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The present energy consumption of European Buildings is higher than necessary, given the 
developments in control engineering. Optimization and integration of smart control into 
building systems can save substantial quantities of energy on a European scale while improving 
the standards for indoor comfort. Many tools are available for the simulation of one or some of 
the following aspects: (1) heating, cooling and indoor thermal comfort, (2) ventilation and 
indoor air quality, (3) daylighting, electrical lighting and light quality, (4) installations, local 
control and fault detection, (5) Genetic optimized Neuro-Fuzzy control. The interaction 
between these aspects, however, is very relevant and cannot be neglected. Therefore, an 
integrated software tool is required. TNO together with the University of Delft develops such 
an integrated tool partly within the EU-Joule project EDIFICIO. This paper describes the first 
version of this new tool. 
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1. INTRODUCTION 

The purpose is to save energy for indoor climate control while improving the indoor comfort. 
To achieve this, an integrated predictive adaptive controller is required. 
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Figure 1: Relevant relations of actuators and indoor climate related variables. 

All relevant indoor parameters should be controlled integrated to address the relevant cross
relations between the different actuators and controlled variables adequately (figure 1). 
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The control :should :be predictive. in or-Oer,, to beJ;J.�fit from the r buildjl).g dyn3.11lics.: The indoor 
temperature and indoor air quality have.dynamic responses and; it is possible to optimise energy 
use and indoor comfort by predjctj.:ve c;ontrol (Ferguson .1�9Q; figur�,2).: , .t . .  
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Figure 2: Example demonstrating theW4l qgm.fqrf.'h.JlJ!r(Jvt;m�tit and _energY. use r�duction 
by predictive control, temporarily decreasing heating below the set point. 

The smart controller should be a�pfi·ve in two ways:·:(l) the controller·.should adapt.t-0 the 
specific application, room and building. .. specific properties as thermal ma.Ss; window size, and 
building installation etc. To support this a building and installation model is utilised within the 
controller, automatically adapted by matching the responses of the real building. (2) the _ 

controller must adapt to the occu."pant/bdth i.il a direct way, by direct. response and in an 
indirect way, by structural controller adaptation to the analysed occupants preferences. 
Incentives are :fequired to- stimulate the occupants to decrease energy. use t0 balance. the 
structural adaptation to the occupants preferences supported e.g: by providing the occupant 
information on ene;rgy use indicating high - average - low energy use. . . 
2. BUILDING MODEL FOR CONTROLLER DESIGN AND T)l.AINING 

� I ,1 : ·� �-� ' -- 0 

Since the controller is :self learning, automatically adapting to the specific building, installation 
and climate, detailedi modelling is of less importance; '.fhe· ·focus -is on flexible design and 
optimisation of smart control systems including ;Neural, Fuzzy fcontrol and Genetic Algorithms. 
Therefore, Matlab and Simulink are used as platform. 

The controller controls heating and ·coolirig power, electrical lighting'.power, ventilation Tate·:·. 
and solar shading· ·position.;:,Building model inputs are annual clinl.ate files:.-occupatfon J)atterns · 

and window properties. Outputs are 'comfort''and 'energy· rise:: The comfoh 'dependt;F dn the •· 
indoor temperature, the (day)light properties in the room and the indoor air quality. The 
controller wµ1 be optimised toward'muimu'ni comfort and mirilmaltenergy·reqhlrements:· "i;•J 7;, 

,'' - �-.·.... "l ., ,� ., • '(v .,.;. 1 l ; . ·�(r ,/ (�,• .-;'1, . •  !'[;I I i ·.;j � ;.': 4 �. j � • • , � • � r :.i�-1 .· 
• 

2.11iid<lorafrquaiiiY··:;,;/ ::• · '.r'. �.. ,·:T '.;�;·,... '.c: 7�· : .:c.·1;;'.� .iJ":" �:. , :.: .. 'L;�''i .. 

Three different contaminant sources affecting the indoor air' qu8.lity can� tie 1 dtsfinguislieti� {l) 
People, producing C02 and other bio-effluents. C02 can be used as an indicator for bio
effluent� produced by people. The production rate depends on the number and activity le�el o'f 
the occuparits-·Bearg; f9'9'.J�'."(2) The: irlterior·(e:g': furniture, carj3ets) p'toduce VOC's'(volatile 
organi.c compounds). The productiofrrate.dependslor(tlld'tem'.perature, buflis highly depending, 
on the spetific fufnifore;· carpet:etc. V'OC's can be measured 'using VOC ·seri'sots (Bearg, 
199'.3}: (3) ·'Activities, ··such" a8 smoking cause unpredictable\: and difficult to measure 
contaillination11(many pdssiblel substances). A practical solution is to control the ventilation 
based on the measured C02 levels. 
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The outdoor C02 c6titentratibn1antl :C02"generatf6n rates 'per per8onfiD. office builtlings can be 
assumed constant (Bearg, 1'993). 'The� mc?oming air is· assumed' to mix sufficiently with tlie 
internal air to take the concentrdtitm � an -internal· state. 'The'riibdel used1 for the indoor C02 
concentration bec·omes; · ··-···- _.,_ �� ...... ---· --r- �. . I 

1 i 
C02(t) = __ .. J (0CC1&JJ{lr.t._c1(t) · C02gen.rate + airflow(t)' ( C020ut - C02(t))dt Veff · . . ..... .. .. . 

·--·- - - "!<.o-J 
" . ; �- ·. . : . . ... . ! . 

Here Veff is the effective volume o"f the ro'om (room volume - furniture volume), C02 gen. rate ( . . 
the C02 generation rate, q02out:the outdoor cp2 concentration. If, the airflow- is assumed 
constant'��� �-.P��d �f ti��-;. �e fo���n� La�l.�c.�_:m:� �n��on·applies : . - .. 

· ·· . occunancy(s) · CQ2 a�n. rate + airflow · C02out, 
C02(s) = 

r ' · ' 0 ,,... 
.'

" '

. . 

· • · 

. · :'.Veff·i,s;::+airflo..w. · . ,, · · 

The time-constant 't = Veff I airflow. Tl\�t ·is, Jor, a.:;t;O<};ID; of ,7f)cf!13 _and a maximum airflow of:_ 
0.2 m3/s (approx. 10 ACH)1 the minimum�time-c.opsta.nt '!;,i�35Q.s,ec, ,,, , " � . : 

• ' 1. � i� •. ' 

2.2 Indoor temperature·:· " u .  ..�1 ·�- ,;;· :','!! 
The;building model includes· a secbnd-order. dynamic mod�l ·(figJiife 3). The total }!eat gain Q in 
the room due to heating and solar transmittance �,_be, added, baving_ solely a direct effect 9n 
the air and the inner parts---ofthe wall (Madsen, e_t,al.-, 1995). In addition, tb.e h�at flows dl:lerto 
occupancy, ventilation and electr;i.cal lighting can be added to the tQtal heat gain. 
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The.mqdeJ (tJ_g�r� 3) cop.ta.ins t\\igJim� cons�ants (typical.example �H�: 26 min and 'Cz � l?,��
The.:.respopse,,�� de,cre.as�s §1!\>��3.Jl!i@Y. if . .venti)ation � inclu_�g)�ee; ��swmse.,_sP,��d <:;P2 
mod�l). Inclusioa.,,11.>f yeµtil13r!io:I! alse>,,�:qtr�d�C�$ stt_o�&. non1!ine_¥ effec�. . ;,._ ·r. , • � ,, , . ,, ·, 

,. 

171i1 .1�.Hf.lJ . .. -=.': 1:··�1.! r'; !111, .. :: ·· ,·· ' �1 :>. . •  � z • •  1.. c::'t''-. :L'· -Jr �,, i� /t'.i'.! ·� 1.. _�.·:·�·�I 
The total s0.laf. ��s!Wttaace: �.qugJ:i- ,tfi.e� JN}ndp�(s.),i��G��PHte�-lJsing ho_url��,clin!-atei;4at��d . , , 
the solar angle dependent solar transmittance, computed using the Advanced Windows 
Information System WIS (Bakker, et al., 1996). The occupation is genera�e.��W.!� �t�.��d . •:. 
weekly pa__ttems1witb.,r¥.tdQ,m vW,�Ji9�i: ;·,, >r11 '1�J :-: : _ ":?: . .  :' :f1Y , ':.-r!>:.�.�u _,.,, . rn: :�,f�t'; '.:c·:r:T 

)tf,J . :._  ��!.�:- -��, �s.:. ' .. J:. .. � .. ;_ .. . _,·� ·:�·.i :·--�· �·�·n��: r�:,···i�ti ·�� .. -1 '· . . .--; .< -�>·L· .. ,�J")�, .. _.; ,J�_-j,.· -'/ 
2.3 Da1lJgh� . ; · : · ':·� 'c .-- · · _. ! • '_:.._, .1li.. - ... ... • ... ;l'� .... _r l iJ -:-· - ' - r·. -°. L·�.::);_ -1;_ �� ·: .. ::\'!�·:· 
The �ax4ght is also JI?.Odelled base4 on1 �·�]mate d���t:·tbe S0'lar� azjm�th �c;I altitufi((,.�!��th _ :i 

WI� (B�er, et al., 199.6), the arigle dep�J;\d(fnt visu��¥,1Smitt��� is computed. Ther�oss��.l� 
diffuse fraction ·i.$ assumed angl� independent. Tue pre-·processed)J.!��c��t and illµn:ii.Qac,�s ,. of the separate, 100% dimmable electrical lighting systems is superpo�pd to ��--�ola.f,visual �:' 

transmittance. A combination of elyctrical light and daylight is co1n-p;uted:resulting in a,µllrti1nal 
desk Illuminace of e.g. 500 Lux, maximum luminance ratios between wniciow, .ia,.ble and 9ack 

, .  _ . • . J .... • ·-
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of the room and minimum electrical energy for ligh.ting·, In additi9n; for. tile non:-.occupied state, 
the shading is controlled to save heating,or cooling energy. i.L. ·" ,,1;"'' ri: 

. .. 

3. INTEGRATED CONTROLLER PERFORMANCE INDICATION ;: 1: : 1 

r · . · .. �r '· · :t.:•.• . •. 

To optimise or self-adapt the controller's performance, the quality of the controller is 
expressed in an overall cost function. The cost function expresses the energy use and relevant 
discomfort aSpects .. The. cost functions for these aspects are added with different weights to 
obtain one number indicating. the....c.ontrollers performance., enabling optimisation of integrated 
control. 

.... �.:._ ... 
;:• -. .). .-

• -- ..... �,.. ""h' i �, -

Here Wi are the weights, U is therused,energy, f 1('P)' iS the cost function fQr the�temperature, 
f 2( C02, VOC) is . the cost fun'CtiQ.�Jor_ �.�.quality. an� .[:3(ligh�). is the cosf function for 

light The function is.integrated trl' cui:n�? The weigbts- ef- comfort wjlr'Qe-zero if the room is in 
the non-occl'.lpi�.d state and no occ�patiO� *-predicted:- A"mitl.iihug_} t�mperature can be given 
to the cost function to ensure minimum temperature e.g. before entering, also depending on the 
predicted oceup'.ation schema. · 

The sensor costs for the measurement of the most important air contamination in offices, C02 
are relatively: expensive (approx. 500 - 1500 ECU) but are expected to decrease rapidly in prise 
(Jones, et al., 1997). The most often used cost function for C02 concentration is a step
function at �.g. 800 PPM. voe and other contamination's mainly from tb.etinterior are a 
problem if the building is not ventilated fo·r �danger- iiine. This can be avoided., by ventilating 
before people enter the· room, if low ventilation rates are used during the ·mght. Tue· user must 
always be able to adapt the ventilation rate because of.·i the unpredictable and unmeasured 
contamination. 
To avoid sick building effects and oscillations, the user should observe that the system reacts 
directly also for ventilation control. · 

· ' : · . . • .·· ' : .. , · 
',;_·: :. 

usually more complicated expressions are -used to qualify the discomfort for variati6ns �in : 
temperature (e'.g. PrediCted Mean Vote-PMV. (Fanger 1970, ISO 7730 1994)). If ail adapti\ie·;F 
system is utilised, a less complicated expression ·is reqliired' to satisfy-�the users preferences, . . '/ 

using for instance a quadratic cost function. 
::,.\·. .. I'!.' .'1 

User· requirements can change rapidly. This:must 'result iif an :adapta�ori1of the cost fumition:,ilf 
is iniportarit that' the1 cori.frollefi reacts last fol'thesf! adaptatiifas. The user interfade •jS also �efy ' '.: 
important and shouid;be'extrelliely user'friel'idry arid sfulp1e! rr• �; ,;;1! :··; ; , ; \. 1·'.[ .. : : .  • ' .: ; '- i ; ; 

4. CONTltOLtER:-S1'RUOTURE ,,- · r:_- _. c:�:. '. �·--. 
. .  { .�. ( ·. � ; : 

I , ' . ,, · . 

;. .. .J .  '"· 

Figure 4 ·shows the controller's structure· detetminirig 1he best airflow rate of 'the -ventilation'; 
the cooling and heating power and the position Of thifl)llilds. Adequate interfaces fO'"interfa�e 
the controller with local controllers are required and are not shown here. 
The 'adaptive building model' (see figure 4) will predict the indoor temperature, IAQ, the 
lighting and the energy use that will occur after a set of control actions. The 'cost function' 
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determines the� quality of the predicted coittr©l.tactions to·be optimised. The .. 1cost function' 
adapts to the user demands communicated by the 'user interface'. The 'searclrlengine and the 
action generator' searches for the future control action path with the best (lowest) cost 
function. Many control action paths are tested along a search path. The best found control 
action path will be executed tb contror �the nfal building'. For the next control step . the 
controller searches the best control path for the current situation using the 'search engine' etc . 
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Figure 4: Controller objects anA structure. 

r . ' 

Save data.fa: training ,....._.. Adaotive Buildiru! 
Save data fa: training -
�pedicta' .: 1;, 

' 
Real 

Building ·:·. 0; 
, . f' 

Imtallal:iCX]. With . -
secmd ccnr0l lo0p 

' 

:Measured:' 
-Tindoor -IAQ " 
-lightq�ty 

�- · u -Energy use 

::,' � _ ! ,\ ,'_i .' I ' '� ' :· i 

.! 

For the prediction of the building behaviour, a weather prediction block is:u.tiljsed. To calculate 
the cost function for a control action path, the occupancy of the room has to be predicted. This 
can.:1be . .do;ne,with a m�l;lral network like in Hittle et al., 1996. It is als.9 possible to use the 
we�ther..,c�f .the day <before (Fergusgn,� '.1990t and .a, fixed pattern for the occupancy::Je.g. 
wor�g-daysfrm.n.8:00till,18:00)to,simplifyth�predictions. ,1, ,1 • _ :.! 1 1�1�:-. 

i rl: .; · ,' '\' !.r� 7 i.�· �;: 1� ..1 ,·� · ' �r� ', .:-·! 
If the occupancy prediction is fixed pattern, it must be trained using some measured data of 
occupat�Q:ti.:� .A.iso , tb._e1 ��dap,tive�- bliil�g _1;11odyl': :mu�t;i be tr:�ed '. iY'lt�' da,ta . fr<?!H:�.tije ,.,:r�al 
bui1:ding'. �r real_.]Jµildip.g•.;.II),Oqel to :ei;table: t() µ�� :this c.Qntrgller)o.j�w�.qtl d�rent bujt4ip.�s 
and to adapt to changing situations in tl_le �aj.ldip_g �pere,�e p9n�2!�r-i§).g.&tajle,c;l,1,; -· ·c; rnc ... . , 

The main drawback of this model based predictive controller is the large size of the search 
space for the 'search engine and action generator' due to the.:J¥aI\}tP�ossibl� OQ!ltro�.ac.tiqnsi At 
present, possibilities are explored to use approximate feedback linearization, linearizing the 
intema), mo4eli1 ,Utilising linearized- mqde�f,; well-known and relatively fast optimis_ation 
techniques are fe�ible (e.g. quadratic programming). . , . ''fj 

. . . � 
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5. FUTURE WORK 

The performance of the controller can be firstly evaluated with the building model, but later it 
must also be tested in a real building. As the simplified model can affect the perfonnance of the 
controller, it should be evaluated against real buildings. 
The design of the user interface is extremely important for the acceptance by occupants, and 
for adequate feedback from the occupant enabling adequate adaptation to the particular 
situation (building type, orientation, country, climate). 

6. CONCLUSION 

Model based predictive control seems to be an adequate approach to realise an integrated, 
predictive, adaptive controller able to handle the model complexity (non-linearity) and 
multi.variable systems. 

References 

BabuSka, R. (1996). Fuzz.y modelling and identification. Ph.D. -thesis Control Laboratory, 
Department of Electrical Engineering, Delft University of Technology. 

Bakker, L.G., Plokker, W., Dijk van, D. (1996). WIS User's Guide, incl. Tutorial, TNO Building 
and Construction Research, Delft, Netherlands 

Bearg, D.W. (1993). Indoor Air Quality and HVAC Systems, Lewis Publishers. 

Ferguson, A.M.N. (1990). Predictive thermal control of building systems, Ecole 
Polytechnique Federale, Lausanne, France. 

Hittle, D.C., Flocken, P.A., Anderson, C.W. (1996). Neural networks for predicting chilled 
water demand in buildings. International Solar Energy Conference, ASME, New York, USA, 
387-394. 

Jones, J., Meyers, D., Singh, H., Rojeski, P. (1997). Performance Analysis for Commercially 
Available C� Sensors. Journal of Architectural Engineering 3:1, 25-31. 

Lute, P.J., Paassen van, D.H.C. (1990). Integrated control system for low-energy buildings. 
ASHRAE Transactions 96:2, SL-90-16-3 

Madsen, H. , Holst, J. (1995). Estimation of continuous-time models for the heat dynamics of a 
building. Energy and Buildings 22, 67-79. 

647 


