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Optimizacija delovanja absorpcijskega procesa z uporabo diskretnega
krmilnika
Optimization of Operation of the Absorption Process by Use of a Discrete
Controller

HENRIK GJERKES - BRANKO GASPERSIC

Absorpcijske toplotne naprave so izpostavijene stalnim spremembam obratovainih razmer.
Razvili smo adaptivai krmilni sistem, ki se samodejno prilagaja razmeram pri procesu in ga preizkusili
na enostopenjski laboratorijski absorpcijski toplotni érpalki z delovno raztopino H,0-LiBr. Krmilni
sistem se prilagaja na podlagi informacij, ki jih dobi iz dinamicnega modela procesa. 1a se ocenjuje
v realnem casu z algoritmom rekurzivne parametricne identifikacije, v katerem je uporabljena metoda
najmanjsih kvadratov s spremenljivim faktorjem pozabljanja. Parametri regulatorja se na spremembo
delovne tocke procesa adaptirajo v skladu z ustreznim povratnozveznim krmilnim zakonom. V clanku
je prikazano delovanje kompenzacijskega krmilnika s predpisovanjem polov in nicel sistemske
prenosne funkcije. Absorpcijska toploma érpalka z adaptivnim krmilnim sistemom deluje v Sirokem
obmodju delovnih tock brez bistvenih nihanj njenih lastnosti. Sistem se je izkazal z dobrim
kompenziranjem tako zunaj kakor znotraj samega procesa navzocih motenj razlicnih amplitud in
frekvene. Primeren je tudi za krmiljenje sorodnih procesov, saj vsebuje mehanizem za identifikacijo
strukture modela in ne zahteva vnaprej$njega znanja o fizikalnih lastnostih procesa. © 1998 Strojniski
vestnik. Ve pravice pridrzane.
(Klju¢ne besede; procesi absorpcijski, érpalke toplotne, ugotavljanje, sistemi adaptivni krmilni)

Absorption heat devices are affected by varied operating conditions. An adaptive control system
was developed, which adapts itself to the circumstances in the process, and implemented on the one-
stage laboratory heat pump with a H,0-LiBr working pair. The control system was adapted on the
basis of the informarion on the process from the dynamic model of the process. This was estimated in
real time by recursive parametric identification using the least-squares method with a variable forgetting
factor. The controller parameters were adjusted according to the appropriate closed loop control law,
in which a cancellation controller with pole-zero placement was used. An adaptively controlled
absorption heat pump is capable of operating within a wide range of working conditions without
considerable oscillations of its properties. The control system was distinguished by good compensation
of both external and internal disturbances of different amplitudes and frequencies. It is suitable for the
control of similar processes, since it confains mechanisms for the identification of model structure, and
does not demand a priori knowledge of the physical properties of the process.® 1998 Journal of
Mechanical Engineering. All rights reserved.
(Keywords: absorption process, heat pumps, identification, adaptive control systems)

0 UVOD

Z razvojem absorpcijskih toplotnih naprav
(ATN) se je razéirilo podrodje njihove uporabnosti.
DoseZki na podrodju spoznavanja in izboljievanja
procesa so pripomogli k temu, da postajajo ATN
vedno zanimivejde za uporabo, ne samo glede varde-
vanja s primarnimi viri energije, ampak tudi zaradi
okoljevarstvenih razlogov [1] in [2]. RazSirjenost ATN
vrazliénih vejah industrije [3] pa terja od njih optimalno
delovanje tako pri polni kakor pri delnih obremenitvah.

ATN so odvisne od vsaj enega toplotnega vira
iz narave, ki pa seveda nima stalnih lastnost. Posledica
teh nakljuénih nihanj delovnih razmer je lahko
nepravilno in nepredvidljivo obnasanje ATN, zaradi
¢esar jih je treba kompenzirati s primernim krmilnim
sistemom. Pogosto uporabljeni na&in relejnega
vodenja s prekinjanjem dovoda toplote v generator je
cenen, vendar z energetskega vidika slab nadin

0 INTRODUCTION

The field of the use of absorption heat
devices (AHDs) is expanding with their evolution.
Much has been achieved, which regards leaming about
the process and improving it, with the result that AHDs
are becoming more interesting for exploitation, not
only because they reduce the consumption of primary
energy sources, but also for reasons of environmental
protection [1] and [2]. The ramification of AHDs in
different branches of industry [3] demands an efficient
operation by absorption heal pumps with optimum
performances at both full and partial loads.

AHDs depend on at least one source of heat
from the environment, which varies at random. A
consequence of these non-deterministic oscillations
of operating conditions could be an inappropriate and
unpredictable behaviour of absorption heat pumps;
they therefore need to be compensated for by an
appropriate control system. The frequently used ON-
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krmiljenja ATN. Razlog ti¢i v dejstvu, da v intervalu
IZKLOP, ko je dovod toplote v generator prekinjen,
delovna raztopina neha vreti in se ohladi pod
temperaturo nasi¢enja, zaradi Cesar se zmanj3ajo
tlaéne razlike v absorpcijskem procesu. Ko se v
naslednjem intervalu VKLOP toplota spet dovaja v
generator, se doloen fas dovedena toplota porablja
za vzpostavitev potrebne koli¢ine akumulirane toplote
v sistemu, ki zagotavlja ustrezne tlaéne in temperatume
ravni v procesu. Toplotne izgube nastanejo torej med
intervalom IZKLOP in so tem vefje, im bolj se
dejanske razmere obratovanja ATN razlikujejo od
naértovanih [4].

Da bi dosegli optimalni uéinek ATN v obiéajno
motenem okolju, je treba izbrati krmilni sistem, ki
spremlja dogajanje v procesu in se prilagaja na
spremembe v njegovi statiéni in dinamicni
karakteristiki. TakSen krmilni sistem potrebuje model
procesa, ki mu v primerni obliki sporoéa sprotne
informacije o stanju procesa in zanesljive ocene
njegovega prihodnjega obnasanja. Primerna metoda
je eksperimentalna analiza oziroma identifikacija, ki
omogoda gradnjo matematiénega modela procesa v
realnem &asu z merjenjem vstopnih in izstopnih
signalov procesa. Identificirani model je del
adaptivnega krmilnega sistema, ki prek njega zbira
informacije o procesu in glede nanje in glede na izbran
krmilni zakon spreminja svojo karakteristiko. TakZen
krmilni sistem se torej sprotno prilagaja na
spremenljive lastnosti procesa in se lahko adaptira na
raznovrstme, tudi nemerljive motnje. Nekatere izvedbe
pri podobnih procesih in sistemih so opisane v [5] do
[7].

V ¢lanku je predstavljen razvo) primerne
oblike adaptivnega krmilnega sistema in njegovega
uvajanja na absorpcijsko toplotno &rpalko (ATC) ter
analizirano delovanje adaptivno regulirane ATC v
spremenljivih in motenih obratovalnih razmerah.

1 ABSORPCIISKA TOPLOTNA CRPALKA

Laboratorijska absorpcijska toplotna érpalka
z delovno raztopino H,O-LiBr v vodi je prikazana na
sliki 1 in podrobno opisana v [8]. Algoritem
adaptivnega krmilnika te¢e na osebnem radunalniku,
ki dobiva izmerjene signale procesa prek merilnega
sistema HP3852 in po&ilja izratunane vstopne signale
ustreznim izvrilnim Elenom, ki upravljajo parametre
ATC. Naprava je opremljena %e z dodatnimi merilnimi
in izvriilnimi &leni, ki niso potrebni za krmilni sistem,
omogodajo pa umetno motenje procesa in opazovanje
vseh bistvenih parametrov procesa.

Uginek ATC je dvig temperaturne ravni
hladilne vode, ki se segreje na svoji poti skozi ab-

OFF strategy with intermittent heat input into the
generator is an inexpensive, but from the energy
viewpoint poor method for AHD control. The reason
for this lies in the fact that when heat input into the
generator is interrupted (OFF-mode), the mixture
stops boiling and cools to below saturation
temperature, which causes a reduction in the pressure
difference in the absorption process. When heat input
into the generator is switched on again (ON-mode),
the heat input is used for a certain period of time to
establish the necessary level of accumulated heat,
thus ensuring the required pressure and temperature
levels. Energy loss therefore occurs during the OFF
interval, and is greater the more the operating
conditions differ from the designed ones [4].

In order to achieve the optimum effect of an
AHD in a usually disturbed environment, 1t 1s
therefore necessary to choose a control system which
follows the process and adapts to the changes in its
static and dynamic characteristics. Such a control
system needs an appropriate model which can
provide on-line information on the current state and
adequate estimates of the future behaviour of the
process. An appropriate method is experimental
analysis, i.e. identification, which enables the
building of mathematical models of the process in
real time by measuring input and output process
signals. The identified model is part of an adaptive
control system, which collects information on the
process and changes its control laws accordingly. It
simultaneously adapts to the variable properties of
the process, and can also adapt to the operation of
any disturbance, albeit unmeasurable. Certain similar
implementations in related processes and systems can
be seen in [5] to [7].

This paper describes the development of an
appropnately designed form for an adaptive control
system and its implementation on an absorption heat
pump (AHP), and analyses the operation of an
adaptively controlled AHP in variable and disturbed
operating conditions.

1 ABSORPTION HEAT PUMP

A laboratory absorption heat pump with a
H,0-LiBr working mixture is shown in Figure 1 and
described in detail in [8]. The algorithm of an adaptive
control system runs on a PC, which receives
measurements of process output signals through an
HP3852 Data Acquisition and Control Unit and sends
the calculated process input signals to the
comesponding execution elements, which control the
AHP. The device is equipped with additional
measuring and execution elements, which are not

important for the adaptive control system, but do allow
for the artificial creation of disturbances and the

observation of parameters in the AHP’s individual
components,

The effect of an AHP is an increase in the
temperature of the cooling water, which is heated by
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SL. 1. Laboratorijska absorpcijska toplotna érpalka
Fig. 1. Laboratory absorption heat pump

sorber (absorpcija hladiva v delovno raztopino) in
kondenzator (kondenzacija hlapov hladiva).
Povedanje temperature je dolofeno s temperaturo
hladilne vode pri izstopu iz kondenzatorja tew_ow, Zato
je bila ta veli¢ina izbrana kot izstopni signal procesa .

Ma temperaturo hladilne vode pri izstopu iz
kondenzatorja tew o vplivajo razliéni procesni
parametri, Na3a analiza in tudi analize nekaterih drugih
avtorjev [4] in [9] kaZejo, da ima dovod toplote v gen-
erator Py izmed vseh moiznih krmilnih veliéin najvedji

receiving heat on its way through the absorber
(absorption of refrigerant vapours into the working
mixture) and condenser (condensation of refrigerant
vapours). The increase in temperature is determined
by the temperature of the cooling water al the
condenser outlet te._ow; this quantity was therefore
defined as the output signal of the process.

The temperature of the cooling water at the
condenser outlet can be influenced by various process
parameters. During our analysis - and in analyses by
some other authors [4] and [9] - of possible controlled
quantities, it was established that the heat load into
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vpliv na dinamiko ATC in je bil zato izbran kot vstopni
signal procesa. Pri odmiku od nalrtovane delovne
tocke, bodisi zaradi zahtev uporabnika, bodisi zaradi
spremenjenih obratovalnih razmer, se spremenijo tudi
nekateri drugi parametn procesa. Te spremembe so
v modelu obravnavane kot motnje.

2 ADAPTIVNI KRMILNI SISTEM

Struktura uporabljene adaptivne krmilne
sheme je prikazana na sliki 2. Adaptivni mehanizem
vsebuje identifikaciyski postopek, v katerem se doloéi
model procesa ATC, in postopek za dologitev
parametrov krmilnika. Identifikacija procesa je
izvedena izklju&no na podlagi merjenja vstopnih (Pye.)
in izstopnih (tew ou) signalov procesa. Parametri
krmilnika se 1zratunajo v skladu z izbranim algoritmom
diskretnega krmilnika na podlagi ocenjenih
parametrov procesa. Oba algoritma delujeta v
sklenjeni zanki in dolodata parametre sprotno in v
realnem Easu.

izrptun paramctrov kemilnika
caontroller parameter caleulation

the generator Py, exerted the greatest influence on
the dynamic behaviour of an absorption heat pump,
and was therefore selected as the input signal of the
process. In the deviation from the planned working
point due to changed customers’ requirements or
altered operating conditions, certain other process
parameters also change and are treated in the model

as disturbances.
2 ADAPTIVE CONTROL SYSTEM

The structure of the adaptive control scheme
is presented in Fig. 2. The adaptive mechanism
consists of the identification procedure, in which the
AHP process model is determined, and a controller
design procedure. Process identification is executed
exclusively on the basis of measurement of the
process input (Pge) and process output (low_ou)
signals. The controller parameters are calculated
according to the selected control law on the basis of
estimated process model parameters. Algorithms
needed for identification and controller design are
performed in a closed loop, on-line and in real time.

identifikacija i
identification
| ¥ o e n
FE—— {
A |
o i Ll
| A Z proces |
! Process

il Jv ) e s | B
L
controller Q |

S1. 2. Shema adaptivnega krmilnega sistema
Fig. 2. Basic schematic presentation of an adaptive control system

2.1 Dinamiéni model procesa

Dinamiéni proces, moten s Sumom v(k), lahko
opifemo z diskretnim modelom najman;j$ih kvadratov:

2.1 Dynamic model of the process

A dynamic process, contaminated with noise
v(k), can be described by a discrete least-squares
model:

tow_ou(K) == 8, (K)tey_oue(k =)+ ¥ b; (K)P, (k = d i) + C(k) + v(k) .

kjer je

C(k) =12 m{k}+Za (kn® m(l-:-—i}—ibi{k]

i=1
C(k) je dodatni parameter v enachi (1), ki
vsebuje ustaljene vrednosti mgnaluv in se ocenjuje
skupaj s parametri modela a(k) in by(k). Ker mora
biti ustaljena vrednost 1zstopnega signala procesa
enaka podani referenéni (Zeleni) vrednosti,
lew  ou (K) = W(k),se ustaljenawednnst vslopnega
(krml]ncga] signala procesa P (k) izra¢una iz
poprej ocenjenih parametrov a.fk] bi(k) in C(k) z
uporabo enaébe (2).

=]

where
ng{k— d—i) @).

iml

C(k) is an additional parameter in eq. (1),
which contains the steady-state values and is
estimated together with the model parameters ai(k)
and bi(k). Since the steady-state value of a process
output O‘Fnal must be equal to the given reference
valie, t o (k)= W{k] the steady-state value of
the pmcess zn]:rut signal P (k) can be calculated
from the known parameters ak), b(k) and C( k), using
equation (2).



Oplimizacija delovanja absorpcijskega procesa - Optimization of Operation of the Absorption Process 241

Parametri krmilnika se prilagajajo trenutnim
razmeram v procesu, zato mu mora dinamiéni maodel
posiljati informacije o procesu kontinuirano in v
realnem ¢&asu. To omogoca rekurzivna metoda, pri
kateri se model izraduna iz parametrov v prejSnjem
¢asovnem koraku in iz trenutnih podatkov o procesu.
Novi podatki, obiéajno v obliki para vstopno-izstopnih
signalov procesa, izbolj3ajo model iz prejinjega koraka.
Algoritem za rekurzivno ocenjevanje parametrov ima
obliko:

C(k)W(k +1)

The controller parameters are adapted to
current circumstances in the process. The dynamic
model must therefore provide information on the
process continuously and in real time. In the recursive
method, the model is calculated from its values in the
previous step and from actual information on the
process. New data, usually in the form of a pair of
input-output signals improve the model from the
previous step. The form of the algorithm for recursive
estimation of parameters is

8k +1) = B(k) +

AK)+y" (k+ DKWk +1)

kjer je

{'tw_mik ar ll—yTik+1}§(k}] (3).

where

W) =] ~to (k=D te ou(k—m),P (k-d=1),..,Py, (k—d—m),1]

vektor podatkov in

is a data vector and

8 uc)=[Q.(k},.,.,ém(k),ﬂ.(k},...,ﬁm(k],E‘{k}]

vektor parametrov [10]. Casovno spremenljivo
utezevanje uravnava faktor pozabljanja A(k).
Kovarianéna matrika [, ki se pojavlja v enacbi (3),
se izraéuna z naslednjo rekurzivno enatbo:

Lkk+1)=| I(k)-

Nelineama dinamika, ki s¢ spreminja s ¢asom,
je znacilna za veino kemijskih procesov, zato je treba
vkljuéiti v ocenjevalni algoritem primeren adaptivni
mehanizem, ki bo modelu omogodal zanesljivo sledenje
procesu tudi pri hitrih in velikih spremembah delovne
totke, ko lincarizacija ni veé zadovoljiva. Uporabili
smo metodo Easovno spremenljivega uteZzevanja starih
podatkov [11]. V vsakem &asovnem koraku se je
faktor pozabljanja izra¢unal tako, da je ohranjal stalni
delez informacij v ocenjevalnem algoritmu in tako
prepreceval stalno izboljSevanje ocen parametrov. To
Je bistveno, saj se stanje procesa stalno spreminja in
bi stari podatki dajali napacne informacije.

Identifikacijski postopek obsega tudi
ocenjevanje strukturnih parametrov modela. Osnovna
strukturna parametra parametriénega modela sta red
{m) in zakasnitev (d) modela. Oba smo ocenili z
nerekurzivno metodo najmanjiih kvadratov [10].
Zakasnitev modela smo dodatno ocenjevali Se z
rekurzivno metodo [12], kar pa se je v primeru ATC
pokazalo kot nepotrebno, saj so rezultati pokazali, da
je zakasnitev procesa invariantna pri izbranem
vzorénem &asu T. Tega smo izbrali po poprej doloéeni
Zasovni konstanti (¢asovna konstanta regulirane ATC
Jebila 164 s) tako, da ocenjevalni algoritem ni izgubljal
informacij o procesu (predolg T) in da v kovarianéni
matriki I ni prihajalo do singularnosti (prekratek T).

Cayk+Dy" (k+DI) | 1
Ak+D)+y" (k+ DIk +1) | Ak+1)

is a parameter vector [10]. Time-dependent weighting
is regulated by the forgetting factor A(k). The
covariance matrix [(k), which appears in eq. (3), 15
calculated by the following recursive equation:

(4).

MNonlinear dynamics, which varies with time,
15 charactenistic of most chemical processes, and an
appropriate adaptive mechanism should therefore be
mncluded in the estimator, so that the model will also
be capable of following the process during rapid
changes and large changes of the working point when
linearisation is no longer satisfactory. An algorithm
was used which includes variable weighting of past
data [11]. Ateach step a forgetting factor is calculated
to maintain a constant scalar measure of the
infﬂmatipn content of the estimator. In this way,
constant improvement of parameter estimations is
prevented. This is essential, since the state of the
process changes and old data would yield incorrect
information.

The identification procedure also comprises
estimation of the model structure parameters. The
order and dead-time of the model are two of its basic
structure parameters. Both were estimated by the
non-recursive least-squares method [10].
Additionally, dead-time was estimated in real time
using the recursive method [12]. The latter method
15 not essential for this specific process, since tests
have shown that the dead time of an AHP is a time-
invariant for a selected sample time T. This was
chosen on the basis of a previously determined time
constant for the controlled AHP of 164 s, such that
there occurred no loss of information on the process
behaviour (too long T) or singularity in the covariant
matrix I" (too short T).
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Zadetni pogoji za ocenjevanje parametrov
procesa in krmilnika se dolo€ijo v predidentifikacijski
fazi, med katero je proces vzbujan z dobro definiranim
testnim signalom. Po dolodenem ¢asu se ocenjeni
model verificira in zaZene adaptivni krmilni mehanizem
v sklenjeni zanki.

2.2 Diskretni krmilnik

Diskretni krmilnik predpisuje obnadanje
sklenjene zanke. Na podlagi informacij o procesu, ki
jih dobi iz identifikacijskega procesa, algoritem za
adaptacijo parametrov krmilnika minimizira
predpisano kriterijsko funkcijo, katere oblika je
odvisna od tipa krmilnika in Zelenega obna$anja
procesa.

Za krmiljenje ATC smo uporabili
kompenzacijski krmilnik s predpisanimi poli in ni¢lami
sistemske prenosne funkcije [13]. Njegova znadilnost
je¢ filtriranje referenéne vrednosti W in logitev nicel
krmilnika od niéel prenosne funkeije sklenjene zanke.
Struktura krmilnika je shemati¢no prikazana na
sliki 2.

Kompenzacijski krmilnik s predpisanimi poli
in niélami ima obliko:

P(z " Ju(z) = F(z " )w(z) - Q(z™" )y(2)

Sistemski prenosni funkciji G, predpidemo
obliko G :

Fz " )B(z"

- B. GalperSié

In order to set the mmitial conditions for

parameter estimation and controller desiFnl the pre-
identification phase has to be perfo , in which
the process input is perturbed by a well-defined test
signal for a definite time period. After a sufficient
identification time, the estimated process model is
verified and the parameter-adaptive control loop can

be started in a closed loop.
2.2 Discrete controller

Discrete controllers prescribe the behaviour
of the closed loop. On the basis of information on
the process obtained from the identification
procedure, the algorithm for the adaptation of
controller parameters minimizes the prescribed loss
function, which depends on the type of the controller
and the desired effect of the system.

A cancellation controller with pole-zero
placement [13] was used in an adaptive control
system of an AHP. This controller is characterized
by filtering of the reference wvalue W and
distinguishing the controller zeros from zeros of the
closed-loop transfer function. Its structure is
presented in schematic form in Fig. 2.

The control law of a pole-zero placement
controller has the following form:

(5).

A form G_ is prescribed to the systemic
transfer function G, :

yz~d v B,m(z—i}

s Cimer predpifemo obnaZanje celotnega sistema.
Prenosno funkeijo:

T P@HAR)+QE BE )z A,z )

—z =G (6),
thereby prescribing the behaviour of the entire

system. The transfer function:

BmlZ) -4
Az

v enachi (6) smo izbrali na osnovi éasovne konstante
procesa, ojafanja procesa, intenzivnosti fuma, ki je
motil proces, in 2¢lenega obnadanja ATC.

3 REZULTATI

Opazovali smo vpliv spreminjanja dveh
parametrov: temperaturo hladilne vode pri vstopu v
Proces Lw i In masni tok delovne raztopine ms. Pri
prvem parametru, ki je odvisen od razmer v okolici,
so pri realno delujo&i ATC motnje stalno prisotne. Z
drugim parametrom smo simulirali motnje v samem
procesu, ki lahko izvirajo iz nepravilnega delovanja
raztopinskih ¢rpalk, lahko pa so posledica korozije ali
zmanjsanja premera cevi zaradi nalaganja umazanije.
Vpliva tretjega pomembnega parametra, tj. tempera-
ture v uparjalniku, zaradi specifine zgradbe
laboratorijske ATC nismo opazovali. V uparjalniku je
namre{ hladivo vrelo v luZi in se je v uparjalnik dovajala

in equation (6) was selected on the basis of the time
constant, process gain, level of noise acting on the
process and desired behaviour of the AHP.

3 RESULTS

The influence of the variation of two quantities
on process behaviour was observed: the cooling water
temperature at the process inlet t.._, and the mass
flow of the working mixture my. For the first
parameter, which depends on the conditions in the
surroundings, disturbances are always present in real
operating AHP. The second parameter was used to
simulate internal disturbances, which can result from
the oscillation of the solution pump, but may also be a
consequence of corrosion or reduced pipe diameter
due to the accumulation of dirt. The influence of the
third important parameter, i.e. evaporating
temperature, was not observed because of the
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ustrezna stalna koli¢ina toplote, tako da se je
temperatura v uparjalniku spreminjala glede na
razmere v procesu.

Red in zakasnitev modela smo dolodili z
nerekurzivno metodo z iskanjem minimuma
kriterijske funkcije najmanjiih kvadratov pni
razli¢nih vrednostih m in d. Pri ustreznih vzorénih
gasth T = 15 s in T = 20 s smo ugotovili, da za
identifikacijo ATC zado3¢a Ze preprost model prvega
reda brez zakasnitve (m = 1, d = 0). Fizikalni razlog
za to lahko najdemo v prevladujodem vplivu
kondenzatorja na dinamiko procesa. Na spremembo
dovoda toplote v generator se najhitreje odzove
kondenzator, katerega mo¢ je mofno povezana z
dinamiko temperature hladilne vode pri izstopu iz
kondenzatorja (r(Peen, tew_ow) = 0,888), medtem ko je

]

specific design of the laboratory AHP. Pool boiling
took place in the evaporator, whereby an appropriate,
constant amount of heat was delivered to the
evaporator by electric heaters and the evaporating
temperature changed with changes in the process.
The order and dead time of the model were
determined by a non-recursive method by searching
for the minimum of the loss function of the least-
squares model at different values of m and d. For
sample times of T =15 s and T =20 5, we found that
a simple model with structural parameters of m = |
and d = 0 suffices for the identification of an
absorption heat pump. The physical reason for this
can be found in a prevailing influence of the condenser
on process dynamics. In the change of input power
to the generator, the condenser responds most rapidly.
Its power correlates strongly with the
temperature of cooling water at the condenser

& & &
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pozabljanja A v odvisnosti od napake modela e
Fig. 3. a - estimates a(k) and smoothed estimates a_av(k) of the process model parameters: b -
estimates bik) and smaufh&d estimales b_av(k) of the process model parameters; ¢ - estimates of the

working point Pye,

(k) . d - forgetting factor A in dependence of the model error e
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vpliv spreminjanja moéi v absorberju precej $ibkeji
(r(Pubs. tew ow) = 0,217). Kondenzator pa je cevmi
prenosnik toplote, ki ga lahko v sploinem zadovoljivo
aproksimiramo s prenosno funkcijo prvega reda.

Prvi preizkus prikazuje obnaanje ATC pri
spreminjanju delovne tocke, ki smo jo spreminjali s
koraénim spreminjanjem podane referenéne vrednosti
W. Potek parametrov ocenjenega modela procesa je
prikazan na slikah 3a in 3b. Z izbiro ustreznega
zagonskega postopka v prvi identifikacijski fazi so
parametri modela hitro konvergirali. Po sklenitvi zanke
s0 ocene parametrov, kljub uporabi Sumnega filtra,
oscilirale. Zato smo uporabili nizkopasovni filter s
premikajofim se povpredjem zadnjih petih ocen, da
smo zgladili potek ocen parametrov, kar je posredno
zmanjéalo tudi nepotrebno osciliranje dovoda toplote
v generator.

Delovna tofka, oziroma ustaljena vrednost
vstopnega signala Pm.', (k) se je ocenjevala implicitno
[10], pri pogoju t, .. (k)= W (k). Na podlagi
referenéne vrednosti temperature hladilne vode pri
izstopu iz generatorja in ocenjenega modela procesa
je identifikacijski algoritem ocenil potrebni dovod
toplote v generator pri stacionarnem delovanju v
trenutmi delovm tocki. Potek ocenjevanja delovne tocke
Jje prikazan na sliki 3c.

- B. Galper3il

outlet (rPee, tow ou) = 0.888), while the contribution
of the absorber to useful temperature increase of an
absorption heat pump changes very slowly (n{Pae,
lew_ow) = 0.217). Since the condenser is a shell and
tube heat exchanger, it can be satisfactorily
approximated with a first-order transfer function.

The first experiment presents the behaviour
of an AHP during changing of the working point
obtained by stepwise changes of the reference value
W. The variation of the estiimated model parameters
is presented in Figures 3a and 3b. In the start-up
procedure (pre-identification) with appropriate
excitation of the process input signal, the parameters
converge rapidly. Because of the influence of noise,
the parameter estimates oscillated. To smooth the
calculated controller parameters, a low-pass filter with
moving average for the last 5 parameters estimates
has proven useful, and enabled indirectly to decrease
the unnecessary oscillation of power supply to the
generator due to noise.

The working point or steady-state value of
input signal P% (k) was estimated implicitly [10]
l?’?elher with model parameters, whereby
te on (k)= W(k). On the basis of a reference
value of the temperature of cooling water at the
condenser outlet and model of the process, the
identification algorithm estimated the necessary
generator load for stationary operation at the actual
working point, The time variation of working point
estimation is presented in Figure 3¢,
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S1. 4. Adaptivno krmiljenje absorpcijske toplotne érpalke; model: m = 1, d = 0, 1 = 15 s; a -
referencni W in izmerjeni izhodni (krmiljeni) signal procesa to. . b - vhodni (krmilni) signal
procesa Pe ¢ - temperatura hladilne vode pri vstopu v absorber to i
Fig. 4. Adaptive control of the absorption heat pump. Model: m = 1, d = 0, T = 15 5; a - reference
W and measured process output Ie. ..; b - corresponding process input Py ¢ - ltemperature of the
cooling water at the absorber inlet I i
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Faktor pozabljanja A je bil izratunan na
podlagi napake modela e. Na sliki 3d lahko vidimo,
da je bil A majhen v med spreminjanjem referenéne
vrednosti W, s &¢imer je omogoéal hitro prilagoditev
parametrov na novo delovno to¢ko, medtem ko je med
nihanjem zaradi vpliva Suma A ostajal velik (=0,99).
Na ta nacin je identifikacijski postopek dovoljeval
spremembe ocen parametrov pri spremembah
delovne totke procesa in prepredeval njihove
spremembe zaradi Suma. ;

Potck izmerjenih parametrov procesa je
prikazan na slikah 4a-c. Med zagonom krmilnega
sistema, ki je trajal 5 min, je bila ATC vzbujana s
spremembami referenéne vrednosti za 0,5 K od
trenutne ustaljene vrednosti, pri cemer je imel krmilnik
ustrezne fiksne parametre. Po uspedni pred-
identifikaciji se je sproZil mehanizem sprotne
prilagoditve parametrov v povratni zanki, ki je
zagotavljala dobro in Zeleno vodenje ATC v vsch
delovnih toékah procesa.

Za simuliranje zunanje motnje smo pri
k = 285 dvignili temperaturo hladilne vode pri vstopu
v absorber za 5 K, slika 4¢. Tovrstne motnje lahko
vodijo k drastinim spremembam ocen parametrov,
ki ne izvirajo iz dinamike procesa in lahko moéno
pokvarijo obnasanje procesa. Kakor pa vidimo s slik
3 in 4, je krnmilni sistem tudi pri tak$ni motnji ostal
stabilen. Opaziti je mogode le nekoliko potasnejio
konvergenco ocene ustaljene vrednosti med hlajenjem
temperature hladilne vode pri vstopu v absorber na
prvotno temperaturo (do k = 340), kar je imelo za
posledico odstopanje krmiljenega signala od
referenéne vrednosti do 0,2 K.

Slike 5a-d prikazujejo preizkus, pri katerem
je bil poudarek na opazovanju obnafanja ATC z
adaptivnim krmilnikom v primeru kombiniranega
delovanja razliénih motenj, videti pa je mogoée tudi
delovanje nadzome zanke sistema. Predpogoj za zagon
adaptivnega krmilnega sistema je ustaljeno delovanje
procesa, zato je lezenje m o in tew s, sliki Sc in 5d,
povzrodilo pofasno konvergenco ocen parametroy v
zatetni fazi zaradi nenchnega spreminjanja “pravih™
vrednosti, h katerim konvergirajo. Posledica je vidna
na sliki 5a, kjer ima v prvih 400 korakih izstopni signal
procesa poveéano in pristransko odstopanje od
referenéne vrednosti W, Pri stabilnem ocenjevanju
adaptivni sistem tovrstne motnje kompenzira brez
tezav, predvsem zaradi uporabljenega fasovno
spremenljivega faktorja pozabljanja.

Nadzorna zanka je posredovala pri k = 750,
Zaradi dobro nastavljenega krmilnika in slabega
vzbujanja sklenjene zanke (ni sprememb referenénega
signala, ni zunanjih motenj) so pri k = 700 ocene
parametrov zalele nihati, kar je imelo za posledico
nihanje tako vstopnega kakor izstopnega signala
procesa (sl. 5a in 5b). Nadzorna zanka je zaznala
teZave s pozitivno definitnostjo kovarianéne matrike

The forgetting factor A was calculated on
the basis of the model error e. It can be seen in Figure
3d that A was small during chm‘mjges of the reference
value W, by which it allowed rapid adaptation of model
parameters on the new working point, while during
oscillation due to noise A remained large (=0.99). In
this manner, the identification procedure selectively
enabled the changes in the estimates of parameters
in changes of working points, and also prevented
changes in the model due to noise. i

The time variations of measured quantities
are presented in Figures 4a-c. During the pre-
identification phase, with a duration of about 5 min.,
the absorption process was excited by changing the
reference value W by about 0.5 K from the actual
steady state value, whereby the controller had
prescribed fixed parameters. This was sufficient for
reliable parameter estimation, since the model
improves in closed-loop operation, and the

ameter-adaptive control loop was started in closed
oop. After that, identification and controller design
were performed in each sampling period, and go
control performance was achieved at all operating
points,

As an external disturbances, an immediate
increase in the temperature of cooling water at
absorber inlet for SK was caused at k = 285, Figure
4¢. This kind of disturbance may lead to drastic
changes in the estimated parameters, which do not
result from changes of process dynamics and may
cause a deterioration in control behaviour. However,
as can be seen in Fig. 3 and 4, the control system
remained stable. A slightly less rapid convergence
of the estimates of steady state values can be noticed
during cooling of the cooling water to its previous
temperature (down to k = 340), during which the
controlled value deviated from the reference value
up to 0.2 K.

Figures Sa-d present our experiment, the
emphasis of which was on the observation of the
behaviour of an adaptively controlled AHP in the
case of combined disturbances; however, the
operation of the supervision level can also be seen.

e precondition for the start-up of the adaptive
control system is steady operation of the process,
therefore drift m ., and t._,, (Figures 5¢ and 5d
respectively), caused a slow convergence of process
parameters in the initial phase, mainly due to constant
changes in “true” process parameters to which the
estimation algorithm converged. The consequence
of this can be seen in Figure Ea. in which the output
signal t.. . has an increased and biased deviation
from the reference value W in the first 400 steps.
Once the process model parameters had converged
to true values, the adaptive system adapted without
any difficulty to such disturbances, mainly due to
the forgetting factor.

The supervision level intervened at k = 750.
Due to a well-tuned controller and no persistent
excitation of the control loop (no changes in the
reference signal, no external disturbances) model
parameter estimates began oscillating at k = 700, the
consequence of which was the oscillation of the input
and output process signals (Fig. 5a and 5b). The
supervision level detected difficulties with a positive
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SL. 5. Adaptivno krmiljenje absorpcijske toplotme crpalke. Model: m = I, d = 0, t = 20 s; a - referencni
W in izmerjeni izhodni (krmiljeni) signal procesa tew ou: b - vhodni (krmilni) signal procesa Py ¢ -
temperatura hladilne vode pri vstopu v absorber .. in; d - masni tok delovne raztopine m,,
Fig. 5. Adaptive control of the absorption heat pump. Model: m = 1, d = 0, T = 20 s5; a - reference
W and measured process output ltew s, b - corresponding process input Py, ¢ - temperature of the
cooling water at the absorber inlet 1. .., d - mass flow of the working solution Mo

L, zato je s spremembami referenéne vrednosti W
prik = 750 kratkotrajno vzbujala proces. S pridobitvijo
novih, bogatih informacij o procesu se je adaptivni
sistem stabiliziral.

Na proces ATC deluje $um, ki izvira iz
nakljuénih napak pri merjenju signalov, iz spreminjanja
zunanjih virov toplote in iz neustaljenih pogojev v
samem procesu zaradi spremenljive omo&enosti cevi
v absorberju, spremenljive ravni hladiva v uparjalniku
ipd. Adaptivni krmilni sistem je vse tovrstne tefave
uspedno kompenziral, kar se kaZze v majhnem odklonu
krmiljene temperature hladilne vode pri izstopu iz
kondenzatorja od referenéne vrednosti. Standardno
odstopanje Lw o na sliki 4a med k = 200 do 270 je
0,07 K, innasliki 5a za k = 800 do 1600 (trajanje 4,4
ure) 0,05 K.

definiteness of the covariance matrix I and excited
the system with defined short-term changes in the
reference value W at k = 750. By obtaining new and
useful information on the state of the process, the
adaptive system stabilized.

The process of an AHP is contaminated by
noise, which originates from random errors in signal
measurement, from changes in external media and
from the non-stationary conditions in the process itself
caused by changeable wetting of pipes in the absorber,
changeable refrigerant level in the evaporator, etc.
The designed adaptive control systemn dealt with noise
successfully; this resulted in a low deviation of the
temperature of cooling water at the condenser outlet
around the set-point. The standard deviation te o
in Fig. 4a between k = 200 t0 270 is 0.07 K, and in
Fig. 5a for k = 800 to 1600 (a time interval of 4.4
hours) is 0.05 K.
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4 SKLEFI

Analizirali smo primernost uporabe
adaptivnega sistema za krmiljenje absorpcijske
toplotne &rpalke. Adaptivni mehanizem obsega
identifikacijo procesa in izradun parametrov
diskretnega krmilnika, ki se izrafunajo na podlagi
ocenjenega modela procesa. Oba algoritma teceta v
sklenjeni zanki, sprotno in v realnem ¢asu. Pri gradnji
modela ni potrebno poznavanje fizikalnih lastnosti
krmiljenega procesa, je pa mogode z uporabo korelacij
ad hoc iz ocenjenih parametrov procesa opazovati
nekatere fizikalne zakonitosti v procesu,

Delovno tocko absorpeijskega procesa smo
spreminjali s spreminjanjem referenéne vrednosti
izstopnega signala, s spreminjanjem temperature
hladilne vode pri vstopu v proces in s spreminjanjem
masnega toka delovne raztopine. Po obseZnem
preskudanju smo ugotovili, da je adaptivno krmiljena
absorpcijska toplotna Crpalka zmoZna delovati v vsaki
delovni toki delovnega obmo&ja brez bistvenih nihanj
svojih lastnosti. Sprotno prilagajanje krmilnika na
dejanske delovne razmere zagotavlja Zeleno in
umirjeno delovanje ATC, ki je optimirano v trenutni
delovni tocki. Relativno gladko spreminjanje dovoda
toplote v generator je ohranjalo stalno kolidino
akumulirane toplote v procesu in preprefevalo 1zgube
zaradi prevelikega nihanja toplotnih in masnih tokov.

Opisani krmilni sistem je bil zgrajen tako, da
lahko identificira in regulira ne samo absorpcijske
toplotne érpalke, ampak tudi preostale enostopenjske
absorpcijske toplotne naprave. Za nadaljnjo
optimizacijo uinkovitosti absorpcijskega procesa bo
treba zgraditi adaptivni krmilni sistem z ve¢ vstopnimi
in vet izstopnimi signali procesa.

4 CONCLUSIONS

The suitability of an adaptive system for the
control of absorption heat pumps was analyzed. The
applied model identification adaptive mechanism
consists of an identification procedure and a
controller design procedure in which the controller
parameters are calculated on the basis of the
estimated process model. Both procedures took place
in a closed loop, on-line and in real time. No
knowledge of the physical properties of the controlled
process is necessary to build the model, but it is
possible to reversibly infer the behaviour of certain
physical quantities by using ad hoc correlations.

The working point of the absorption process
was varied by changing the reference value, by
changing the temperature of cooling water at the
process inlet and by changing the mass flow of the
working mixture. After extensive testing, we have
established that an adaptively controlled absorption
heat pump is capable of operating at any working
point in the operating range without considerable
oscillations in its properties. With on-line adaptation
of the controller to actual operating conditions, the
AHP achieved the desired behaviour with low control
effort, which was optimized at the current working
point. A relatively smooth continuous heat flow input
into the generator resulted in small fluctuations of
heat and mass flows in the AHP, thus reducing loss
in the process.

The adaptive control system described was
constructed so as to be capable of identifing and
controlling not only AHPs, but also other single stage
AHDs. For further optimization of process efficiency
and for multi stage AHDs, an adaptive control system
with multi input-multi output configuration would need
to be developed.

5 0ZNACBE
5 NOMENCLATURE
polinoma prenosne funkcije modela (reda m) AB polynomials of the model (order m)
koeficienti polinomov A, B, F,P in Q a,b.f.p.q coefficients of polynomials A, B, F,Pand
parameter ustaljenih vrednosti Cik) parameter of steady state values
zakasnitev (mrtvi £as) procesa d dead time
napaka modela e(k) madel error
polinom filtra referenéne vrednosti (reda m) F polynomial of the prefilter (orderm-1)
prenosna funkcija G transfer function
diskretna éasovna enota, korak (k) discrete time unit, step
red modela m order of the model
masni tok m  (kg) miass flow
toplotni tok, signal procesa P (W)  heat Mow, process signal
polinoma prenosne funkcije krmilnika (redam+d-1) PQ polynomial of the controllers {(order m+d-1)
interval vzoréenja T (s)  sample time
temperatura, signal procesa I ("C)  temperature, process signal
odmik krmilnega signala od njegove ustaljene ulk) deviations of the control signal from its
vrednosti steady state value
Sum vik) noise
odmik referenénega signala od njegove ustaljene  wik) deviations of the reference signals from its
vrednosti

steady state value
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podana referencna vrednost Wik) (°C) givenreference value
odmik krmiljenega signala od njegove ustaljene yik) deviations of the controlled signal from its
vrednosti steady state value
spremenljivka Z-transformacije z variable of the Z-transformation
vektor parametrov (reda 2m+1) ak) parameter vector of order 2m+|
vektor podatkov (reda 2m-+1) k) data vector of order 2m+1
faktor pozabljanja k) forgetting factor
kvadratna kovarianéna matrika (reda 2Zm+1) (k) covariance quadralic matrix of order 2m+1
Indeksi Subseripts and superscripls
ocenjena vrednost o estimated value
ustaljena vrednost 00 steady state value
absorber abs absorber
kondenzator con condenser
hladilna voda pri vstopu v proces (absorber) cw_in cooling water at the process (absorber) inlet
hladilna voda pri izstopu iz procesa (kondenzatorja) cw_out cooling water at the process (condenser)
outlet
uparjalnik eva evaporatlor
generator gen generalor
vodna raztopina litijevega bromida zol aqueous lithium bromide solution
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