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Abstract 

Intelligent ventilation techniques are able to maintain the air exchange rate in domestic buil
dings necessary to fulfil hygiene, health and building physics requirements. Controlled air 
ventilation is essential for minimising heating loads of low energy buildings. This paper deals 
with the development of a new indoor air condition control strategy for domestic buildings 
with a conventional heating system, non-central ventilation and outdoor blinds. The control 
uses information about the indoor and outdoor climate, user specific behaviour and solar 
energy gains. Firstly, a Matlab/Simulink model of the thermo-, hygrodynamical and air venti
lation process behaviour is introduced. The model calculates the state variables of the indoor 
air of a room (temperature, humidity, air pressures, mass flows) depending on the actuators, 
existing interactions with adjacent rooms and internal as well as external disturbances. The 
model is used for simulation of the rather complex heating and ventilation system, the opera
tion conditions and the closed loop system performance. 

The demand guided control for the indoor air condition is achieved by using a hierarchical 
control structure. The supervisor co-ordinates the heating and air ventilation in such a way 
that the indoor air condition is kept within given limits. Depending on the indoor and outdoor 
air condition, the storage capacity of the building envelope, weather conditions and user be
haviour, an appropriate operating regime (e.g. night setback, temperature setback) as wells as 
suitable setpoints for corresponding basic controllers are chosen by the supervisor control. A 
knowledge based strategy using experience is developed. 

Furthermore, the setpoints are influenced by the presence of inhabitants. Since the indoor air 
condition is characterised by strong interactions among state variables, and exhibits strong 
non-linear behaviour depending on setpoint and ventilation, classical controllers for tempera
ture and humidity are inefficient. For this reason a multivariable model reference adaptive 
control for air temperature and relative humidity is introduced as the basic control loop. For 
hygiene and health conservation reasons a certain air infiltration rate control is required. The 
demand guided control has been tested with the simulation model. Results while using the de
mand guided control for a test reference room are presented as well. 

1 Introduction 
Modem building design tries to meet the demand for minimal energy consumption and capital 
costs. Thermically high-insulated building envelopes, large insulating glazed areas, windows 
and doors with almost air-tight joints and a building-design which is suitable for utilising 
solar energy have led to a substantially reduced natural air circulation within the building. But 
due to inappropriate ventilation techniques a total amount of energy of up to 30% is wasted. 
Only intelligent ventilation techniques are able to maintain the necessary air infiltration rate in 
view of hygiene, health and building physics considerations. Controlled air ventilation is 
essential for minimising heating loads of low energy buildings. The development of efficient 
installation bus systems for domestic usage creates the conditions for a superior new quality in 
functionality and operation comfort of domestic technical equipment and appliances. 
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The presentation shows the development of a new indoor air· condition control strategy for 1 ' , •• 

domestic buildings with a conventional heating system, non-central ventilation and outdoor ,) ci, 
blinds. This leads to a rather complex heating and air ventilation process where an appropriate 
control strategy must consider the indoor and outdoor air condition, user specific behaviour 
aml solar energy use. 

First, a process model for the thermal and hygrodynamical plant operation of the indoor air 
condition of domestic buildings is introduced in Section 2. The model programmed using 
Matlab/Simulink [Mat93] calculates the state variables of the indoor air of a room 
(ter~perature, humidity, air pressures, mass Dows) depending on the actuators, existing inter
actions with adjacent rooms and internal as well as external disturbances. The model will be 
used for simulation of the rather complex heating and ventilation system behaviour, the opera
tion conditions and the closed loop system performance. 

The demand guided control of the indoor air condition. is achieved by using a hierarchical con
trol structure as shown in Section 3. The supervisor co-ordinates the heating and air 
ventilation in such a way that the indoor air condition is kept within given limits. Depending 
on the indoor and outdoor air condition, the storage capacity of.the building envelope, weather 
conditions and user behaviour both an appropriate operating regime (e.g. night setback, 
temperature setback) and suitable setpoints.for corresponding basic:controllers are chosen by 
the supervisor control. A bi~wl~dge-based strategy using experience i~ developed in Section 
3.4. 

.\ ': 

" I 

Since the indoor air condition is characterised by strong interactions among state variables, 
and exhibits non-linear behaviom dependt1~g onHt~ ·~etpoint and ventil~tibh!'cJassicaJ . .. ,, I 

controllers for temperature and humidity are inefficient.! For this reason a multivariable model 
reference adaptive control is introduced as a basic control loop as explained.in Section

1
3 .3 .1. 

The contrplled variabl~s ,are{ the air temperatme and humid~ty, i.e. control ensures that a g·ven 

upper limi~ ?f relati
1
ve h~id.ity .is not ~xceeded. l~h~1?1~ty is ~ giv~n; limits o: espec!ally 

smce loose Control bf hmrudity. lS reqmr.ed, a certam atr infiltratlo?- rate control is r:quired for 
hygiene'a.I).d health :conservation reasons as explained in Section 3i.3.2. The demand guided 
contrnl ~1.as be~n te~-ted with the si1;nulation mo'del as sho~n in .S:ection ff. Results

1 ~hile using 
the demarld. guided contrf?l for <:1- test reference room are presented as Vljell. , . 

I I I I .. '! ·, • I .. ' I • f1 
( ; • ,.., .. • • ' , ' b. \f ~ -I ~'I I 

2 Model of'theindoor Air Condition' 'i 
I I . 

2.1 De.5crip~b~n· o tlie1 System·.to be Co~trnlled .. ·.1.1, 
1
: • , · 

. - '. , . ·1 • ·"· ,.,, ,• I I 
The mod~Hect"i·o'b~ is characterised by. a cenn;al .heating,,§.ystem, :Where one radiator per room 
is equipp 'd wit?- an electrically operated ".alve, and a n,on··~ehtral 

1
ventilatiol}jsystei;n ,w'ith a 

speed C<j)~trpJJ~d .fan1 ~ Ad,i,t;ionally a supply op.e1 ing jp,tl,le_,tf yelope and relief openii1 , in the 
door ar~ impleinei1tea (Fig. 2.1): T he wjndow is equipped wit11 outdoor blihtls that earl be 
positione<iWitn rega:td to-op·ened distance and fin ai.1.gle. · - · 

• "f '• I 

~ ' >; ' 

2.2 Characterisation of the System 
.,, 

The system to be controlled (Fig. 2.2) contains the ihputs radiat01<valve lift.:h, related fan': .. ~': i 

speed n @dlppsitipfr.of the! m1tdoqr; pliJ11.ps .L )Ql1tPpt~ are t~~ <;t,iF}l11JlP,erat~~ i}} L, ;w.q th,y. IL; 

indoor relative hmnioity. <p L1: The rdisturbances, are·SQW, t~mpe:i;atu~·e. -~l v;i. putdq~L~~.~ ,;.; ! t. i, , __ . 
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tempevatur,~. Sa'; radiation -i0> internal heat gains Qi ,1 PJUtdoor relative humidity <pa ai;1:d internal 
moisture gains 'Ihn:i;. :!; .r __ ,, :; . ..i·, 1:» ,v.,: ~- jj ;_ . , .. .. 
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Fig. 2:2: Blockstrucfilre,oHh~'l.'dommo,9,t(l _ ":~ ;!1:q,,, 1 • . :: ~;['1) iuU- .. ·1t:v:•0 'J · ,,f" _
1

-. I • 
~ .Ii I · 

If a larget iliHdel bf'rtiore·than1cfue ro6m1 ig'.~trahried 1withihiote>i-00m-.rijcMetsrcoupling, . , r · ,.,,, 
variables WaVe td be >defined.' Thes.e'tetmsi~re the' ai't1temperature SL;N, !rilioorrr'elati:w~ J ·1< ' 

humidity <pL,N and the indoor air pressure PL,N . 
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A room model was developed to analyse the static and dynamic tran.s~er ~ehavippr. Accordi:t?-g 
to its physical effect the partial models of the various transfer systems are put together. Since 
the program Matlab/Simulink was used, the Laplace transform representation was adopted. In· 
the s-plan~ the handling i~ mqre efficie:i;it 1fiipd the ·outfit is much better than operating)inJ)1~.: , 
time dp~ain. '.fhe couplings, ofv?rio~s transfer functions like e.g. series and parallel:cQnnec,, 
tions are much easier to see,. i:\noth:e.r;,a,c,livantage is that it's poi:;sible to, test all transfeF . '. :·. · .• :; 
function~ for sta~ility wh~n :9utt~µg the coupling af\d using,a ciefined input at ,this,,poi:nt.. . (' ·· 

,. ' ·• ' · 1 
, . 

2.3 Ventilation Model · 
1i ~i. n 1 1 • , ·• , • 1· 1 ;. ' ~ . . 

Fig. ,2) shows the in:flJJence of the yentil.ati~>.n c;m flw ~~lativ~ humidity .~nd the indoor air tem-
. I ' . ·I : . I \ 'l ! i· ... _ •. - : ·' 'I ; _ J I ' ';. ' 

perature. The ventilation model is characterised hy Fig. 2 1~.~ ,Tn.tl)e ~prr~rtyersion, t~e ~upply: 
and relief resistance are defined to be constant. In future it will be possible to influence the 

~=ista11ce .. A controU~d c~a~ge qf th~ ventilationr· onl~ su~p()~ed pY, th~. ~p~eci cohtroll:~d 
1

, 

0 I I l 

Pa 
- ... I. ,.J ,. -----------:>; ' ,.· 1 
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"I 

The room ventilation is calculated by one node and ;t'~v7o mesh equations·:_, I-... 

IDzu + rilTuer - rilvent = 0 f L 
I r· .... 

-. j • 

... ( 
. I 

•.; :;n r 

;bzu !ffiz~ :jm~~J- bTue> ihTuer ·'JmT~erl .:_tPa '-PL,N') = 0 
:;;·r: . r •• (: 

i! (22·~· 'i; 

~·) .. ~1; .~; 1 ;;:;·~~'1 

:~ 1 :' ·1 ·,_:r ! i .-~ ~;, - !1 · ', :~·.11,1'.; .. _ .--! .;1:; ' 1~\~1:1; .<~·i.,!Cltt(\:~ t 

where bK1 --+ oo if rilvent < 0 . 

The resistance coefficients bZu• bKI and o.fu~~ . depend: on 'the' lb car resistilice, coefficients'· e;l "(~) /i 
~ ' l • . 

~ : • r I • 
'( 2A) 

,, I 

an4, ar~. as~ume,~ .to qe kli0i~n._, .. . ,. :! :. : , , 1 '.:. ;,.J'':!: ~· 11 ·rr ,r; J i 1 ik · ,»Jn: .,, 

If the fan is out of operation, :the equati'ons (2'.il) to (2:3)'ate' valid f6r'Uie'~aforal v'eri.tilation' ' ' 
computation as a result of the pressure differences between the inside and outside of the 
building. The thermal buoyancy is neglected. · ~ .':l i. ;;·; , k H 1i'"·' · :', 11·: ;! " 

The calculated air mass tidW~';are ireaied iri'both t~iripetathrd:a'Ad ill6i~~u~e ltid<let§'. ThJylrave 
a decisive influence on the dynamics and static of the room transfer behaviour. 
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2'.4 · TeniperatU.re 'Modkl · · · ':: : · 
.,i . ' • ~l ~/ / • :· ~ ; I; ' '. J , (:, ! -~ ; ,I : ·, (".) : i: 

I ,, 

'· 
., P t I " 

2.o:tl ·.:.P:attial model of the room air · , 

Extensive investigatio:b's have been don~lwith the sirriuldtidl'i program ResCUE [Hari94], com
puting the:robm: air flow: 'The mom has' been divided.in bOnsideratfon of its flow behavi~ur 
into several zones '(nmlti-zone model). At' the; currentti:me nO: simplified description ofthe · 1 

• 

room air .flow exists;This is daused by·a stfongidependence of the room air flow on the 
boundary conditions like e.g. wall surface temperatures, solar gains, positions of internal 
gains, supply speed and supply direction, position of internal flow drags. · 

11 

Preseht1y'the air is considered as an id~Unixed z6'nl 1."Be partial diffetential equatioh' ( 2:5 ) 
is the basitdf the tempeiiture:~Qdbl ·· - : ' "· · · · · -' · ' 

,J' i''. J i ( I • . : ., ·, ··~ !... - ,. ! ,,,,, n~. 1:f:'.\1 , . ~.:; • J~ 

mL\;P :i8,'9:L ~-f (<'.f~( : [3·~b! - 1SL])'i + ·f(ift~ '.·~;·;[3~u·~<~~nj +'fc~~:.k · (·2.5') 
0t i=I j=1 k=l 

I 

This equation can be rearranged so that the time-dependel!t disturbances and i;nput_~ _are on the 
right hand side and only terms ~ith the output air temperature are on the left hand side. 

11 .:·-i ,'·, I: "i I 1.; • ....... ,, r ',' ', qJ 

The Laphce transformation.ofihe.differential equation yields 

lle(~)·~)j,;.:: ·; 1 (f(i M>~(s));. + f(~-~~,.(s))j + f (.K·L'lQr(s))I . . ! ~ (2.6) 
1 + TlL . s i=l j=l '• k~! / ),, ' 

I.';·., J. '." • . • ' \' ' \} I:•-
. . . 

The main advantage is that the differential equation has beeri changed into an algebraic 
equation. The surface temperatures cann~t be co~trol,lec;t . .Tl.\ey t'.ssent~ally, depend 011: the . 
location and that is why they are not suitable for·a measi.frable van'able

1
• These temperatures 

can be modelled and attributed to measurable homogerreous variabl~s. 

2.4.2 Partial model of a wall 

As there is a great variety of wall structures it is rather difficu,lt to rnpdel easily th~ exaGt wall 
transfer behaviour. The differential equations of a sandwich wall in the s-plane are solved in 
[Kna92]. _9utput is the wall surfaGe temperatur

1
e, inr,~t~iar~ the amb~enttemperatures. The 

transfer functions are transcendental. , 

A simplified approach for modelling the wall surface temperature is given by a 1Jirst-otder 

system"';'.ithdelay. C ·; . , 
111

,
11

H \. , ·. 

In the s-plane one obtains 

L'l®w(~),= 1 +T~~. ~({~. )~.0:L{s):+~'F;s)~ldirlijd.itr(~),)+H:. 
! • ):. . . ,.., 

e-TLw·S • 

... + \ ·(K. ·L'l@.(s)+K'ws·L'lidir+diff(s)) · 
1+ Tlw ·S ' 

,( 2.7,) 
I I { • ' '\ t 

The parameter can be approximated via frequency response. Accdidiilg to:eq\:iatioh.'(2.1') a · 
siI11:ple;;trnnsfer functiop.· was found:flJl-d M~~ RO~&il:J.l~.:~<? d~l?Y,i;i.be. ,an prdjp~ wall_. : 11, · , , _ • : 

';: , ·lr~JJ ·,' .r:t:, .:! ;~r: ~~/'I~'') c.~J~: t:~ .. :~jll.1~ .,,1n·; ,.f 1c ·:1r~1 ~· JJ ·~~)1 ~-~,,.-: 1 r 1 ,1;1:L~~r1 1 

2.4.3 Partialmodelofaradiator J,c.i . ·d:·;·;;r: .: ·c,Jr;\ ·"'1 i '.lfJ'r ,;;: _,, 1T .'jt!i:Jij, 

To b~~~i; wit~,:~ rad'~~.or:~ffl ~1e. q~~.9?:?_1? ~:~ ~fl i~e,~l iµi~~d qhaipJ~ri~ : '.; ~.;:, .11 '. :, ., 1 , <;: .. 
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mHW ·CP · BSOtHW = IhHW ·CP ·(Sz,HW -SHW )-a; ·A; ·(SHW -SHK). ( 2.8) 

The radiator temperature can be modelled in different ways. A first approximation is given by 
an easy static model and a second by a first-order system for more detailed computations like 
e.g. a cast iron radiator. An example of the first named model is characterised by .,, 

( 2.9) 

As a good approximation-the heat conduction resistance can be neglected. This:leads to a 
simple relation of the coupling factor ' 

( 2.10) 

In consideration of a;>> aa one yields in the s-plane 

1 

Ihrn,, · c_ +a. ·A. 
~0 - .l.LYY J-' U a HW - . ( 2.11 

) 
The return temperature is a system variable depending on the water mass flow, the flow and 
room air temperature. In· verifications it was estimated that tliis model is to coarse. The 
radiator was divided into n-parts whete all' parts are in a series colirtecti'oh. For that'purpose 
one cap., tran~form equatiol,l. (2.11) into the rep;r,ese.ntatjo,ll 1, • • , .. : , • ; • . · ' 

· A ·n ( ,. ) ~®. · 1~'G('s)n _.(m·· :c )n ·;Ll'® ·. ··+a· .. _a ·
1°" '(In' '.c: )z-i '.b(s)z ·Li® 

,HW,n HW p Z,HW . a 'n .~ ·. HW ::·:P )! : .. ' L 
z=l 

where 
: I I, 

r. I 1 I, I . ·,. 
· ·r' "· · · Aa m· '·c"+a · -

G(s) = __ HW __ P __ "_ n _ _ 
mHW ·CP 

1+ ·S 
n·IhHW ·CP +aa ·Aa 

I I ' ·, 

i.} I ' _, .~- 'I 'J ; " \ i; ,{ ; 

r" 

,. 
.... ~ ,, '• l I" ; I ': _, { .1 .! ' - ~ ! ' ~ ~~ \ ;· ' l l : : : l ''· ' ' I": I 

·' ·'' .. 
, I 

.•: 
. • . , I"· 
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,5.5 
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Fig. 2.4: Comparison of model~~d ,ai;i,d 01easured t~mperatures. The radiator was modelled as 
, ~ a ~eries conneqt}o? .of:.n=l, n=4 and n=9:fi~~t-order.syste~s (fos), respectively. 

Measurements has been done in a radiator laboratory of the Institute for Thermodynamics and 
Technical Installation of~uildin~s. This· laboratory is equipped with five boxes supplied by a 
heating system. Temperature sensors are arranged at all meaningful points, in the air and in . 
the heating system. 

1i I 

A good agreement between measured and modelled values was reached when the radiator was 
assumed to be a series connection of nine identical first-order systems. Both the time constant 
and the gain must adapt in this case. It could be estimated that a series connection of four first-
order systems is sufficient (Fig. 2.4). .. 

2.5 Moisture Model 

2.5.1 Partial model of the room air 

The partial differential equation of the moisture the model based on is as follows 

Om 
D,RL L. L. = mD zu - mD ab " 8t ' ' 

( 2.12) 

The supplied moisture mass flows consist of the two components internal moisture gains and 
entered moisture connected with ventilation processes (2.13). The exhausted moisture mass 
flows consist of the moisture absorption of the wall and the moisture of the exhaust air (2.14) 

( 2.13) 

n k 

L riJ.D,ab = L ( riJ.D,W ) 1 + L ( riJ.D,L,ab ) 1 • ( 2.14) 
1=0 1=0 
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A closer inspection of thDL yields the connection ofboth·supplied and exhausted moisture·' · 

mass flows and the air mass flow as a result' of the ventilation calculation · 1i I 

... : ' ' I ... 
2.5.2 Partial model of the wall .I t , ' 

The moisture absorption of walls depends on the water vapour partial pressure. Many calcula~ 
tions demonstrate that the vapour diffusion through a solid,,extemal wall is of less meaning in 
the time-independent case. That's the reason why the wall can be assumed as a first-order;. , , , 
system that does not transmit the moisture to the outside surface. These assumptions are valid 
for hygrodynamical conditions in the wall. ' . '' . '· · 

' I 

Measurements by Setzer/Hohmann [Set94] show that.an imptementation of a m.qi~ture bu:ff~r, 
fun~tion is useful ' •' ' ' ' , , 1 

' ' ' ', . , ' ' , ' 

1 

. 'I 

1 

, : 

'1_1, .. 

F(t) = ~gw.w(t) =a. e-(~f: . .. ·· 
A,~ {+\ 
L..l't' L \.I 

! ' : , .. 

{2.16)' 

1<".t As a good approximation it can be assumed th~t m:::; I'. Given that xL << 0.6222 and · 
x8 << 0.6222 the following transformation is permissible ', 

. ' ,, 

-· ' 

. ·. t• !•,• ' '· ... '• •• 

''. ., .. 
,. 

( 2.17) " ~ 

Furthermore~ the following is valid (Kue9S] 

gw,w = J(mD,w ·Aw )dt. 

. '•. 
(2.18) ' l 

: \' • }'•1 

With the above mentioned assumption one obtains a first-order, system for the wall. The input 
is the relative humidity and the output is the absorbed moisture mass. Tl;iis, yields ! , 

t ~ ; • •• + I ( 2.19) . f. 

I j I ' . • l ' ' I ! I ~; ' ' ; I ! ~ • ' ( ; I ~ I t • I ... .•,I t 

The moisture mass flow transfer between the wall and the air is now given by 
' • 

1 

, '\ ~ ' 
1 

' •, '• I ) \ 0 ' • 

. K 
, ··-'·S , ., 

' . ii I . ' ' . ~ ! , . . . t ': .. • • 

ilm'~ w ( s) = Xs · ~x~ (~). · 
· · · l+T·s , , · 

' ... • !1 . I, ·1 

I ' .i !· 

•. ·c 2.20)' .. · 
+ ••• 

t., .. '• I ' . I 

3 Design of the Demand Guided: Cont~ol ·· 'J' 
I ,. J, 

(' ; '/i •;.,1 I. ' • , rl•f,! 

3.1 Control Objectives · 1• ' :., ,, " 
A principal requirein~nt confroliiiig indoor ~ir' cotiditidl1

1 

is 'tlierm~i, comf6rt wlth the :coill:po- : ' 
nents air temperature, humidity, air flow, and heat radiation. Thermal comfort depends on:'' 
various physical variables and is an individual·perception. Nevertheless, there are recom
mended values for these variables [Reck95] : 

rate for outdoor air infiltration rate : /.. ~ 0. 5 11-1 

Demand for fresh air depends on room usage, number of persons present, size of the residence 
and other variables. Because of mould growth and mites the mean value of the rate for 

8 
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outdoor air change,should not;fal~·below 0.5 h-!; even: when the room is empty [Sch95]. 
Control of the mean ya}µe ~f ; ?•,'Yith a·user gh;ep serpoi:q.t ,~s011;;::: 0.5.h-' rn,akes sense. 

relativf hwrzirf,ity: 35% ~ <pL~ 70% 

p 216 

Air humidity influences evaporation on the skin. A humidity ratio of 12 g/kg should not be 
exceeded according to the sultriness function and because a fall beloW dew point could occur. 
lftthe-relative ·humi.dityis too low.; :then clothes, .carpets etc. dry'. out and dust development in.:. 
creases,.Giv:en high indoor humidity, gains., automatic .control-ensures that a given max. value: 
is notiexceeded. . · ·>r . ',·:• ; .' ; : :; · :•ii · ·;, :i~·, · T , , . .: •-.i; , r · · .: ·, ;.' 

,

1

1' ·:-·.~ .: 1' , I ~. J.· ' .. •1 .:'"·. j ; ~ '.· t, . . I . ·1 ~ , f,~ .·· :.\ .·:. . 1 · " 

temperature: 20°C ~SL~ 23°C .. 
'. j. ·/,. I ' . I ' ,·; . I : ; 

Ther,mal comfort d~pends strongly on the sensed temperature -9-0 , calculated roughly by using 
th~ r~diatioti~ tellipbt~tuie; S8 otiii~ 1suiiounding surf ah~~~ 'incluCiing radiator{ and the focal air 
temperature SL. For easy physical actions and normal clothes the equation S0 = 6.5 (S8+Sr:) · 
can be used. For simplification it is assumed from now on, that sensed temperature in a well 
heated low ·en.ergy building equals room air temperature. For the opefating:mode winter this 
temperature should be stabilised matching 3 8011 • The simplification is not suitable for special 

cases like night cooli11g ~nd :trfnsi!iqn1 ~~~~n, *~usr· , 1 :: :. • • • c > . 
control system design criteria : <: ~ 1 , • : • • ' • • ' ·. .-~ •• 1 , · • • 

Single room controllers in well-known building a1i1-t.omation systems enable frequent setpoint 
I ~ .\ I 'r 

changes for temperature in dependence O:Q presence of'iflhabitants and e.g. night setback. It 
should be stressed that although temperature control systems are sometimes required,"to 
respond to step reference inputs when operating, this, ~s not v~zy common. Step inputs are . 

. .• ' .I. . ! l ,· ' ' ) ' . ' .1 ) ~ • • ' ' • 

used for test purposes, not because they represent the typical input, but because the response 
to them is informative and easily obtained. Overshoot beyond the final ·';'alµe, osc~llaiions and 
position errors which are not negligible give rise to additional energy consumption. Conse
qhently the design aim's are fiearly'·aperio'dic step'respi:mse With0ut-0vershbot and 1oscillations. 
atalldesiredtempenrtarelevels: '-' "' ·1· 1i'• ' ir:o .. : 11 ?. r ' P : 1• A· : 1 ii· 1. ·: l 1: " ·. 

3.2 Properties of the Controlled System and Control Possibilities 

The system room (plant) has certain properties, complicating the controller design: 
J ~: ·· i "Q 11 0L ;~r ifJ .•d i".. ·L l:i, ,,. . !~ ,;::·1.'J11·'"1(.'. -\ .. ;_ ... :·i,. ~/ ,·~ ): i .:i 1

)
1

• 

structure with interactions and non-linear coupled parameters, time variant 

The plant has a non-linear and time variant characteristic due to certain parameters (time con
stants .anQ. gains depend on temperature and air flow). The time vatj:µit air flow"effec,ts aerq5;Iy
namic.aswell as thermal conditions for the time constants of the room. 'Byjncreasing the fan 
speed step-wise an increase or decrease of the temperature and the relative humidity might oc
cur, depending on the state of the air indooFs .and qutdoqrs. ,Giv~i;i, this, thy plant ~as, nQll.,." , 
linear behaviour. Certain conditions cause a sign reversal .with.in.the tiansfer.function'o':ftlie 
plant. Therefore, linearisations are difficult to apply. The control system desjgrt mostly . 1. 

neglpci~~) ~h~~e ·BIOPr~\e~. ~~jfh m~~,f9~~\~ ~~ ,?~~Wat~pn~~: ~y~~ ,9;y~r&P.p<?~, .a.~4 ~9:orj I 'i; _,p., ' " 
performan~e , , · .. · · · · · 

i_, 1 1 <J;•;:. 1 · ·:or. ,~. :i!!~. ! 7.;} fi:_ . r(OfLh\.1.:';.f''i/:·(~f·'r~f"V/ ·)i ! 1 ~ .. ·~;,: " .. •\ .···; ~t-::· - ::, ' -~t· · ~ · Ji 

!rj ·'" -· . If · .~j ] . 'J ~-dJ:: \/"J~< .Y'\,;Jq~~i·l~q !?lJh :-r ,J.:;! ' 1
1

; ~· ~ ); ~·· 1 :; .. : .. •' :i, ,·; · .;~-<'·/.!\,-: !~" 

:'::\.:A::-: ~~., ~;-.,1 .. ~,~:-'.~} ,: :· Jj{i · .: c. :: i: ·l L<~,;·J) ,·· i: 

If'\ j 'r-,l11· i'1··'1\\ \,\·' ·.•,·,., '\l ·~\\, '",',\' ' , '\ 

9 
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25 .,.-----~~~-.--~~----.~~~~-.--~~~-.-~---.-------. 

' ' ' I I I I I 

["CJ i S, _ j ! ~i : 
24 ---------~.-~- + - ---l-s ' ' ' · ' I 

i 1, 

Fig. 3.1: 

PI-control 6ri different setpoints 
... -----tJ I : . . . 

IJ I : : 

23 --- - - ------ : ------------1---------------[-----· ----- ·-+-----··-t----- The simulatio_n results of conven-r, 
tional PI-control with the describt:d 

0 
o.5 

1 
·
0 1 

·
5 2

·
0 

t[hJ 
2
•
5 room model are shown in Fig. 3 .1. · · 

20 · 
! ! The step response in the second 
i \ i diagram shows an satisfactory 

19
. --------s-:.~17 1 ! behaviour, because the controller is 
~--]/ ! I 

1s ----------1--------~------------i---------- ~------- adJ"usted to setpoint S 11=19°C. On I I ' I . so 

0 0,5 1,0 1'. 5 2:0 t[hJ 2 5 higher values of temperature closed 
· loop performance is unacceptable 

(first diagram). 

great time constant differences, non minimum P,hase humidity controlled system 

The transient proc.ess of the temperatqre.wben operating the radiator valve step-wise is 
characterised by smaii time constants of the indoor air warm up process and iarge time 
constants of the surrounding masonry warm up process. During the warm up, considering the. 
humidity storage capacity of the walls, the relative humidity <pL and the vapour pressure Pn · · 
will fall on a short term basis. Finally, however, the relative humidity will increase, sin~e the 
lower vapour pressure will cause steam to be released out of the walls. Such a non-minimum 
phase behaviour complicates the automatic control design for the humidity. 

achieving control objectives with restricted controllability 

In addition to the mentioned difficulties, the indoor air condition controllability is rather re
stricted. First neglecting wall humidity storage capacity, the controlled system indoor air for 
the operating mode winter can be interpreted as a mixing chamber with pre-heater. According 
to the h-x-diagram the transition between the indoor air states zJt1) and zJt2), t1<t2, follow a 
solid line as shown in figure 3.2. Note that the indoor air condition zJt1) will not be in the 
target or comfort zone e.g. at the end of the night setback. The outdoor air (state za) passes the 
pre-heater and the supply condition is chara~terised by Zzu· In winter it should be at a higher 
temperature than the desired indoor air state ~nd at lower moisture content. The air leaving the 
Fig. -3.2: h-x diagram I .- ' '. • I J r • I 

pre-h~ater forces zJt;) to .zi(~)·. · th.e;·d~~ired ;cbmfort zone i s not 
1

reacl{able ~ith 'the stp.te5' as 
shbwn iii the fig{.rre'. It1 

is only p'ossible; fo reach th~ gl-~y 'targ~i zb1~~ - When'~all' hufuidify I 

storage capacity is taken into consideration, the solid line in the h-x-diagram beconie
1
s ·dis

torted, the behaviour is non-minimum phase. Related to the indoor and outdoor air condition 
(zi(t1), za), the,reachability of the target zpne in, Fig. ?-2 ,is show!} rough~yJ>y t,he pl:acement of1 

zJt1) and 2ia in, Q) ,an,d @ resp~ctjvely. , ', " _ . , _ , " ; _.,;., , .. 1 ... 

'• ,I 

I . I•· •• 

,'l •I . . ~ ~.' . 

: l 

-J_' • • l ·' 

: 4 . t I I , . 

1 ' ! ! 

. ' 

. l · ' · 

·' 

f r • ~ 

' .. 
'. <1 ! 1 I , 1 I ~ n 1 

I J ( I 
0 

! ~ ; • I ) ' \ 1 1 J i ', 

t : I < j r ' . ~. 

I I . • ~ • : , 

' I I ' 
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summer season 

Strong litpjtation~_ apply to the cor.trollability in summer time (both z;(t1) and za in Q)). In 
order to avoid over heating of the room, ventilation and outdoor blinds have to be activated 
wiflt'View to outdoor 1air conditions in the near future. The comfort zone is rarely reachable. 

~ • •• ': I ~ Ii ' i ' • \ ( r r·. ~- I ' 

winter ~ea~on , 1• . ~-· 
' 1) • !- • ) I > i"r t ~ / \ .1 ) I '. ! 

so ~--,-_-,-. ~~~--..~~.-:-1~'01r:--:7""c-~.--~~~~~~,_...---..::~~~~--.~~~--=---~, 

. //" 

. . • ... i .:r 

,. : ·1.·(!) 
-• : ! • !: •r I • • ) ~! .: ~ • 

': 
40 ";"., ., 

,..-, 20 -
~ g t. i f • 

..d 

10 J' ' . ,,, I I f, I ~ I ... 

.... .... _- . . 
' ' 

t :it:;- i :._,l . ' ' 
' .. . , ) • . ? 1_;\·p• ~) I ] f ~ ... f Jc. 

·10 ... ··I. .! - -' ;._:·~ f., i .. _l,G t/.,.; . t.( • .. . : , • I t 

' " 

Concerning temperature, this case (both zlt1) and za in a>) is easy to handle. The target zone,, 

is alwa;r~ r~,as~c;i?}i9· /1QX'(j[{~rj· t~r. icpp~\9~~ Z~p~ t~~}~~,~~ ~eapped ~\l~ rq l~,W ~~~ ~()iSt%e .. , . , : 
content. f'ne aesued au; nfiltratlon r(\te 1s ensured on ~ tnne average lever by nm;1-contmuous 

y :, ;' ~ . .r 11 · ; ~ ,•:_.,,. ·. 1~.1:~ i'l',;"' 1 ~· nn ,,.i1 ;· ·!:... J'I r . . . '~: · \ ' 'J · J1 , ··Jc·~~- ~··; :rl! .::,~: 
ventilation. . . , · . . -· 

· .. f:f(;J~.''.°! ,,'1:-i .. ,[~1-'.-. ::;~', ,;• '.' JI. J;·'. '!:,1•;1::·,.1, '- 'fl I: ' 

transitional seaSO'/fl.'f:/..1; ,, ·11lc'.mi ,rr, "<:):.;Jr:'.'. ·.;2L :.i:" iii• ti 1 L ~Ji! . , :1 ·' ' .r c..: 

This' case' (z;(t\)-'and za in CD' ahd 'a}respectiveiy oi vici::i versa) riil.ght odcur'1rijstiinmer o'r · · • l, i 

winter time. For cold weather conditions (z;(t1) in Q) e. g. d'Ue tcf solar g~in~ arid z~jin: ®) thd 1 

desired room air temperature is ensured by ventilating. Under warm weather conditions (za in 
Q) and z;(t1) in a>) the desired room air temperature is ensured by ventilating as well. The near 
future outdoor temperature tendency must be considered in both situations. The target zone is 
always reachable, though the comfort zone is reached only under certain suitable indoor and 
outdoor air conditions. 

3.3 Basic Control Components 

Basic controllers for stabilisation of room air temperature, relative humidity and air 
infiltration rate in dependency on supervisory control commands are arranged in a process-

11 
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near information level. As detailed below in paragraph 3.3.1 a multivariable model reference 
controller is proposed 'to control the coupled process variables room air temperature and 
relative 11,umidity. Disconnecting the sub-controller for humidity yields a single-input/single
output-control system for the room air ,temperature. If humidity is in given limits a controller 
for the air infiltration rate is shown in paragraph 3.3.2. 

;J • 

3.3.1 Multivariable·model reference adaptive control of room air temperature and 
relative humidity 

Single room control systems dq:not tak~ il1to account the coupling of the process variables 
which often results in a poor performance ofregulation. MC1reover, setpoint dependent transfer 
characteristics of temperature and humidity and 'different time characteristics of the reaction of 
the room air and the surrounding walls recommend adaptive contf9l .strategie~. These methods 
are capable of adapting to changing conditions of thermal, hygrodynacrtjcal !i!-ndyentilating 
processes also in the case of first commissioning of the control systems. Due to the strong 
coupling relation between the process variables room air temperature and relative humidity 
they cannot be considered separately. These structural connections· must be taken into account 
in the controller design. Modem control systems on the basis of process fieldbus~(fS with 
distributed sensors and actors and powerful processors are suitable for implementation of ad
vanced control strategies such as adaptive control systems. 

In the following a time-discrete multivariable adaptive controller for temperature and relative 
humidity is described [Bier96]. The structure of a discrete multivariable model reference 
adaptive control system (MRAC) is shown in Fig. 3.3. The•'Qasic control loop consists of a 
linear controller and the multivariable process. A pre-specifiea multivariable reference model 
calculates the desired closed-loop behaviour for any bounded reference signal r(k). The 
speciality of these syst~ms is thatthe output of the process follows the output of the referencf · 
modeL Ther'efore, the reference model is·connected in parallel to the basic control loop. The': ' 
unknown controller parameters :t(k) can be adapted ih such a way that the error signal ~(k) :; r i' 
between reference model•and process will be minimised. A suitable choice of the reference - · 
mqdel re~ults in the decoupling of the process variables, ,that is both process variables 11 : 

temperature and humidity can changed independently of each other. 

The following applies for the reference model according to Fig. 3.4: 

:Y =:AM \1r + B,. rk-1 . .:__k .. ..:!'...k-1 . 1V! --
( 3.1) 

The model output 

~ = (Y1,kJ yk ~ 
- Y2,k 

( 3.2) 

represents the desired process output at each time k 

rk = (yl,kJ = (-9-L,kJ . 
Y2,k cpL,k 

( 3.3) 

1/.' 

lJ!.k~i .denotes a column vector with retarded values of the model outputs an~ the ca,lumn 

vector rk-l includes the retarded reference values. lJf denotes a column vector with retarded 
-k-1 .:· ' ..• :·; '1: ·" 

values of the model outputs and the column vector rk-I includes the retarded reference values. 

12 
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11. 

•,;,. ., .::-.j ' · 
reference , 

r.==========1~~ · model , .. , ' 

.. - •:.: "~-'-'~· 1~i;~· ~l ~ 
. ) r_1ldaption le~e) ._. 

adaption 
J' 

1J,. 

' { ~(!<-)' '.' 
• I' ' 

. ; 

., 
, • \ ' ~, It) 

' '' ·· , ..... 
I . l • I 

, 
/' 

' 
' 

'/• 

ir(k) 

.. , • t,1 

p 216 

I I. 

Fig. 3.3: 

'
1 Basic structure of a 
~I r f·· '1. 

· discrete multivariable 
model reference 
.adaptive control 
system 

Fig. 3.4: 

Discrete two-variable 
reference model 

I ' ; ' .. 

·' ,, .i. 
::1. ~ r :.. ,Ji~.:i~ • fl "

1 \ ~ lf'f, ,,' ' !.':t','r, {ji ., . 

The cc;mtrol algorithm, is deri.v~d fro:m 3: simplifi~d design model of the process a.ccording to 
Fig. 31.5. SucJ;i a model.is used in [Bj184] to design an adaptive coµJroller for tewp~rat,ure,.and 
humidity of a simulation chamber for env~rc:mmental. p~oces~es. Jl;lis pi.ode! de_scribes. the main 
effects sufficiently and can be easily handled with,reg~d to its n,umber of parameters. . , ::· 1 

In [Bil84] the influence of the surrounding walls is not included;· here this effect is taken intd' '. 
account as slow changes of non-measurable disturbances y(k). · · ,, 

Uz 

~ 
z 

b22 
z 

The simplified process model is denoted by 

~k =AP Cl>k-1 + Bp
1
!!k- I ' 

··, 1· 

with the matrices 

y .· 

Y2 

' ! • . 

Fig. 3.5: 

Discrete design model 
of the pr,ocess 

... 

.;, . ,• .· ,. . ( 3.4 )' 

·• I 

• ! . ~ .. 
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·( 

l
a12 A = 

p 0 0 

and the vectors 

0 0 

0 
bl3J'. 
0 

<Dk= ( Y1,k Y1,k-1 Y1,k-2 Y2,k Y2k-'. Y~,k-< U1,k-1 U1,k-2 liz,k f 
and 

:_(u1,kJ-(hk) Uk - ,-;- . 
- " u ' n · 2,k k 

" . 

), 

and 

(3.6) 

as the process input at each time k. The parameters of AP and BP are assumed to he unk~own 
but constant, Bl> is po.sitive definite. 

The di'screte process oritputs air temperature and relative humidity ~k and the model out}Jl'ts 
, • ,. . I . 

~~ fo~ thf ~rror signal · · .. 

. (c \ 
~ l~l,kj h = y -y = . 
-k -k E 2,k 

The control variable u1,k for actuating the radiator valve is 

, T 
11 =~' y 
-1,k 1:1,k :_!J,k 

and the 'second coinponent·ofthe'control vector u2 k for actuating the fan is 
,,; I 

T 
U2 k = Y · Xz k , -2,k-, 

wher7py~1,k arid :t2,kare tirn~...-:v~rying c<:mfroller parameters. According to [Bil84] the 
yap,ation of th~ parame~e~s p_fthe sub-controller 1 for room air temperature 

'·Q ·X ' ·G "' - + 1-1,k-l l,k 
1'..1.~ - 1'..1 ,.IH 1 1' b · T " Q ' '• + I ma ~ I, -I I ~1 ,k- 1 

~! • .. ' • ' 

. , 

,I'. 

and of the sub-controller 2 (relative humidity controller) ( ; • I 

( ~:'7) 

( 3.8) 

( i.9) 

! ' 

' Q' x i 8 1' : ·:. ·: •. • •• 

, , + , ;l -2,k 1 2,k , 1 " , 

I ol I 
' '.· 

('lll' ) 
• r f • • ~ y = y T ••• 

-
2

,k -2 ·.~-t ' l:t b 2nmx! 2,HQ2~2,H 
l'j. ' I.;•• 

'I ' • t ~ 1 • , 1 •• •• ,J 

• ' I 

fonn an asymptotic stable adaptive control system. L-1 these expressiotis 'Ei,k are 'generalised 

error signals which are generated from the output errors by;dynamic compensators: The speci
ficatiolJ.: of th,ese compensato~s follows frqm qonditions <;:>f stability th~ory: Q1 and Q2 are ~,ym:; 
me~ric and positiye: definite W.€fighti11g .matrices. frqip a practical po.int ,of yiew. th~y have, a , 
diqgo~al stnicture whereas th~ par~eters bima;;. an~ b2max are maximum valves of th~ process 
step :r;espop,ses. of the first ~arr,ip)i]1g.i,nt~rval. , , · , ) , : , 1 . ~: : , .: ; , , : . , • , , • 

The vectors x1 k and x2,J( consist ofvahies·fromthe filtered reference signals, the sampled· 1 and 
retarded·proce~s signals and the corifroi variables. Due to the'coupled 1structure of the process .. 
both control signals ·U1,k and'u2.~ ·contain the· Other Control sigrtahespectively; 'The calculation'•· 
of the control signals is carried ouhn a'.successive'mam1er. ·1 

: ·" • -· ~ 1'· ' 11 • 

, • I • j • • '} .! I , '.. , .~ . I , 1 I I j 1:, "J 

The_ output o_{th;: _cont~~l v~tjab~es · y~ i,s l~te~ by ~e.c!~ ·cal T({~~ :~c.~iops . , ~~ere~oJe., ,af suit~~~.r, 
interpretation is necessary, because neither active coo.ling nor dehumidifying is pos~i~le. I.he 

'\. \ ·' •• 1 

14 
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coptroHer parameter~: are ,,frozen" if the control signals are limited. Furthermore, a burripless 
changeover of rp.am,ial and automatic operation is realised. 

l : ! j . . . f o~ple prt~nce I 
2 -"· ··:· '. ....... ~ .. 
0 .·... . . ....... . . 

415 420 425 430 

. \_j~ .. t, 

415 420 425 430 

05 ~ 1 0.45 ~ .. 

'.l4 .. " 
h . . : : : i "~··" • 

415 420 425 430 

0.2 [-i H :h H I ; . ! I 0.1 . . . . ' . ' '. ! . ~ . 
• I '° ' 

•. 0 ' 

Fig. 3.6: 
. ··i . . 

Simulation results of the adaptive ·· 
control system 

Fig. 3.6 depicts some simulation 
results of different sitmh~on~ arid 
the presence of 6 or 3 persons with 
internal heat and moisture gains 
(first diagram):' The .s·econd: • ·' 
diagram shqw_s the i:o.om .air ~em-
• .·_ ' ' . l '• !\.. "'. 

perature SL and the setpo.int s soll ! ' 

very close togetli~r with the mode1 
output y1. Unfortunately, these two 
curves are not ex::i.ctly to 
distinguish in the diagram. The 
third diagram depicts the relative 
humidity <pL and its setpoint .<rson . 

415 420 425 430 The two last diagrams show the · 
0.6 · · · '/i . .'(i·j·•]: · · · · · ... '. ........ - , ......... ~-..... .• control signals,.~;l}nd n as,we~lias 
0.4 - · · ~ · / : · n "[-] : the air infiltration rate A,, The 
O.~ !/'-.:.,;.-~ · .. ,.--~ · · : · · · · · · · .. · · · · · · · sampling period for all process 

430 signals is T = 20 s. Sson = 23 °C is 
· · t [h] valid 1for''41f3h::;;t~{42011 fili<lu:i· 415 425 420 

'i r· ,> 142 l'h:;; t7::;; 42511. <rso{= 0.5 'is; ~alid 
The temperature SL does not fall below the setpoint ssoll, the ir,tyrya,s,e·of SL above ssoll is due 
to internal heat gains. The increase of the relative humidity <pL a~ove cr,s011 co;uld be pn~vented 
only by dry air supply. The decrease of <pL below 0.5 is caused by the loss of moisture gains. 
The control loop for the room air temperature shows ·a· high performance: whereas the .. control· 
loop for the humidity tends to overshoot. This is due to the non .J?tinimum phase behaviour of 
the process which cannot be prevented in any way. According to paragraph 3 .1 a greater 
tolerance is acceptable for this process variable. Therefore, the bbtain'ed performanc~ is 
sufflc.ie1,lt,for,t4is application,~ . . ,, . . . , . 

• .. • 1 ,._ _,, 1 v. ~ ._..J • f: . .1 f · , • ._,'.J • , ~ ; . , '.. p, , ! 1 ti • . . 1 1 • 1 i. • ' ! 1 • • 1 1r · r- • 

3.3:.2r ·Air infiltration· rate conti:ol ".' 1 :,~ " . 1.·~· 11 ·;; ; , i.1 

For'liygierte, ne'alth' and bhifding'eiivelope donsei:v'atibn reaso'ns a ·c~ain! aii infiltration rate .. 
has to 'be ensured: The :exact 1v3:lii~ depends 'oil room usage, numrfor· ofpetsons present, resi.:.1 

i I 

d~nce'size,'~d oth~r\rariabfes. Buteven Jhen the rooni is empty,'the.av~rage airirifiltrafion', 
rate should not fall below 0.5 h-1 to avoid growth ofmicroLorganisms'.:~When the'huiiiidity r : 

satisfies th,e, ,i;equireme:µ~~, the con:_e~p,o,i;i_ding1suqqq1ilttm1,er is; 4iscoqpect~d f~p,m the system,;·:· 1 

aDr~lth~ inP,ut fan-speed ·n ;.i~ ;l)~~d, to .~t11pil.~~ !P.Y: ,ll;?~r SJJ:eq~fied ~irr i.nfiliatio:n.rate o~ an 
averµge b~§is .. J T~!:'. ~~<iJ.:afil( f!if 1 inA~tra1ji.9µ1 r!:l~e: is. lmpps~.cnw 8:1t,e.m<'!tin9 sug,c,len ~h9rt:, <. ·• l l· . d 
ventilation regardless whether the r9orn ,\S: ,etyP.~. 9r.pgt,_; If.th~ rqo~ i~ o~cupi@d and . ~ 1 i 

ventilation is necessary the radiator \'.alve mu~t be clqsed in order to save energy. This is 
icilfeved1~y 'degte~sing :tne ~c1io'm'. afr1 ~erllperafui:e ; sett)oint'.~ Tlii~ · appl'ies for op~taiio.n .1trto'd.e 
wiB.tertJiily·: -,, ):l V f.1 ,, ·'il l!' '. : ·•'• .,.,. ... ') f•J ' fj _I ; ' II ; .; · : 

'. I 15 
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, people present 
people - presence · ; ·. ' Fig .. 3'.7 .: • II 

detection . . fl_ 

,______ .k:: 

~-~ 

+--n 
..____ P.-P; 
+--- fan characteristic 

• I• 

·- • 1, "1 , 

1Air infiltration rate control 

The air infiltration rate 'A is 
· del~~ec.l by· Uie v~ables fan 
.speed, 'pressure aifference Pa-Pi 
and tpe characteristic of the fcµl , 

, • • • 
1 

ffia4?6J. ,.Fig. 3. 7 show~, tQ,e , 1 
realisation of alternating sudden 

_.,,. ,. )1 •!, :, ,.: /,):. !-. ; /1 11,1 

short ventilating. 
'.'' ':,. 'i ' ' i 

The error signal AsoJJ - A is integrated for the last 5 hours and determines the percentage of air;: 1 

volume 1 •• , . • '. • r. 1· 

. ,,. -'·' I I ., 
•'t " I 

V= J (Asoll -"A)d~ .. ·' 
. (3. 12) . I ... 1 • 

t, 
'i '·' /1 " " ,, \I,[ .i i ·I 

--·1-: .... L 1_ ...... , 4- ..... L .... ---·-1- ........ ...l 'T"l-,.. ....... .-,....,,14- 'l T ..: ... C .... .-.....1 ..l- ......... '--·-- ... .- ....... ..:.t...: ...... .._ ........ .--.+. .......... 11 ......... - -·..: "-L ...l..':CC.-..-.-.-4-:. .... 1 
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gapl For an absolute actuating error signal greater,than the differential gap the controller either 
starts ventilation immediately when the room is emptY'or applies an extended differential gap 
when the room is occupied. In this latter.case a longer time interval without ventilation occurs: 
before the controller reacts to the error signal. The integration time range·and the magnitude , 
()f the differential gap can b~ ch~nged eas.il/ The differential g(lp has been chosen for an 
empty room as 

'n=lOO % for A8011 - A~ 1 h-1
; ·n=O % for A8011 - A::;; 0 h-1 

or when people are in the room a:s 

n=lOO % for A8011 - 'A~ 0 h-1 
, n=O % for A8011 - X 5.

1 

-0.5 h-1
• 

3.4 Hierarch.ical Control Strategy. 

3.4.1 Setpoint placement for comfort indoor air condition 

&son actual indoor Fig. 3.8: ,---
[OC] / 

'' I 
I 

23 

ttl 
: "--- .. 

18 

air con4ition 

permitted deviation 
window 

'' 
desired indoor air 
condition (setpoint) 

0.3 0.8 ] ·2 -"A 

Temp~rature - air.in:filtration rate'- ' · 
diagra~n with setpoints for comfort indoor

1 

. air condition . 
._ .. . I ,· . I ' 

Situ.ation. depending setpoints for tem
perature; humidity and basic controllers 
~ave.to be placed [Had96]. The top level 
of the hierarchical control structure does 
' . 
not establish_a setpoint for tb.e relative · · · soJ\ [h-1] 

· · · ·humidity <p since a large deviation is ac'-
. r 1 , , ,ceptable for this value1 and. i;~ is, q.ot •:;ilw;ays 

possible to reach. a giyen setpoint cp8011 at. all. .The permitted .~eip.perature deviation dep,ends . on 
the temperature itself (e.g. high temperature setpoint mea:o.s small permitted deviation} .. , , . 

The setpoint for comfort indoor air condition is chosen by the user within a temperature - air 
infiltration rate - diagram (Fig. 3.8). The permitted deviations Sson min 5. Ss0n5. Sson max and 
A.son min ::;; A8011 ::;; A8011 max are automatically determined and indicated as a window. Linear 
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functions are used to deriV:e basic controller setpoints from the discussed setpoints. Setpoints 
are changeq in,norm~l operation mode for the following reasons: 

~ • • .t I •>; " 

,- nigN s~tB~~kr · .
1
; . .. i . ~ 

··: l .. :}~W1~)~r~~~1~:~ ,~e~b~~~ ~~~n the ~~o~ is_emp~y, • 
, . :-)~µ1p-Fr~ture .$~),back "o/h~n ventilation 1s switched on. 
' -, J . ' . ' .~ I.I t • .• ' . '"'- . 

3.4!2 <tase sensitive· kttowledge based contrci>I 
l '. I ' J I 

The ~tifomat1~~coIJ,trol which 'ts to be developed; ·ru.ms to ensure a comfortable indoor air con-
diti~trl:I:urtng."'fhe' ~ho161yeaf 15"ue to limited actuating possibilities this aim can be achieved 
only by distinctiori'betw~eh V~i.6us cases ofindoor and outdoor air conditions according to 
the h~:x; diagram anditlSerbehaviounrconsideratinns .. Subject.to-the operating mode, basic 
controllers must be enabled/disabled and reversion actions have to be performed. This 
apprpach corresponds to a knowledge processing method using human experience for 
cori:tfolling indoor air condition. This paper distinguishes two fundamental operating modes 
by temperature conditions in summer and winter time, since temperature conditions influence 
most, strongly the human well-being-:and heating energy consumption [Had96]. For the first 
©periating mbde winter (Table 3.1)~ the•heatingJs.ystem works as an actuator within the control 
s~stem: .In the second operating mode ,summer;· however, fine heating: system can not be ·used 
since-it is ·switched off. The fan is. an' actuator for both ormrating'modes. .., · · 

' r· .. . 
9perating mode winter -

r" ; ' ! ·'1·_ <.: ;(: ,".r·, !.J_ ·'. 
1J;il· •• ,j L l_• ... .. . . ' '~ :~.;: J ·-. ··':I • j' I', ' ~ r . ',·, ... 

s.:::; SL s.> SL I · 1 ';! 

SL::; ssollmax SL> .. B-sollm~x- ' ·'Sr:$ Ssonmax'i SL> ssoll ni~xl' '!I 

controlled SL and 'A or &-control off, S- co~t,rql off, I S- control off 
variables 

SL and <pL when <p- con~9l off, ql,. <;:ongoJ off, ,'A, 
•• 1 i ... J , : 

substantial internal 
ventilation: ventilation: <pLpossibly, 

moisture gains decrease SL increase· S{u'p' to·· I . I .. 
avoi~1ng further 

.ll ! ·- ~ .~ IJL L 1l1 ssol\Jllin? .if: ,~a :::;,9' ! ' increase of SL has 
., up to ssoll max priority . - ' '· t ), •f:J 

outdoor bhnds shut .at,Jitight ~_"i L.J '~ j .:none·1 none'':.:i ·11 shut or minimum 
;(}(_' :t:!I t j l • ! ! ;' ·. ·.~! I ~ j t : i I >.1qJ•' r {j ·/.' Ii 1 /: J:' .: I illumination 

1'1!·_. l."' ! •'1 ' ! ' .• : _1:. ~ 
l . , .. " . 

objectives ssoll reachable, ssoll not reachable sso;l and <Psoll ssoll mostly not 
\ "\ ...-;J '/ 7'-) I I Ir · ',f' 'whentintemal heat mostly reachable reachable, 

.. _,· I : <ps~ll :m,ostly to h~gh 
gait:IB,. 'J ~ • • j ,_ ,,; ' j • ' ' • J ! ·' \.Jll· •. J. • 

<p8011 reachable (h-x 
!,·) r) 11 ' '" ~ ol l ' Jr , t .i j !• ;, l 1 \;I ~ ·~I '.j . .; 

) ~;~1 ;· .~ostly diagram) 
,(,I. '.·J/'j; ~a: ._ .I Jj :~1 • ii '.. ,. :c rhchable "' .. -; I ''-f ., ,I '11 1· ' I !ii t:· ~ " . 

- ' Tal;>le,3.,\,: t<;;ql).trol.~tq~tegyJqr the opep:;1.t1rg mode wmter (radiator 1s actuator) 

Som~ idestincti'on's in Table· 3: 1 ,and: '3'.2 may seem similar or even identical. Every situation 
represents. h~wevei· di:fferenf'weitller sitaatibhs ·and Ihay req'uit~ -lliffereht; aetions·:· A detailed1' ' 
discussioit1sii;'t'possiDIEFwith.1nthi~Fpaper.!'~· ")\,.: ·' ·· .:: 1>1 ' : , 

·1 'I 

,i,; .ii. 

,;r, , Jf) '.·'. :· i ; (I : '- ' 1 1':1 ! _.; 
• 11, 
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operating mode summer . 
s.::;;; SL s.> sL 

SL::;; ssoll!?'in ~~> ssollmin SL::;; ssollmin SL> ssollmin ,, 'I 

controlled A., or <pL when ventilation : SL increase up to A.,' 
. 

variables internal humidity decreasing SL s,oumin, if .Sa::;;; o 
, 

<pL possibly, 
gams, up to ssoll max 

avoiding a 
\ avoiding further 

decrease of SL has 
incr~ase of SL has 

priority !.. .• priority .. 

outdoor blinds shut at night shurat night none shut or minimum 
illumination 

; 

objectives ssoll not reachable, ssoll mostly not ssoll and <psoll ssoll mostly not 
cp mostly within reachable, mostly exceeded, reachable, 
ccmf crt zone 

<psoll mostly SL has priority <psoll reachable (h-x 
reachable diagram) 

Table 3.2: Control strategy for"the operating mode summer (heating system is switched off) 

. '1 ... .. , 
4 Simulation Results I ' 

The described control strategy has been tested on a Matlab/Simulink simulation model and 
gives the results shown in Fig. 4.1 (one winter and one summer day). The figure shows the 
person-presynt signal (present people caus~ moisture, and heat gains) .and the actuator yalues ! 
of the radiator valv.e (winter,...operating mode) or 9(the out.door blinds ( s1nnmer~operatil).g , 

1
,.:) 

mode). and, the resulting,trap.sition.effects oft];ie room air temperature. · 
I• > .•l•l · ' , , L /o • > 

In winter time 'the indoor ai'r condition is easier to control. The setpoints of the controlled vari.: 
ables SL and·/.., iare matched all the time~ The average air infiltration rate of 0.5 h-1 is ensured' by 
altem~tirig 1sudden 'short ventilation: 1The small deviation of the temperature is due to assumeel 
solid walls 1arid the g6od heat insulation of the 'building:: The sequenc.e ·of decreased· tempera·- · 
tuie'setpoints· because of special situati01is 'as des'eribed earlier(empty;room;;night setback, . ' 
fan on) is clearly to be seen. ·' 

However, c6'Iitrolling the -indoor air condition in summer tinl'e is tnore; complicated. -The only 
availabfo actuafors ai:e fan'and dutdocfr blinds. For the time interval t ~ 21 l.4d and t ~ 21 l.85d 
the· Sa-tendency diCtates the 'B-~-:tendency.Inierrtal heat1gains are·caused by present persons at1 

t=21 f3·d ru1d(t=21L75· d, The time period 211.4 d <: t '<21 L85 cl' represents the case m:i:rii.: ' · ' 
mum ventilation ('A~ 0.5 li-:1) and demaiid guided shading. All: indoor temperature ofless:than 
24.5 °c can be achieved for a giveh outdborfomp'eratfue of up' to 3ffqC:by the employed ·,. :· 

control.strat~gy.,,. '. '• ! ,·i' ' •• '!. ·•Jr:··"' : ,\ ,,{.,, ... , ) '., il ,-

Simulation re·sults· demonsttafoi the capability oHhe applied strategy to co11trol the indoor air ', 
condition throughout the year. Du'ring transitional seasorl~'however, different dases {see Table 1 

3'.1 and 3 .2) may 'occur in a rather:fast alteniatirig: manner. So· iris p'ossible to use "solar heat I ( 

gains effectively and reduce heat energy consumption. 1
.• I ' -, 1, 

, I I • 'l1f ,1 '.' 

1 1 : ./ ,' i j 1 •' .;r:·'i' '· 
• I ,•. "'.' I ti 1 • j : 1 • I y tJ . I!' t, . I 

I ' .. . '' .· {• ,,. . '. I:., • 11 ~ I 

18 



CLIMA.. 2000 '97 Conference Brussels p 216 

1 -
[·] l-J 

.. . 
h 

L ••• - ., . 

0.5 - ! 
" '! 

I 
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· ~-1 1 : ; i ", , '. j !I . c . . •. 1()11 , J~,l/J i . - . i : I!•',; I ; 

0 I i 0211 
5

1 1.2 l .: · :.i;l,·4 1.6 1.a 211,.~ ; ;1 .~1. '.4,: , 211.6 21u i1 
, .. ;~ -:r 1 1 

(OCJ • I ~ '. .
1 

. • 30 ' ', 1 
0f"---":~7'i'"""',f--"'~· ~"•t:;i.·;::_;i,.:..:..;~_;·1~--:--~:l I [oC) . i 

: it ·q r i 20 i 
! i 
' - ·:i.1"-c;;07"':-=.1~.2-==1=--.-. ~1-:4=-.-, .. --1 . ...,..s-... i-[h-1-1~.a.--±·1-~- 1gff ' -211.2tLI

1
2rf<r 21t1r· · 211.a: I 

I . n'igh
0

t ' · 1 temperature setback I , . 
1 
;: ·~~~ht ~ · 

1 

· 1~i~'.· air ;nfi;~~ation I 
setback i by absence or ventilation cooling !closed outdoor blinds ! 

I •. 

n-

winter operating mode summer operating mode • f · 1 • 

.. . 
5 Summary ,. rnr•;:,,,.'. I l., ;_; ' 1'.!Jlli•l • '..;[ ·: ! ~ •,'I J 

Tlie paper introduces a strategy·ro:r ihcfoor 'afr dondition tonfrol.fof-domestic huildingS-1 ·-; · 
equipped wiih ii heating systdm, nort~cent~al ventilation and' 'outdoor 'blinds. The · .· . . i 

Matlab/Simulink simulation model,' devefoped for the1ndodr!aif°bcniditi'6ri'in a sihglb roc)Ji; ' ·,, 
whjch i.$'based.on theoretigalprocess analysis .and was up JtiU;now -u,nknowl) i:n the hterati.,iwe .. ' 
with such a,complexjty, is an ,essential pr.er~qQ:j~~te for testi:µg the 1dev~op~d c0;ntrol;systeqi., , 
'lf.h~ I).ece_s&al'.)f mod~l· accuracy was chosyll; ;acc9:rdip.g to; the req.uirem.ents of .control ;design. . 
Th~-,<!Chieveq,_simµlatiqn r.esui~s show. a_~atisf<J.ctory mat~l;itw.ith meaS\,\l;~d _data. ·A model 0£ ~n 
entire domestic;buiJding .,w,,th~user c9,n:ffgY,red .chru;acterist.i~s can be created by,g:i;ouping roqm 
models. 

~ ' • • .J " 

To.~chie,ve.4~mf111d gui_,ded qi;mtr9l oHliy ii;i.c19or air; c~,µc\ition, a b.ierarchical con~rol structµ:i;:e · 
emplpy_ing :qase-&ensitive knowl~dge p[ocessing i~ proposep sip.Ce. th,e pr09,eSS .Gharayte:i;i~tic~ •: 
a~ rather ,co;mplex ( e.g, reduceq,controllabi~ity). The developed ~qntrol sys_t~m considers,.in
door a.n~ ou~oqr air c9:µcii!t0»s c:µlPiP.r.edic.ts ro_om ·.~sage (emgty/people pres~n1j)i:,';fl}e set,.·' ;, 
points a11d permHteci d~viatioQ.~ for. t_b.yr qas,ic ~ontrolle!s ~y, chRs~n <;lependiµg o,n .9P,eratiljlg: .. 1 

modesi{~ifl~€r/s~.(;fr)1and .t,ipi9 or, ev~n~s ( e,.g .. jiligh~ pooling,, ,e,mpty !,OOm,etc.). . ;. 

The basic controller for temperature and humidity is a model adaptive controlle'i:hediuse set-> 
po~11t. .<Jiep~Q.d,tt11t ; Y.ll]jatio_µs .a~<;l; v~p.tj.J~~io,:µ Q.ep~pq<?nt p~r~metet§: dp _J,191 ;~~gg~t tJ:\er µ~€.<·O( t. ,~ 

cl~§ical_ c;~mt.w.JJ~:rs_, JP,e ._applj~d"GO~~~pt 9f aq~ptiv,e;,G9~tfpl app~,ll:l~ to1.tl},~ µ~er.; ~iµc~ ~t. . ._.r .)~i 
offei;~ ~imp le ~c9mmil:?ajqp,i;\\g, i avt91'1at_ic aqjµstm,c:µt.t~ µs~r b,ehav~o.ur ,an~ a:_Siip.p~e ::opc:ratiqn 

interface. · ,1,_. 11q.rr:i ':'r.-c:-:.'c !: :1 .. ·r, ;·1:... ·' ;; i,r' ·,.: ; i:~L.t' ;· 

According to the simulation results, the chosen strategy to control the indoor air condition 
works very well throughout the year. The developed control system is intended to be used for 
modem installation bus systems for domestic buildings. By introducing such powerful control 
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systems an increased domestic comfort and less energy consumption. for J:i~ating can be : l ) ; ,., : 

achieved. The project is S\lpported by.t4~ German Bundesministerium fiir Bil4llcng, Wissen-
schaft, Forschung und Tec:Pnologie, gr~t-numper 03,2Q 706A. : : , ,- .. 1 )( , · , 1 

6 Nomenclature 
A - area h - radiator valve lift 
a, T, m - material specific parameter n - fan speed 
cP - specific heat capacity 1 - outdoor blind position 
g - specific time-dependent mass ~l 

~m(s) 
~x(s) 

~e(s) 

Laplace transform of 1( t) 
of the wall due to its water content 

K - gam 
m - mass 
m mass flow 
p - pressure 

Q heat gain, heat flow 
n ,....n~...,.la" ·nn....;n'hl.o 
" vv.1..1..1._p.1.VL1rr.. "UJ...1.U.U.1.V 

t time 
Tl time constant 
x humidity ratio 
a heat convection number 
cp relative humidity 
K coupling factor 
'A air infiltration rate 
s - temperature 

- Laplace transform of m( t) 
Laplace transform ofx(t) 

Laplace transform of S( t) 

Subscripts 
a external, outdoor 
Ab - exhaust 
D - moisture, vapour 
HK - radiator 
HW - heating water 
1 internal, inside 
T ------ ..... ..: ..... ........ .-......... ..:1 .......... .: ........... 
L - lUUlll au, V1;;11Lllc1L1Ull 

Ob - surface 
s - saturation 
w - wall 
Zu - supply 
-..T - ..l.! - - -~-.L ~·- -~--
1'1 - i:lUJiivt:lll 1UUU1 
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