 and 7.

y
1.2
1.0 4421\ _j_\ WA !V
Y i iV
0.6 fi i *
04- i — =4
-2 ¢0=25

02-4¢ ¢ =100
0.0 T T T T T T T

0 50 100 150 200 250 300 350

Time

Fig.6. USOTDS - TNE: Controlled output for various ¢
(Td: 2, BI,Z = O, v =- 02, V) = 01)

1.2
1.0 -F- AP
08 [/
06 |if
04|
02 [f
0.0

T T T T
100 150 200 250
Time
Fig.7. USOTDS - PA: Controlled output for various o
(te=3,B1,23=0,v;=-02,v,=0.1).

The responses in Fig.8 demonstrate their high
sensitivity to parameters . Evidently, on behalf of
acceleration of the control, only small values 3
should be chosen. Their higher values lead to
expresive overshoots at the start of the tracking
interval.
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3.0
2.5
2.0 -
1.5
1.0 ffi-emds
0.5 ji
0.0 :

\ \ \ \
100 150 200 250

Time
Fig.8. USOTDS - PA: Controlled output for various P,
BZ(Td = 3, Q= 100, B3 = 0, vy =- 02, V) = 01)

4.3 ITDS

In this case, the parameter in (3) has been chosen as
K=0.2.

The responses in Fig.9 document applicability of the
TNE for the ITDS with smaller values of t,. There
is not a significant difference in comparison with
utilization of the PA as shown in Fig.10. Here, also
a selection of the parameter ¢ is not very important.

y
1.2 4

w
1.0 F-- ’{;u& .....

08 i v

1}
06 [if
04 [ — ¢=9
O ¢=25
024§ o= 64
0.0 T T T T T T T T
0 20 40 60 80 100 120 140 160
Time
Fig.9. ITDS - TNE: Controlled output for various ¢
(Td = 2, Bl = 0, V) =- 02, V) = 02)
y
1.2
104-2 17 - [\r&ﬁ -
084 [i¥ N
0.6 fif
04 ff — =9
e == ¢=25
024§ 0=64
00 I I I I I I I I
0 20 40 60 80 100 120 140 160
Time
Fig.10. ITDS - PA: Controlled output for various ¢
(t4=2,B1=0,v;=-0.2,v,=0.2).

An effect of the parameter B; on the controlled
output responses can be seen in Fig.ll. A
reasonable choice of this parameter can accelerate
the control responses keeping their apperiodic
character.

A difference between both approximations appears
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for higher values of 7, as it can be seen in Figs.12,
13 and 14. There, a priority of the PA is evident. It
is also clear that a higher value of t, requires a use
of a higher value of @.

y
1.2
1.0 L L ‘\/—

!

0.8 [if \/
oe- i MY 502
0.4k -==B,=05
0.2 —p,=08
0.0

T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time
Fig.11. ITDS - TNE: Controlled output for various {3
(Td =35, Q0= 25, vi=-04,v,= 02)

y
1.2
w(A.. .
1.0 + - A-F - [ AN X
A H 3
08 fi
06
04 F * — =100
TE e ¢ =400
02 ......... 0= 1600
0.0 T T T T T T
0 100 200 300 400 500 600
Time

Fig.12. ITDS - TNE: Controlled output for various ¢
(ts=8,B1=0,v;=-0.2,v,=0.2).

y
1.2

101 s P . i
08 [if ' ’

06
04
02-
0.0

I I I I I I I I
0 50 100 150 200 250 300 350 400
Time
Fig.13. ITDS - PA: Controlled output for various ¢
(1a=8,B1=B.=0,v,=-02,v,=0.2).

4.4 SFOPITDS

For this model (and, also for the UFOPITDS), the
parameters in (2) have been chosen as K = 0.2 and t
= 4. The controlled output responses for various @
are shown in Figs.15 and 16, a comparison between
application of the TNE and PA can be seen in
Fig.17. The presented results clearly prove a better
control quality obtained by the PA. It should be
noted that for both SFOPITDS and UFOPITDS zero
parameters 3 were chosen equivalent to the 2DOF
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control structure. This choice gave best control
results.

T T T T
300 400 500 600
Time

T T
0 100 200
Fig.14. ITDS — Comparison of controlled outputs for
TNE and PA (t,=8, ¢ =100, ; =, =0,
V)= - 02, Vo = 02)

0.0 T
0 50

T T T T T
150 200 250 300 350
Time

T
100

Fig.15. SFOPITDS - TNE: Controlled output for various

@ (t4=5,v1=-02,v,=0.1).
y
1.2
w
1.0 + - - - s Lk‘ﬁ..__
08 |[i i
06 [ *
6 i
04 [ Py
L 9=25
0'27 ......... (p=100
0.0 1 1 T T T T T
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Fig.16. SFOPITDS - PA: Controlled output for various ¢
(Td: 5,vi=-0.1,v,= 01)

4.5 UFOPITDS

With regard to a presence of both integrating and
unstable parts, the UFOPITDSs belong to hardly
controllable systems. However, the control
responses in Fig.18 document usability of both TNE
and PA for smaller value of t,. Higher values of t,
require a selection of higher values of ¢ as shown
for the PA in Fig.19 However, for higher values of
¢, the TNE is unsuitable, as documented in Fig.20.
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Fig.17. SFOPITDS - Comparison of controlled outputs

for TNE and PA (t,=8, ¢ =100, v; =-0.1,
V) :02)
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Fig.18. UFOPITDS - Comparison of controlled outputs
for TNE and PA (t,=2, ¢ =400, v; =-0.05,
v, =0.1).

1.2
1.0 - - ez,
084 [/¥
06 [if
0.4 [
0.2

0.0 I
0 50

T
150 200 250 300 350
Time

T
100

Fig.19. UFOPITDS - PA: Controlled output for various @
(Td: 3, V) =- 005, V) = 01)

S Conclusions

The problem of control design for unstable and
integrating time delay systems has been solved and
analysed. The proposed method is based in two
ways of the time delay approximation. The
controller design uses the polynomial synthesis
and the controller setting employs the results of the
LQ control theory. The presented procedure
provides satisfactory control responses in the
tracking of a step reference as well as in step
disturbances attenuation. The presented results have
demonstrate the usability of the method and the
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control of a good quality also for relatively high
ratio of the time delay to the time constant. The
procedure makes possible a tuning of the controller
parameters by two types of selectable parameters.
Using derived formulas, the controller parameters
can be automatically computed. From this reason,
the method could also be used for an adaptive
control.

y
1.6 i
1.4 1
1.2 1
1.0 -4
08 v "\ /
0.6 S EARY
0.4 i

0.2 4 ",'
0.0 T "\ T T T T T T T
0 100 200 300 400 500 600 700 800 900

Time

Fig.20. UFOPITDS — Comparison of controlled outputs
for TNE and PA (1, =3, ¢ =2500, v; = - 0.05,
v, =0.1).
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