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Annotation

Application of linear time delay system models for modeling and control of
plants with distributed parameters is presented. First, the structure of the state
space model of time delay system is designed, which is given by a set of
functional differential equations. As an example of the time delay based
modeling approach, a model of a laboratory heating system is presented. Even
though the system consists of two heating circuits with heater, heat exchanger
and cooler connected by pipelines, its model consists of only four differential
equations with time delays. Let us remark that the state variables of the model
are the temperatures, which are considered as the model outputs and which are
measured on the heating system. Such a unification of the state and output
variables in modeling the systems with distributed parameters is one of the main
benefits of time delay based modeling approach. On the other hand, it is
necessary to emphasize that due to functional character of the model, its
dynamics analysis and control design requires application of advanced
numerical and analytical design methods. One of them is the algorithm for
computing large parts of the spectrum of time delay model which is also
explained in this text. The algorithm is based on mapping the quasi-polynomial
characteristic function using a numerical mapping method combined with
analytical approaches for determining the asymptotic features of the spectrum
distribution. As an example of a control design method, an extension of the
synthesis of the well known state feedback control towards the systems with
time delays is presented. Besides the theoretical issues, also implementation of
state feedback control to the heating system is presented. The last topic
presented is the synthesis of a controller based on internal model control
platform with the first order model with two time delays as the reference model.
Since such a model can be used to describe the dynamics of large scale of real
systems, which are conventionally described by higher order models, the
resulting control algorithm can be applied in a large scale of engineering
applications. Finally, the control algorithm is discretized, implemented on a
programmable controller and successfully tested on the laboratory heating
system.



Anotace

Habilita¢ni pfedndska se zabyva vyuzitim linedrnich matematickych model
s dopravnim zpozdénim k popisu a nasledné¢ k syntéze fizeni systémi
srozloZzenymi parametry. Nejprve je definovan stavovy popis modelu
s dopravnim zpozdénim, ktery je dan soustavou funkcionalnich diferencialnich
rovnic. Nasledné je uveden piiklad modelu laboratorni tepelné soustavy, ktera se
sklada ze dvou tepelnych okruhti. I presto, Ze se jedna o poméerné slozity systém,
jehoz hlavnimi ¢astmi jsou ohfival, tepelny vyménik a chladi¢, matematicky
model popisujici dynamiku tohoto systému v okoli zvoleného pracovniho bodu
se sklada pouze ze ¢tyt diferencidlnich rovnic se zpozdénimi, jehoz stavovymi
veli¢inami jsou teploty méfené na soustave. Pravé moznost unifikace stavovych
veli¢in s vystupnimi veliCinami modelu pii popisu systémi s rozlozenymi
parametry je vyznamnou vyhodou této tfidy modeli. Na druhou stranu je nutné
zdUraznit, Ze vzhledem k funkcionélni povaze modell se zpozdénimi, vyZaduje
analyza jejich dynamiky a syntéza fizeni pouziti pokrocilych analytickych ¢i
numerickych metod. Jednou ztéchto metod je algoritmus pro vypocet
rozsahlych ¢asti spekter modelli se zpozdénimi, ktery je téZz popsan v tomto
textu. Algoritmus spo¢ivd v mapovani kvazi-polynomialni charakteristické
funkce systému pomoci numerické mapovaci metody s vyuzitim analytickych
metod pro urceni asymptotickych vlastnosti spektra. Jednim z klasickych
algoritmil fizeni je tak zvany stavovy regulator, jehoZ syntéza modifikovana pro
systétmy se zpozdénim je téZ jednim ztémat habilitacni prednasky. Kromée
teoretického rozboru syntézy je uveden piiklad aplikace stavového regulatoru na
fizeni laboratorni tepelné soustavy. Poslednim prezentovanym tématem je
syntéza regulatoru s vnitinim modelem prvniho fadu se dvéma dopravnimi
zpozdénimi. Vzhledem k tomu, Ze zminény model 1ze pouzit pro aproximaci
dynamiky Siroké tfidy systémui obvykle popisovanych modely vysSich fadii, ma
vysledny ftidici algoritmus potencidl Sirokého uplatnéni v inZenyrskych
aplikacich. Tento fidici algoritmus je dale pfeveden do diskrétniho tvaru,
implementovan na bazi programovatelného automatu a UspéSné testovan na
laboratorni tepelné soustave.
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1. INTRODUCTION

Time delay systems (TDS), as a subset of hereditary systems, are largely
used to describe the transport and propagation phenomena, time-lags, after-
effects or systems with distributed parameters. The applications can be found in
heat transfer, chemical and combustion processes, distributed networks,
congestion control (traffic control, internet modeling) or even economics or
biology (population dynamics modeling), see e.g. (Hale and Verduyn Lunel
1993), (Kolmanovskii and Myshkis, 1992).

At the Department of Instrumentation and Control Engineering and the
Centre of Applied Cybernetics, two laboratory heating systems have been built
in order to test the TDS based modelling techniques and control design methods.
The first (older) system will be described in section 2.1. The second system,
designed by the author, is shown in Fig. 1. It consists of two independent
heating circuits equipped with heaters, coolers, pumps and mixing valves
connected by pipelines. The heat exchange between the circuits takes place in
the multi-plate heat exchanger. The system is monitored by twelve
thermometers. Temperature measurement processing and system control can be
done either via PC equipped with data acquisition cards or via PLC equipped
with analog input-output modules. Naturally, time delays arise as the
consequence of the transportation phenomenon in the long pipelines. However,
using the delays also in modelling of the components with the capacities and
distributed parameters (heaters, coolers, exchanger) allows us to build models of
such subsystems which are more natural than delay free models.

Basically, using not only integrators but also delay blocks as the dynamical
elements of the model gives us more power in building models of real plants. On
the other hand, the dynamics of TDS is infinite dimensional, which requires to
extend the theoretical tools for system design, e.g., from the usual rational
transfer functions to meromorphic (or transcendental) ones.

The aim of this text is to demonstrate the potentials of application of TDS
theory in the engineering applications, namely in the control design of systems
with distributed parameters. First, in Section 2, the structure of linear TDS
model is introduced and the model of a laboratory heating system is used as an
application example of TDS model. Then, the features of the TDS dynamics are
briefly outlined and the algorithm for computing large parts of the spectrum of
TDS is introduced in Section 3. The algorithm is then utilized in direct and
continuous pole placement methods in Sections 4 and 5, respectively, which are
presented as examples of TDS control design methods. Also a real plant
application example (in Section 4) and theoretical example (in Section 5) are
presented. In Section 6 first order TDS model with two delays is introduced as a
universal model unit. Based on this model an anisochronic controller is derived
using an internal model control scheme. Implementation of the controller in an



industrial PLC and its application to the laboratory heating system is included.
Finally, in Sections 7 concluding remarks can be found.
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Fig. 1 Laboratory heating system built to test the TDS based modeling
techniques and control design methods

2. LINEAR TIME DELAY SYSTEM

To make use of delay relations as one of the primary elements of model
structure and to cover as wide as possible class of time delay systems the
following convolution based system state description can be used



dx(?)
dt

y(9)=Cx(2)

where 7 is delay variable appearing in both the inputs u and state variables x
and 7 is its maximum value, y are the system outputs and C is matrix of
coefficients. The matrices A(7), B(7) define the respective delay distributions of

:?dA(z')x(t — T)+?dB(T)u(f —7)
) ) (D

appropriate mutual interactions. Their elements are mostly not continuous but
stepwise functions with the steps corresponding to the lumped delays. Stieltjes
integrals in (1) help to cover both the lumped and distributed delays under a
common general form of the model and result in a formally simple form of
Laplace transform

sX(s)=A(s)x(s)+B(s)u(s) (2)

where
T T
A(s) =I exp(—s7)dA(7), B(s) = Iexp(—s 7)dB(7) 3)
0 0

if zero valued initial conditions are considered. Apparently A(s),B(s) are s-
multiples of the regular Laplace transforms of A(7),B(7) and the product form
of (2) saves most of the advantages of matrix calculus applications.

Unlike the state of a delay free linear system (matrices A and B are
constant coefficient matrices), which is given by the vector of state variables
x(?), the state of a TDS (1) is given by the function segment of the system state
variables on the last system history interval

x(r)=x(t+7), —-T<7<0 (4)

and the state space is the Banach space of continuous real functions on the
interval of length 7, € = C([-T, 0],R") .

2.1 Example of TDS, model of laboratory heating system

As an illustration example of a TDS model, the model of a laboratory
heating system is presented. The laboratory heating system has been built at the
Department of Instrumentation and Control Engineering in order to test the
control algorithms developed for TDS. The scheme of the laboratory system is
sketched in Fig. 2. It consists of two heating circuits with the circulation of the
heat medium (water) forced by two pumps (one in each circuit). The heat source
of the system is an electric heater, located in the primary circuit. The heat
exchange between the two circuits, which is controlled by the mixing valve,
takes place in the multi-plate heat exchanger. The last subsystem component of



the system is an air-water cooler located in the secondary circuit. The
components of the system are connected by pipelines, which provide the most
significant delays in the system. For detailed description of the system see
(Vyhlidal, 2003).

The heat distribution on the plant is monitored by measuring the water
temperatures by thermometers at four various places on the system, see Fig. 2,
where 4, 1s mixed up hot water temperature at the input of the exchanger, 4, is
exchanger outlet water temperature, 9y, 9. are air/water cooler inlet and outlet
water temperatures, respectively. The control input of the system is the signal u
controlling the mixing ration of the water flow rates coming from the heater and
the exchanger in the valve, and thereby the temperature $,. As it is usual in
control schemes of distributed heating systems, a slave control loop with P
controller is used to control the actuator. The controlled variable of this loop 1s
temperature %, and the reference value of this loop 1S &, st.
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Fig. 2 Scheme of the laboratory heating system



Analysing the dynamics of the system in a vicinity of a selected operational
point, a linear model has been built, see (Vyhlidal, 2003). The model consists of
four functional differential equations

1 0 g (1= K8, (1= ) KA - 7,)

a

1, B8Ok [48,(0 - 108,00~ LA (- r)]-[08,(0 - A (17,
dA8y(1) _

Ty 2 =A% (1) + KA, (1 -7,)

- dAS ()

C

=— A3 (t—-n )+ KA (t—1,)
(5)

Let us remark that in the model of the multi-plate heat exchanger (second

equation in (5)) the logarithmic temperature gradient is approximated by the
formula

A§=3h—1;q93—1;q9€

where 9, is the other inlet temperature of the exchanger and g = m,/m;, where

(6)

my, m, are the flow rates in the parts of the exchangers, i.e., the flow rates in the
heating circuits. The state variables of the model are chosen identical with the
measured system outputs, i.e.

x(=[A4()  AG®D A ALO] (7)

and the system input is the set-point value of the slave control loop A9, (7).

Applying the Laplace transform, the matrices of the model (5) are given as
follows

_ —ﬂhS —TbS
e K¢ 0 0
Th Th
K, —(0+05K,(+9) (1-0.5K, (1 g))e ™
A)=| o e 1 h
0 d¢ - 0
Td Td
—TcS nes
0 0 K. e
. T, T, |
K T
B(s):{ WP o} (8)
Th
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The parameters of the model have been identified as follows: 7, =14s,
K, =024, K,=039, n,=65s, 1,=40s, r,=132s, T, =3s, K, =1,
7.=13s,g=1, Ty =3s, K4=094, r,=18s, T, =25s, K, =0.81, n, =9.2s,
7, =2.8s. As can be seen in Fig. 3, where the comparison of the measured and

simulated step responses 1s shown, in the vicinity of the operational point, the
model approximates the system dynamics very well.

B(f) [°C]

0 50 100 150 200 250 300 350 400 450 500
t[s]

Fig. 3 Comparison of the step responses of the laboratory system (influenced by
noise) and its TDS model given by (5) (smooth), A, ((50s) =20°C

3. ALGORITHM FOR COMPUTING SPECTRUM OF TDS

The characteristic equation of the system (1)
M (s) =det(s — A(s)) =0 9)

is transcendental with infinite spectrum of the roots determining the dynamics
modes of TDS. An efficient assessment of a sufficiently large part of the infinite
spectrum of a TDS is required in a large number of control design techniques for
this class of systems. Since there are no general analytical formulas available for
computing the zeros of any quasi-polynomial of form (9), a numerical method
has to be used.

In (Vyhlidal and Zitek, 2003) an algorithm is introduced to compute the
spectrum of a TDS located in a closed region of the complex plane. The
algorithm, which is based on mapping the quasi-polynomial, proved efficient in
locating large number of roots. The basic idea of the quasi-polynomial mapping
based rootfinder (QPMR) is given as follows.

11



Consider functions R(f,®)=Re(M (f+jw)) and [(fB,w)=Im(M (f+jw))
Then the characteristic equation (9) can be split into

R(p,0)=0 (10)

1(f,0)=0 (11)
These equations determine the intersection contours of the surfaces described by
R(B,w) and I(B,w), respectively, with the s-plane. Mapping these zero-level
contours, the roots of (9) are given as the intersection points of contours
described implicitly by (10) and (11). Obviously, the contours R(f,®) =0 and
I(B,w)=0 can be expressed analytically only for the most simple quasi-
polynomials. In general, a numerical contour plotting algorithm is to be used to
map the contours, e.g., the level curve tracing algorithm. In (Vyhlidal and Zitek,
2006) an advanced version of QPMR algorithm 1is described. In this
modification of the method, Bellman and Cooke (1963) analytical approach for
determining the strips in the complex plane where the root chains are located is

utilized to reduce significantly the area of the selected region to be scanned for
the roots.
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Fig. 4 Left - map of the curves R(S,@) =0 (thick) and /(f,®) =0 (thin) of the
quasi-polynomial (12) of a retarded TDS, black dots - roots, bold solid lines —

asymptotic exponentials of the root chains.
Right - spectrum of the quasi-polynomial (12), solid line — asymptotic
exponentials of the root chains, dashed lines - boundaries of the regions which
have not been mapped, black dots- roots
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In Fig. 4 an illustration example of the spectrum of the quasi-polynomial

M(5)=0.015°+0.03s> —0.25* +0.7s> +1.25* = 0.25 + 0.3+
+(1.6s* +1.25 +2.35> +0.35 — 1.5)e ! +
+(~1.3s* +1.15° +0.55* —0.1s = 0.4)e > +
+(=0.652 +135—0.3)e %% 4+ (=0.45 +0.7)e 55 41.4e772%

(12)

computed using such a modification of QPMR is shown. To sum up, the
mapping based rootfinding algorithm allows us to assess several hundreds of
roots of TDS in a very reasonable manner. For example, In (Olgac, et al., 2006)
the QPMR is used for assessing the stability regions in the domain of delays.
QPMR is also a crucial tool in the application of pole placement method in TDS,
which is described in the next section.

4. DIRECT POLE PLACEMENT IN TDS

In case of a linear delay free system, all the system modes can be
determined via the pole placement method by the proportional feedback from
the state variables

u(t) = — Kx(¢) (13)

called the state feedback. However, if applied to system (1), the feedback (13)
does not accomplish a state feedback. It is due to fact that the state of (1) is
given by (4) and not by the vector x(¢) as in case of delay free systems. In spite
of this, feedback (13) has proved to be an efficient tool to design robustly stable
dynamics for TDS, see e.g. (Zitek and Vyhlidal, 2000), (Vyhlidal, 2003). After
closing feedback (13), the characteristic equation of the feedback system is as
follows

M(s)=det[sI - A(s)+ B(s)K] =0 (14)

Suppose the original spectrum of system matrix A(s) s
Sp(A(s)) = {2, l-}, i =1..00 and the unaffected characteristic quasi-polynomial is
M (s). After adding feedback (13) the original quasi-polynomial acquires the
form M(s) in (14) with a new spectrum Sp(A(s)—B(s)K) = {O‘i},i =1..0.
Since the quasi-polynomial (14) is linear with respect to K, the following
relationship holds between the original M(s) and the feedback system quasi-
polynomial M (s, K)

1 dM(s,K)
M(s,K)=My(s)+ YK,
’ oK; 7

J=1

(15)

13



where the gradient derivatives with respect to K ;, i.e., sensitivity functions, are

independent of K. Obviously these derivatives are variable in s too, owing to
the exponential functions in M (s).

Consider a group of dominant M,(s) zeros s=A4,;,i=12,.. from the

original system spectrum which provide the system with undesired properties.
The aim is to shift the dominant zeros into prescribed new positions
s =0;,i=12,.., which are to become the zeros of the designed M(s), i.e.

M(o;) =0 and which endow the system with more favourable dynamics. For
any prescribed poles o; the following relationship holds

M(0,.K)=0=My(o)+ 3 K{M} (16)
j:1 aKj S:Ul'

1.e., a set of linear algebraic equations with the unknown parameters

K,.K,...,K,. The desired new positions of o, can be prescribed for no more

than »n zeros at the most, where n is the number of feedback coefficients K.

Apparently the desired eigenvalue positions are to be prescribed with respect to
A, 1=12,... constituting the group of the significant (dominant) system poles.

It is of little sense to assign the insignificant system eigenvalues because they
cannot affect the actual system behaviour. In (Zitek and Vyhlidal, 2002) a
method for pole shifting via (13) has been designed. First, rightmost spectrum of
the poles of system (1) is computed using QPMR. Then the significance of the
poles of the original system is evaluated based on residues of partial fractions of
the Heaviside expansion applied to system (1), see also (Zitek and Vyhlidal
2004). In the second step, the selected dominant poles are shifted to desired
positions and the feedback gain K is computed from the set of equations (16).
Finally the spectrum of the feedback system is computed using QPMR and the
significance of the poles is checked again. If the shifted poles are the most
significant poles, i.e., the poles determining the system dynamics, the synthesis
has been successful and the computed feedback gain can be used. On the other
hand, if the shifted poles are not the most significant poles, the whole procedure
1s to be repeated again.

4.1 Application of direct pole placement to the laboratory heating system

In the framework of the research presented, not only the theoretical work
has been done, but the state variable feedback control has also been tested
practically on the laboratory heating system described in Section 2.1. Consider
the model given by four functional differential equations (5) plus one ordinary
differential equation

14



dI(t)
dt
which is added in order to accomplish the astatism of the open loop system.

:Algc,set(t)_Algc(t) (17)

In Fig. 6, left, the rightmost spectrum of poles of such a system is shown.
The system is to be controlled using the feedback (13), which is of the form

Ay =-K, K, K3 Ky Ks|[A&%(s) A&(s) Ad(s) A(5) 1(9)]
(18)

Prescribing one real pole o, =—-0.07 and double complex conjugate poles

0y3 =0,5=-0.031£0.06j, from the set of equation of the form (16), the

following feedback gain results K =[-0.298 4.091 7.690 4.576 -0.352].

From the spectrum of the feedback system shown in Fig. 6 right, we can see that
the prescribed poles are the poles with the smallest modules and they are likely

‘9c,set P & Cooler
+(?‘ b U

Fig. 5 Scheme of the state variable feedback control of the laboratory
heating system
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to be the dominant poles. In Fig. 7, the set point response of the feedback system
1s shown measured on the heating system and compared with the simulated set-
point response. As can be seen from the comparison, the feedback system
dynamics has been assigned well not only to the model but also to the controlled
plant.
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Fig. 6 Spectrum computed using QPMR, left — the spectrum of the heating
system plus integrator, right — spectrum of the heating system with the state
variable feedback
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Fig. 7 Comparison of the simulated (smooth) and the measured (influenced by
noise) set-point responses of the laboratory heating system
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5. CONTINUOUS POLE PLACEMENT APPLIED TO NEUTRAL
SYSTEM

An automated iteration pole placement procedure for TDS of the form (1)
(retarded system) has been designed by Michiels, et. al. (2002) and is known as
continuous pole placement. In this procedure, the poles are continuously shifted
to the left via small replacements at each iteration. In (Vyhlidal and Michiels,
2004) and (Michiels and Vyhlidal, 2005) the continuous pole placement method
1s extended towards the TDS of the neutral form

ax(t) _ %[H, M} . fdA(r)x(t —7)+ }dB(r)u(t -7) (19
da i3 dt 0 0

The complicacy in application of pole placement method in (19) arises from the
fact that features of the spectrum of the neutral system (19) are completely
different than the features of the spectrum of the retarded system (1). At least a
part of the spectrum of the neutral system is asymptotic to the spectrum of the
associated difference equation

N
x(1) = 2 Hx (1 —1) (20)

i=1

which tends to be distributed in a finite width vertical strip of the complex plane.
Moreover, the spectrum can be sensitive to even infinitesimal changes in the
delays, (Hale and Verduyn Lunel, 1993). Therefore, as a preliminary step of the
continuous pole placement algorithm, a procedure to determine the smallest safe
upper bound on the real parts of the spectrum of the associated difference
equation Cp, 1s designed in (Vyhlidal and Michiels, 2004) and (Michiels and

Vyhlidal, 2005). As it has been proved in the mentioned articles, Cj, is a single
zero of the equation

f(c,m)—1, where f(c,m) = max{ra( %er_c”" eIl j 10, € [O,27z]} (21)
k=1

where 7, denotes the spectral radius. It results from this procedure that the
systems which have Cj, >0 cannot be safely stabilized by feedback (13). On the
other hand if C,, <0, the continuous pole placement can be used to stabilize or
improve the dynamics of the neutral system.

5.1 Application example
Consider neutral system (19) given by the matrices

0 02 -04 -03 -0.1 0.2 -0.6 0.8 -1 0.3
H, ={-05 03 0 H,=| 0 02 -01,A=|-21 2.1 -26,B=|-0.2
02 -07 0. 01 0 04 03 1.7 -3.7 0.1

17



and by delays 7, =0.61,7, =1.8 and the single input delay 7 =2.7. In Fig. 8§,
left, the spectrum of the system, computed using QPMR is shown. As can be
seen, the system is unstable with a couple of complex conjugate unstable poles.
First, evaluating numerically f(c,7), the safe upper bound is computed as
Cp =—-0.1446 <0, which implies that the neutral system can be stabilized.

Applying the continuous pole placement procedure, see its evolution in Fig. 9,
the feedback gain is computed as K =[-0.6256 0.3046 -0.5169], which safely

stabilizes the neutral system, see the feedback system spectrum in Fig. 8, right.
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Fig. 8 Spectra of the neutral system (black dots) and the associated difference
equation (crosses), left — without state variable feedback, right — with state
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Fig. 9 Evolution of the continuous pole placement in the iterations of the method
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6. FIRST ORDER TDS MODEL IN CONTROL DESIGN

As has been shown in (Vyhlidal and Zitek, 2001), (Zitek and Vyhlidal,
2003) the model with one integrator and two delays

T?ﬂ/(z‘ —@)=Ku(t—1) (22)

with the transfer function

G(s) = Kexp(—s7)
Ts +exp(—s¢)

(23)

where K is the static gain, 7 is the time constant and ¢,z are time delays, is
suitable and sufficient for describing large frequency range of the dynamics of a
great deal of real plants which are usually described by higher order models. In
the mentioned articles, a method for identifying parameters of (22) is designed
based on step response and relay feedback test (Astrdm and Higglund, 1998).
Consider, the static gain K and the input delay 7 are assessed from the step
response, time constant 7 and the other delay ¢ can be computed from

_ r—arccos{Kk, cos(w,7)}

¢ (24)

@,

_ sin(®,¢) — tan(w, 7) cos(@, $)

T (25)

@,

where @, and k, =4u,(zy,)”" (u,,y, are the amplitudes of system input and
output oscillations, respectively) result from the relay feedback test.

Applying the Internal Model Control (IMC) scheme (Morari, Zafiriou,
1989) to model (23) (Vyhlidal and Zitek, 2001) the resulting Anisochronic IMC
controller (AIMC) acquires the following form

R(s) = Ts +exp(—s¢)

- (26)
K(Ts+1—exp(—s7))

where the parameters K, 7, 7and ¢ are taken from the model (23) and the time

constant of the filter 7, is the optional parameter, by which the closed loop
dynamics is adjusted, because

G (s)= R(s)G(s) _ exp(=s7)
" 1-R(s)G(s) Tps+1

(27)

In the ideal case where model (22) is identical with the real plant
dynamics, the controller compensates the system dynamics completely and the
dynamics of the feedback system are given by the single mode s =-1/T%
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6.1 Implementation of the anisochronic controller on PLC

The AIMC algorithm given by (26) has been discretized and implemented
on a programmable (logic) controller PLC Tecomat NS950 (Teco, Kolin) with
analog input and output modules. The algorithm of the controller, see its schema
in Fig. 10, has been designed taking into account the usual implementation
issues: smooth automatic/manual switching, smooth AIMC/PID switching,
saturation of the control variable, saturation of the increment of the control
variable (also in the manual mode), antiwind-up, three modes of the set-point
variable changes (step, ramp and first order filter), automatic assessing of the
sampling period with automatic resizing the memory registers for delaying the
variables, relay based identification algorithm with computing all the model
parameters.

MR ;
Ramp 14@ e P |— :
f j Controller V / Aljp1+ U / Uge+1 VU

T ; +T a—e : >
Filter > AfMC ﬁsaturation U Saturation .

ControIIer\"'""””'""”"} 2'1 N —
Delay

» K.Tt,9
» 7T

S

Identification

Fig. 10 Controller algorithm scheme of the implementation on PLC

The AIMC algorithm implementation on PLC Tecomat has been tested on a part
of the laboratory heating system shown in Fig. 1. The system here is a heating
circuit with the forced circulation of water by a pump, see Fig. 11. The main
parts of the system are a flow-type heater and a cooler which are connected by
pipelines. The system output variable (controlled variable) is the outlet
temperature of the heater and the system input variable (control variable) is the
heat performance of the heater. The temperature is measured by a thermometer.
The control variable u generated by PLC analog output module controls the
performance of the heater. Obviously, the outlet temperature depends on the
heater inlet temperature, heater performance and water flow through the heater.
If the water flow and the inlet temperature are considered constant, the changes
of the outlet temperature of the heater from the operational point temperature are
caused by the changes of the heater performance.
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Fig. 11 Scheme of the control set up

First step in assessing the parameters of the anisochronic controller (26) consists
in identification of the parameters of the model (22) chosen to describe the
dynamics relationship between the heating performance and the outlet
temperature in a vicinity of a chosen operational point y=75°C (u~62%). The
static gain K=0.25 and the input delay 7= 13s are estimated from the step
response of the system, see Fig. 12, left, while the time constant 7=29.6s and the
delay ¢=11.2s are computed from the critical parameters of the closed loop
k=4u,/ny,=10.9 and w,=1/T, u=0.1255'1, which are estimated from the relay
feedback experiment, see Fig. 12, right, (u,, y, are amplitudes of the control and
controlled variable, respectively, and 7, is the period of the relay oscillations).
The PLC program has subroutines for automatic estimation of the critical
parameters k, and @, and computing the parameters 7 and ¢, as well as
estimating the input delayz. According to the identified parameters, the optional
parameter is chosen 7/=40s, which is large enough to guarantee non-oscillatory
closed loop dynamics and which is not too large to cause slow set-point tracking
and disturbance rejection.
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%'_)' 755 weee e o) — — Y _ R ‘ﬁ'
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75 : g E 78t {1
K=2.5/10=0.25 " o |
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Fig. 12 Left - step response of the system (control signal change Au=10%),
right - oscillations of the relay feedback test
(amplitude of the control signal ©,=15%).
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Fig. 13 Set-point tracking by AIMC controller with the parameters K=0.25,
t=13s, 7=29.6s, ¢=11.2s and 7=40s. w — set-point (desired value of the
controlled variable), y — controlled variable

The results of the control by the PLC with the implementation of AIMC are
shown in Fig 13 where the set-point variable tracking accomplished by AIMC
with the parameters assessed above can be seen. Almost ideally shaped step set-
point response (set-point variable is changed from w=75°C to w=78°C, showing
that the closed loop dynamics is really close to the first order dynamics with
time constant 7/=40s as it is predicted in (27)) proves the very good features of
the anisochronic control algorithm. Also the ramp and first order filter set-point
responses, shown also in Fig. 13, reveal good features of the closed loop
dynamics and proves quality of the implementation.

7. CONCLUSIONS

The main advantage of time delay based modelling approach presented in
this text is that it allows us to build such models of systems with distributed
parameters which have the state variables identical with the measured system
outputs. For example, the mathematical model of the laboratory heating system
presented in Section 2.1, consists of a set of only four first order functional
differential equations with the state variables which represent the measured
temperatures. Let us point out that the time delays have been used not only to
describe the transportation phenomenon in the pipelines, but also in the models
of subsystems with capacities and distributed parameters (cooler, heater and heat
exchanger). Since all the state variables of the heating system are measured, no
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observer is needed and implementation of the state variable feedback controller
is easy and straightforward, as it has been shown in Section 4. However, since
the time delay mathematical model is functional with infinite spectrum of
eigenvalues, special mathematical tools have to be used in the control design.
One of them is the algorithm for computing large parts of the spectrum of TDS
presented in Section 3.

Apart from the state space models, time delay models can also be used to
describe input-output dynamics. As an example of such a model, the first order
model with two time delays is presented in Section 6. In spite of its first order,
the model can be used to describe systems conventionally described by a higher
order model. The control algorithm has been implemented on a programmable
controller PLC Tecomat NS950 (Teco, Kolin) and successfully tested on the
laboratory heating system.

To sum up, results of both theoretical and applied research are presented.
Due to complexity of the theory of time delay systems, there are many open
problems which provide broad potential for further research. Moreover, so far,
the majority of the results achieved in the research focused on time delay
systems have remained on the theoretical platform, which opens large space also
for practically oriented research.

23



REFERENCES

Astrom, K. J. and Higglund, T. A., (1998), New auto-tuning design, IFAC
International Symposium on Adaptive Control of Chemical Processes,
ADCHEM'S88, Lyngby, Denmark, pp. 141.

Bellman, R., and Cooke, K.L., (1963), Differential-difference equation,
Academic Press, New York.
Hale, J. K., and Verduyn Lunel, S. M., (1993), Introduction to functional

differential equations, Vol. 99 of Applied Mathematical Sciences, Springer
Verlag New York Inc.

Kolmanovskii, V. B., and Myshkis, A. D., (1992), Applied theory of functional
differential equations, Kluwert, Dordrecht, The Netherlands.

Michiels, W., Engelborghs, K., Vansevenant, P., and Roose, D., (2002),
Continuous pole placement for delay equations, Automatica, vol. 38, no. 6,
pp. 747-761.

Michiels, W. and Vyhlidal, T, (2005), An eigenvalue based approach for the
stabilization of linear time-delay systems of neutral type, Automatica, vol. 41,
pp- 991-998

Morari, M. and Zafiriou, E., (1989), Robust Process Control, Prentice-Hall.

Olgac, N., Vyhlidal, T., Sipahi, R. (2006), Exact stability analysis of neutral
systems with cross-talking delays, Research report of Centre for Applied
Cybernetics and ALARM lab., Accepted to IFAC Workshop on Time-Delay
Systems, TDS 06, L’ Aquila

Vyhlidal, T. (2003), Analysis and synthesis of time delay system spectrum, Ph.D.
Thesis, Faculty of Mechanical Engineering, Czech Technical University in
Prague.

Vyhlidal, T. and Zitek, P., (2003), Quasipolynomial mapping based rootfinder
for analysis of Time delay systems, In Proc IFAC Workshop on Time-Delay
Systems, TDS 03, Rocquencourt

Vyhlidal, T. and Zitek, P., (2006), Mapping the spectrum of a retarded time
delay systems utilizing root distribution features, Research report of Centre
for Applied Cybernetics, Accepted to IFAC Workshop on Time-Delay
Systems, TDS 06, L’ Aquila

Vyhlidal, T. and Michiels, W., (2004), Continuous pole placement for neutral
systems, In Proc IFAC Workshop on Time-Delay Systems, TDS 04, Leuven

Vyhlidal, T. and Zitek, P., (2001), Control system design based on a universal
first order model with time delays, Acta Polytechnica. vol. 41, no. 4-5, pp. 49-
53.

24



Zitek, P., Vyhlidal, T., (2000), State feedback control of time delay system:
conformal mapping aided design In: 2nd IFAC Workshop on Linear Time
Delay Systems. Ancona, Universita di Ancona, pp. 146-151.

Zitek, P. and Vyhlidal, T. (2002), Dominant eigenvalue placement for time
delay systems,
In Proc. of Controlo 2002, 5" Portuguese Conference on Automatic Control,
University of Aveiro, Portugal.

Zitek, P. and Vyhlidal, T. (2004), A Residue Based Evaluation of Pole
Significance in Time Delay Systems, In Proc. of IFAC Workshop on Time-
Delay Systems, TDS 04, Leuven

Zitek, P. and Vyhlidal, (2003), Low order time delay approximation of
conventional linear model, 4" Mathmod conference, Vienna

25



LIST OF SYMBOLS

Abbreviations

IMC
AIMC
TDS

internal model control
anisochronic internal model control
time delay system(s)

QPMR quasi-polynomial mapping based rootfinder

PLC
Symbols

A(7)
A(s)
B(7)
B(s)
C

C

Cp
G(s)
Gools)
H;

I
Im(-)
K
M(s)
R
R(s)
Re(")

u(?)
u(s)
x(2)
X(s)

y(9)
n,
Ai

Oi

programmable logic controller

functional matrix of system dynamics
Laplace transform of A(7)

system input functional matrix
Laplace transform of B(7)

Banach space

matrix of system outputs

safe upper bound of the spectrum

transfer function of the model approximated real plant dynamics
transfer function of the closed loop system
matrices of the difference equation associated with the neutral system
identity matrix

imag part of -

feedback matrix

characteristic function of the system

real space

transfer function of the controller

real part of -

complex variable, operator of Laplace transform
time

vector of system input variables

Laplace transform of u(z)

vector of system state variables

Laplace transform of x(7)

state of TDS at time ¢

vector of system output variables

temperature

time delays

poles of the system

prescribed spectrum of poles

delay variable, time delay
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