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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

Modern 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 + * .
domestic buildings with a conventional heating system, non-central ventilation and outdoor
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 behav1our

and solar energy use. f

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
(lerﬁperature, humidity, air pressures, mass flows) 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 approprlate operating regime (e.g. night setback,
temperature setback) and su1tab1c setpomts for corresponding, basic:controllers are choser: by

the supervisor control. A knowledge based strategy using experience is developed in Section
34,

Since the 1ndoor air condition is characterised by strong interactions among state varlables
and exhibits non-linear behaviour dependmg on the setpoint and ventilation, classical
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 3.3.1.
The controlled variables are the air temperature and humidity, i.e. control ensures that a given
upper limit of relative humidity is not exceeded. If humidity is in given, limits or especially
since loose control of humidity is required, a certain air mﬁltratlon rate control is required for
hygiene ‘and health conservation reasons as explained in Section 3.3.2. The demand guided
control has been tested with the simulation model as shown in Section 4. Results while using
the demand guided control for a test reference room are presented as well.
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2 Model of-'thfe?lndoo-r Air Condition IS '

2.1 Description of thie System to be Controlled ik o A ’ L H
The modalled room is characterised by-a central heating system, where one radiator per room
is equipped with an electrically operated valve, and a non-central ventilation,system with a
speed controlled fan, Additionally a supply opening in the envelope and relief opening in the
door ar¢ implemented (Fig. 2.1). The window is equipped with outdoor blinds that can be
positioned with regard to op‘eneq distance and fin angle. -
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2.2 Characterisation of fhe S);stem

The system to be controlled (Fig. 2.2) contains the inputs radiator:valve lifth, related fan” . |
speed n andiposition-of the outdoor; blinds 1. Qutputs are the air temperature 3, and the
indoor relative humidity. ¢,/ Thedisturbances are-flow. temperature 9, ; ,outdqor Alx
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Fig. 2.1: Room w1th ,,radlator_, fan and outdoor‘blmﬁs :
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A room model was developed to analyse the static and dynamic transfer behaviour. According
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-plane, the handling is more efficient and the outfit is much better:.than operating in the.; .
time domain. The couplings of various transfer functions like e.g. series and parallel connecs,
tions are much easier to see. Another,advantage is that it’s possible to test all transfer .- - :;
functions for stability when cutting the coupling and using.a defined input at this point.. -

2.3 Ventilation Model

S
4 Y i

perature The Ventllatlon model is characterl sed by Fi g 2 3. Tn the current version the qupply
and relief resistance are defined to be constant. In future 1t will be poss1b1e to influence the
res1star(10e.‘_,A controlled change of the yentllatlon,ls only supported p‘y’:the_ speed controlled
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If the fan is out of operation, the equations (2.1) to (2.3) dte valid for'thie natural veritilation '
computation as a result of the pressure differences between the 1n31de and outs1de of the
building. The thermal buoyancy is neglected sefi RO dsbiow T st

1

Ju

The calculated air mass figws are treated in both temperature ahd Hioistute models. They Have
a decisive influence on the dynamics and static of the room transfer behaviour.
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2. 4 Temperature Model

ot Do g gl Ny TR I I |y

2. 4 1. Partlal model of the room air « ; . ;' .
Extensive 1nVest1gat10ns have been donelWwith the simtlation program ResCUE [Han94], com-
puting the'roomair flow. The:room has'been divided in tonsideration of its flow béhaviour
into several zones (multi-zoné model). At'the current fime no .s1mp11ﬁed description of the *
room air flow exists: This is caused by-a strong dependence 6f the room air flow on the
boundary conditions like e.g. wall surface temperatures, solar gains, positions of 1nternal
gains, supply speed and supply direction, position of internal flow drags. '

Presently the air is considered 4s an 1deal m1Xed z()ne "lhe part1al d1fferent1a1 equatlon ( 25)
is the ba51s of the temperature model B

‘9 —Z( [ ob — L]) +Z(mL ¢, [SZu L])j+§Qi,k' (253)

This equation can be rearranged so that the time- dependent disturbances aiid inputs are on the
right hand side and only terms with the output air temperature are on the left hand s1de

The Laplace transformation of the d1fferent1al equatlon y1elds '

gt ] {
'y i !

A@,(;,jf" _1_{2(1( A@Ob(s)) +i(K A@@(s)) +Z(K AQ( ))j (2.6)

1+T1, -s\'i3 i

The main advantage is that the differential equation has heen changed iniokn algebraic

equation. The surface temperatures cannot be controlled They essentlally depend on the
location and that is why they are not suitable for a meastirable variable. These temperatures
can be modelled and attributed to measurable homogeneous variables. ' :

2.4.2 Partial model of a wall

As there is a great variety of wall structures it is rather difficult to mpdel easily the exact wall
transfer behaviour. The differential equations of a sandwich wall in the s-plane are solved in
[Kna92]. Output is the wall surface temperature 1nputs are the ambient temperatures. The
transfer functions are transcendental.

A simplified approach for modelling the wall surface temperature is given by afirst-order -
system w1th delay B et e e & 1

ST ok - | ’ ;
T AL 7 it

In the s-plane one obtains

A®W(§)é=' (K»A® ()+K'FSJA1dlrﬂ-§dlff( ))'l'“" o ol el v

~Tyws

BN

T (K, - 20, (5) + Ky, Ay (9)) (279
The parameter can be approximated via frequency response. Accorditig toteQdati'bnif(”Zﬁ % a-
simple transfer function was found and it’s possible to de§g:lribe, an ordjnw wall.
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2.4.3 Partlal model ofaradlator Gedvaloorn 0 poany o b ot 30T oeinii
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89 .
p-7HW=mHW-cp-(SZ,HW—3HW)—ai-Ai-(SHW—SHK). (2.8)

My *C
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 characterlsed by i

oA, K, A,
9. = 9.+ 9 . ! 2.9
HK oc-A +x, A, oA+, A, C L25)

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

K, =0,. (2.10)
In consideration of o, >> o, one yields in the s-plane
1
My, -C, +c o, A, ’ . \
A® = - gy - p-A®Z’HW+oca-Aa-A®L). (211

1 + Tl #8
)
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 this model is to coarse. The
radiator was divided into n-parts whete all parts are in a series'connection. For that' purpose
one cap, transform equation (2.11) into the representation’,, .. ,. s

e N R ) (L )“ : <s> )'

z=1
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Fig. 2.4: Comparison of modelled and measured temperatures. The radiator was modelled as
., aseries connectlon of n=1, ‘n=4 and n—9 first-order systems (fos) respectively.

Measurements has been done in a radiator laboratory of the Institute for Thermodynamics and
Technical Installation of Bulldlngs This laboratory is equipped with five boxes supplied by a
heating system. Tempera’cure serisots are arranged at all meaningful points, in the air and in
the heating system.

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). l

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

ama';’RL =2 M = D iy - (212)

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)

Sty = (i), +

1=0 1

NgE

(mD,L,zu )1 (2.13)

n

Z My, = Z (th,w )1 +

1=0 I

M- T

(tp ), - (2.14)

I
(=
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A closer inspection of i, yields the connection of both'supplied and exhausted 1n01sture !
mass flows and the air mass flow as a result of the ventilation calculation * - [T i

my, =X, -m; =X,-A-m, . (2.15)

2.5.2 Partial model of the wall :

The moisture absorption of walls depends on the water vapour partial pressure. Many calcula-
tions demonstrate that the vapour diffusion through a solid-external 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 assumptlons are vahd
for hygrodynamical conditions in the wall.

Measurements by Setzer/Hohmann [Set94] show that an 1m,plementat10n of a m01sture buffer
functlon is useful

A A% : )
2% LYy . g a : "ol o H

. A _:im;,; i i i ! ; B Loy TN, ""E'i" I

(t) = gww() ‘a-e(T) . o Gk TR gt @ onl s o2 16 )

As a good approximation it can be assumed that m ~ 1.'Given that X, << 0.6222 and =

Xg << 06222 the following transformation is permissible

- B ATS TP F L S . w1
‘ pS'(SL)' ‘- (XL +0i6222) Xs'Pr o Xgn L b

Furthermore, the fouow'in'g is valid [Kue95]

With the above mentioned assumpt1on one obtains a ﬁrst-order system for the wall. The 1nput
is the relative humidity and the output is the absorbed moisture mass. This, yields S|

3

) K _ \ ‘
T'gW,W+gW,W=K'(pLzX—'XL‘ ITE T AT ' ’ L (2.19)
- S‘ ) e

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

Bl ()= 2= A, (9). ey i n i g 20

3 Des1gn of the Demand Gulded Control

3.1 Control ObJectlves

A principal requlrement controlhng indobr air Gondition'is thermal comfort with the c,ompo-
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 : L > 0.5 b’

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
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outdoor air change should not fall helow 0.5 h™ even: when the room is empty [Sch95].
Control of the mean value-of:: A with a-user given setpoint A,;> 0.5 h™ makes sense.

relative humidity : 35% < ¢, < 70%

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.
Ifithe relative humidity is too low; then clothes, carpets etc. dry.out and dust development in-
creases:.Given high indoor hum1d1ty gams, automatic .control-ensures that a given max. value:
is notiexceeded. -~ n a0 n C o6 R LR TN :

TR A BN & A .

‘

temperature 20°C < 9 < 23°C
Thermal comfort depends strongly on the sensed temperature SO, calculated roughly by us1ng

;;;;;

‘ g

temperature 3, . For easy phys1cal actions and normal clothes the equation 9,= 0.5 (84+9,)
can be used. For simplification it is assumed from now on, that sensed temperature in a well
heated low energy building equals room air temperature. For the operating mode winter this °
temperature should be stabilised matching 3. The simplification is not suitable for special
cases like night cooling and transitiqn, season, tlleugp. "

L, @
control system design crzterza T { PR S T

Single room controllers in well-known bu11d1ng automatmn systems enable frequent setpoint
changes for temperature in dependence on presence of ihhabitants 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 is not very common. Step 1nputs are
used for test purposes, not because they represent the typlcal input, but because the response
to them is informative and easily obtained. Overshoot beyond the final value, oscillations and
position errors which are not negli gible give rise to additional energy consumption. Conse-
quently the des1gn aims are nearly apenod1c step’ respense witheutiovershoot and oscrllatlons

at all desired témperature levels:- i B . a0 e a o B vl s

3.2 Properties of the Controlled System and Control Possibilities

The system room (plant) has certain propertles comphcatmg the controller design:
ny STy ¢ i A1 5 SR y ! ) i B 2 Kl § 0
structure with znte;actzonslzz;;d nomF lzlzeézr C'OILlpled parameters tzme variant
The plant has a non-linear and time variant characteristic due to certain parameters (time con-
stants and gains depend on temperature and air flow). The time varlant air flow/effects aerody-
namic as well as thermal conditions for the time constants of the room. By .increasing the fan
speed step-wise an increase or decrease of the temperature and the relative humidity mlght oc-
cur, depending on the state of the air indoors and qutdoors. Given, this, the plant has non-,-
linear behaviour. Certain conditions cause a sign reversal within the transfer function 'of the
plant. Therefore, linearisations are difficult to apply. The control system design mostly
neglects these prope;:tres wh}ch may, res lt in oselllatmns peak overshoot and poor,

performance b e von ]
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Fig. 3.1:

PI- control on dlfferent setpomts )

The 51mulat10n results of conveny,
tional PI-control with the described
room model are shown in Fig. 3.1.
_ The step response in the second
- e R o i diagram shows an satisfactory
ey | : : behaviour, because the controller is
18 binciony NSNS SN W—— N W el ]
i ' : higher values of temperature closed
loop performance is unacceptable

(first diagram).
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great time constant differences, non minimum phase humidity controlled system

The transient process of the temperature when operating the radiator valve step-wise is
characterised by small time constants of the indoor air warm up process and large time
constants of the surrounding masonry warm up process. During the warm up, con51der1ng the
humidity storage capacity of the walls, the relative humidity ¢, and the vapour pressure p,
will fall on a short term basis. Finally, however, the relative humidity will i increase, since 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 z(t,) and z(t,), t,<t,, follow a
solid line as shown in figure 3.2. Note that the indoor air condition z(t,) will not be in the
target or comfort zone e.g. at the end of the night setback. The outdoor air (state z,) passes the
pre-heater and the supply condition is characterised by z,,. In winter it should be at a higher
temperature than the desired indoor air staté and at lower moisture content. The air leaving the
Fig. 3.2: h-x diagram - /. ]

pre- heater forces Z, (tl) to z(t,). The desued comfort zone, is not reachable with the states as _
shown it the figure It is only possrble to reach the grey target zone. When wall humldlty
storage capacity is taken into consideration, the solid line in the h-x-diagram becomies dis-
torted, the behaviour is non-minimum phase. Related to the indoor and outdoor air condition -
(zi(t,), z,), the reachability of the target zone in Fig. 3.2 is shown roughly by the placement of;
z{t,) and z, 1n®andOrespect1vely L T TR Y

/
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Summer season

Strong limitations apply to the cor‘frollablhty in summer time (both z(t,) and z, in ®). In
order to avoid over heating of the room, ventilation and outdoor blinds have to be activated
Wlﬂh ’Vlew to outdooi' it condl’glons in the near future. The comfort zone is rarely reachable.

2 1 Lol l'; -

wznter season
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Concerning temperature, this case (both zl(tl) and z, in ® ) is easy to handle The target zbne ;
is always reachable However the comf;ort zone :&,s rarely reached due to low air m01stu{e ,
content ’khe desmad alr mf_iltratmn rate 1s pnsured on a t1me avcrage 1eve1 by non-contmuous
venti atlon TR

resed s Mo C gfra v, B FFLH O D OOl e S
transztzonal season\lw gy mebi) rlogl guted Y wem o an U Gemn 0 el 2 alve
This'¢asé (z(t})‘and z, in @ and @ respectively or vick vers’a) n‘ught ocCur in‘summer or: g
winter time. For cold weather conditions (z(t,) in @ e. g. due t6'sblar gams and z,'in @) the *
desired room air temperature is ensured by ventilating. Under warm weather conditions (z, in
@ and z(t,) in @) 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-
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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 humidity. 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. B 5 ‘

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

Single room control systems do.not take into account the coupling of the process variables
which often results in a poor performance of regulation. Moreover, setpoint dependent transfer
characteristics of temperature and humidity and différent time characteristics of the reaction of
the room air and the surrounding walls recommend adaptive control strategies. These methods
are capable of adapting to changing conditions of thermal, hygrodynamical and. ventllatmg
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. Modern control systems on the basis of process fieldbuses 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'basic control loop consists of a
linear controller and the multivariable process. A pre-specified multivariable reference model
calculates the desired closed-loop behaviour for any bounded reference signal r(k). The
speciality of these systems is that the output of thé process follows the output of the reference
model. Therefore, the reference model is'connected in parallel to the basic control loop. The'
unknown controller parameters y(k) can be adapted in such a way that the error signal g(k)) i/
between reference model and process will be minimised. A suitable choice of the reference
model results in the decoupling of the process variables, that is both process variables
temperature and humidity can changed independently of each other.

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

¥ =AW, By, | = oy | C(3.0)
The model oﬁtput |

- Vix (3.2)
%k =(%J -

represents the desired process output at each time k -

i _(mk)_(shj it aas e (33)
= Yax Prx . |

Y. denotes a column vector with retarded values of the model outputs and the column

Vector I.; includes the retarded reference values. y Y., denotes a column Vector w1th retarded

values of the model outputs and the column vector r, , includes the retarded reterence Values
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The control algorithm,is derived from a simplified de51'gn model of the process according to

Fig. 3.5. Such a model.is used in [Bil84] to design an adaptive confroller for temperature,and.
humidity of a simulation chamber for environmental processes. This model describes the main
effects sufficiently and can be easily handled with regard to ifs number of parameters. .. .- ;

In [Bil84] the influence of the surrounding walls is not included; here this effect 1s taken 1nto' i

account as slow changes of non-measurable disturbances y(k).

b b, z+b,

3 Vi Fig. 3.5:

z

Z2

3 2
Z —ApZ —apZ—2a

>

Discrete design model

by z+by

23

of the process

U,

3
Z

3 2
Z —8,7 —

52— 2

The simplified process model is denoted by

yk A d3k1+B u,

w1th the matrlces '

ISE (3.4)

13
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and the vectors

@kz(yLk Yiki Yixe Y2,k‘ Yokt Yakar Yk thka Wk )T

and

" ‘(ul,k) (hkj (3.6)
Oy = T e
o u2’k n,

as the process input at each time k. The parameters of A and B, are assumed to be unknown
but constant, B, is positive definite.

The discrete process otitputs air temperature and relative humidity y, and the model outpL ts
yk form the error 51gna1

e (e, (37)
The clontrol variable u,, for actuating the radiator valve is
and the second co'm'ponent‘of the‘control vector u,, for actuating the fan is
u, !szle;l R I R (3.9)

s SRR G e s g

Wllert}by Y1y and 1, are lec—varymg controller parameters. According to [Bil84] the
variation of the parameters of the sub-controller 1 for room air temperature
R [ e B e

lelklclk . — (3.10)
]+b,“mx tkIQ|X|k| ' '

L,k = ..’Y_I.k 1
and of the sub-controller 2 ( relative humidity controller ) , Y 31
i (o s o B . Rl

]-."-Lbzmnx’E 2-""Q2§2‘k--f ; i “ ; : :

Xz,k N }_Lz-,k-: o

form an asymptotic stable adaptive control system. In these expressions &, are genérélised

error signals which are generated from the output errors by:dynamic compensators.. The speci-
fication of these compensators follows from conditions of stability theory, Q, and Q, are sym-
metric and positive definite weighting matrices. From a practical point of view.they have a
diagonal structure whereas the parameters b and b,5.x are maximum values of the process
step responses.of the ﬁrst samplmg interval. , :

1max 2max

The vectors Xl,k and x,,, consist of yalues'from‘the filtered reference signals, the sampled: ' and
retarded process signals and the contiol variables. Due to the' coupled structure of the process -
both control sighals-u, , and'u, ‘contaifi the other ¢ontrol signal respectlvely The calculatlon

of the control signals is carried out'in a'successive manner. o

The output of the control varlables u, is Ilrmted hy techmcal restrrctlons Therefore a sultable
interpretation is necessary, because neither active cooling nor dehumldlfymg is p0551b1e The

14
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controller parameters are ,,frozen” if the control signals are limited. Furthermore, a bumpless
changeover of manyal and automatic operation is realised.

6 ' ' -i T Fig. 3.6:
4l people presence- ; ¥ _
ol ' Simulation results of the adaptive
0 Lok i . control system
24 - 4?5 4?0 4‘?5 430 Fig. 3.6 depicts some simulation
29 oo e .v / ﬁl results of different situations and
20 - =0 Y, the presence of 6 or 3 persons with
T : | -, | internal heat and moisture gains
415 420 425 430 (first diagram): The second: :-
- : ! J diagram shows the room air tem-

3 4'5 [-] < Qg perature 9, and the setpomt 880" 7
) AL : very close together with the model
2y -~ 41 = 4é0 42"5 450 output y,. Unfortunately, these two
02F — - | . curves are not exactly to

[-] kK distinguish in the diagram. The
0.1 third diagram depicts the relative
0 | ; | i humidity ¢, and its setpoint @ .

415 420 425 430 The two last diagrams show the
061 h 11‘ ' R ’ | control signals h and n as well;as
0.4 Rt n -] the air infiltration rate A. The
0.3 i ik & _ sampling period for all process
41'5 4é0 4é5 4:'30 t [h] signalsis T=20s. 9,;; =23 °C is

validfor 413 h<t<420 h and il
0.5'is Valid

BT I Ih £ 425K, @ =
The temperature 9; does not fall below the setpoint 8, , the increase-of 8; above 8 is due
to internal heat gains. The increase of the relative humidity ¢, above Psen could be prevented
only by dry air supply. The decrease of ¢, 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 minimum 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 obtained performanceis
sufﬁment for thls apphcatlon o s T ]

RN O .r‘. k& |‘l|‘~ & ’
3.3.2; Air infiltration rate control PR TKN TN ST

For hygiene, health and bhlldmg eﬁvelope consefvation réasons a certain’air infiltration rate-
has to be ensured. The’ ‘eXact élué depends ‘on roo usage, number of persons ‘présent, resi-!
dence'size, and othédr Variablés. But even when the room is empty, ‘the average air infiltration -
rate should not fall below 0.5 h” to avoid growth of micretergahisms."When the’hunyidity
satisfies the requirements, the correspending subcongroller is;disconnected from the system,:,
and the mput fan-speed n is used, to stabilise the user specified air infil{ration rate on an o’
average bagis. The averagg, ,alr.mﬁltrat,llon rate is imposgd by alternating sudden short:. , . |, ¢
ventilation regardless whether the room jis empty, or not, If the room is occupied and
ventilation is necessary the radiator valve must be closed in order to save energy. This is
achieved by degtéasmg thé r00m air Iléri’q:oeratm‘e setpomt ThlS applles for opératxon mode
winter onfy, ¥ A W
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people - presence ' people present Fig. 3.7

detectl'on ! E

‘Air infiltration rate control

2 ) - e The air infiltration rate A is
soll | r n . . : ! .
— V \__7 0/2 erpty roons ~ determined by the variables fan
A » i _ i speed, pressure difference p,-p;
| ) _D‘ I and the characteristic of the fan ,
- . [Hdd96]. Fig. 3.7 shows the {
<—— fan characteristic : ; realisation of alternatm,q sudden

= short ventllatlng
The error signal A, - A is integrated for the last 5 hourb and determmes the. percentage of airi’

volume

soll

~A)dt | e uf renr o (3.12)

) i '] g T 2R T ¢ i GRS ¥ !

Y= J-(}\’soll
t,
which has to be replaced. Theresult V is feed to a two-position controller with differeiitial
gap. 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 -
of the differential gap can be changed easily. The differential gap has been chosen for an :
empty room as :

1=100 % for Ay - A > 1 h", n=0 % for A, - A <0 h’
or when people are in the room as
n=100 % for A, - A >0 h", n=0 % for A, - A <-0.5 k.

3.4 Hierarchical Control Strategy.

3.4.1 Setpoint pla(,ement for comfort indoor air condition

Sen ' ,-—. actual 1ndoor Fig. 3.8: !
[*C14 L ;/~ air condition Temperature - air infiltration rate- »
23 c?’ . permitted deviation diagram with setpoints for comfort 1ndoor%
Q, ....... " window = a1r condition . e
ANl T T Sltuatlon dependlng setpomts for tem-
——<=... desired indoor air perature, humidity and basic controllers
1 condition (setpoint)  have to be placed [Had96]. The top level
18 . ' of the hierarchical control structure does |
03 08 1 2 A ] not establish.a setpoint for the relative

“humidity ¢ since a large deviation is ac-

. ) . ceptable for this value, and it is, not always

possible to reach a glven selpomt Pyon at all. The permitted temperature deviation depends on .
the temperature itself (e.g. high temperature setpoint means 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 3, nin < Seon < o max a0d
A <A gL are automatically determined and indicated as a window. Linear

soll min = “Vsoll soll max

16
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functions are used to derive basic controller setpoints from the discussed setpoints. Setpoints
are changed in normal operation mode for the followmg reasons:

- night setback
- temperatpre seti)ack when the room is empty,’
L temperature setbz}ck when ventilation is switched on.

7-”[

3.4i2 Case sensxtlve knowledge based control

The automatld control whlch is to be developed, aims to ensure a comfortable indoor air con-
ditibh' during 'the v whole year bua to limited actuating possibilities this aim can be achieved
only by distinction' betwéeh Vatious cases of indoor and outdoor air conditions according to
the h-x diagram: and mser behaviounconsiderations.. Subject to the operating mode, basic
controllers must be enabled/disabled and reversion actions have to be performed. This
approach corresponds to a knowledge processing method using human experience for
controlling 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 [Hid96]. For the first
operating mode winter (Table 3.1), thé-heating:system works as an actuator within the control
system. In the second operating mode summer, however, the heating system can not be used
since it is switched off. The fan is an-actuator for both operating'modes. 'y

e

. . eratin mod wmter
TH Rl ST R ] ,i.?p\ i g ; . i B e
3,5 9, S > SL _
9L < Ssoll max ‘9L > &soll max- L 8L S 9sbll max) 9L > 3so]l max =L
controlled S and A or S-control off, 9- confrel off, | |3- control off
varinhles 9, and @, when ¢- control off, P- qont_r_o} fo’, A, ;
‘sub's tantial 1pternal ventilation: ventilation: ¢, possibly,
MBISHLE Ehire decrease 9 increasé Spup'to: [
L _ P avoiding further
e s 0ty | Bsonpn 1£.8,50,  lincrease of 9, has
sy up tO Ssoll max priority
outdoor blinds | shut atmight < ,.,.;fnone’; B hone™v 't shut or minimum
G e ol ufor Cheondes e e o wepemg veds oot illumination
. | il ) ) e
objectives S,y reachable, S.on not reachable |39, and @, I, mostly not
Cotn | e et syhendinternal heat mostly reachable |reachable,
Ll | @sn mostly to hlgh { gains, AN TR
ol A (| 5 g 8 o ALY s d B ne v g s
PRI GO 200 101 s Ry SEAN P reachable (h-x
. N Sy (Psou mostly diagram)
oy . N s air 1l.>. “Ls reachable
itchar e ilied fracs o L. ot

Table 3.1: Gontrol strategy.; for the operat;,ng mode winter (radlator is actuator)

Soine ‘déstinctions in Table 3.1 -and 3:2 may seem similar or even identical. Every situation

represerits. however different Wedthel s1tUat10ns ‘and may req‘ulre d1ffereht actlons A detailed

discussioit ish’t possible within this papér.tt v o i L LR
L A T LT ST B CRUTETd WEETRTE T R AeT

AopvE D iyt e, % N L ‘ PR i

17



CLIMA 2000 ‘97 Conference Brussels P216
operating  mode summer
9,< 9 3,> 8,
SL < 9‘so]l min 9L> Ssol]min 9‘L = ‘gsoll min ’ '3L> Ssollmin
controlled A or @ when ventilation ; S, increaseupto | A,
variables 1nternal humidity | decreasing 9, ,oimin > if $,<0 ¢, possibly,
gains, up to 9‘soll max :1: :
1 avoiding further
avoiding a .
. o increase of 9; has
decrease of 9; has o B ,
. priority
priority
outdoor blinds | shut at night shutat night none shut or minimum
illumination ’
objectives 9, not reachable, |8, mostly not 8,1 and Qg 9,1t mostly not
,(?,\ “rrlg\sfz Xlﬂthln‘ | reachable, mostly exceeded, reachable, |
“““““““““ Pgon Mostly 9, has priority ¢, reachable (h-x
reachable diagram)

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

4 Simulation Results ‘ B T—

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-present signal (present people cause moisture and heat. gains) and the actuator values
of the radiator valve (winter-operating rnode\ or of the outdoor blinds ( <lmmer-operat1n B
mode), and the resultmg transition. effects of the room air temperature -

In winter time the indoor air condition is easier to control. The setpoints of the controlled vari-
ablés 9, 4nd A ‘dre matched all the time: The average air infiltration rate of 0.5 h™' is ensured by
alternating:sudden short ventilation. The small deviation of the temperature is due to assumed
solid walls arid the good heat insulation of the building. The sequence of decreased'temper‘a :
ture setpoints: because of special situations‘as described earlier {empty room; night setback

fan on) is clearly to be seen. ARSEETE

However, controlling the indoor air condition in summer time is nore’ complicated. - The only
available actuators are fan and outdoor blinds. For the time interval t < 211.4d and t > 211.85d
the 9,-fendénicy dictates the ‘9,-tendéncy. Infernal heat'gains aré caused by present persons at
t=211.3-d andt=211.75 d. The time period 211.4 d < 1'<'211.85 d représents the case mini- ' *
mum véntilation (A = 0.5 h™) and demand guided shading. An indoor temperature of less: than
24.5 °C can be achieved for a given outdoor temperature of up'to 30:°C'by the employed
control strategy. mg an a B iapie B on on Sip et gy g 98 mE

{ I N L o

. [T 2
HES N 7T T A

Simulation results'démonstraté'the capability of the applied strategy to control the indoor aifr
condition throuighout the year. Durihg transitional seasori; however, different casés (see Table
3\1 and 3.2) may occur in a rather fast alternating manner. So it'is possible to use solar heat ke

gains effectively and reduce heat energy consumption. 1%

h

LU Y R Ly wafler 1 U £ ! I ' & Loty ! 1PN
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Thié paper introduces a sfrategy'f'd'r ihdbor 4ir doridition control.for domestic buildingéz b
equipped With & heating systém, non-‘central ventilation andoutdoor blinds. The =~~~
Matlab/Simulink simulation model, develdped for the’tndoor air ‘condition'in a smgle room,
which is'based on theoretigal process analysis and was up till now unknown in the htcr.at,ure .
with such a.complexity, is an essential prerequisite for testing the developed control;system. .
The necessary model accuracy was chosen jaccording to;the requirements of control design.
The-achieved simulation results show; a satisfactory match with measured data. ‘A model of an
entire domestic;building with-user configured characteristies can be created by,grouping room
models.

To,achieve demand guided control of the indoor air.condition, a hierarchical control structure:
employing case-sensitive knowledge processing is propesed since. the process characteristics .,
arg rather complex (e.g, reduced controllability). The developed control system considers;in-
door and outdogr air conditiops and, predicts room-usage (empty/people present); The set- ' -
points and permitted deviations for the basic controllers arg chosen depending op. 9p,erat1n.1g;_- ¥y
modes,(winter/summer)and time or. events (e.g.smight cooling, empty room etc.). .

The basic controller for temperature and humidity is a model adaptive controller’bécause set-
point-dependent;variations and ventilation dependent parameters.do not suggest theuse-of, . .
classical controllers, The. appl;ed conpept of adaptive contrpl appeals to the user, since it |
offers s1mple commissioning, automatic adjustment to user behav10ur and a-simple: operatlon
interface.

rye b . f ;! *

oY C

T L
Ji l’l;[ USROG ‘llff. i‘\‘i)‘llv\l:!u" [P !

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
modern 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 heating can be;; .1, .. !
achieved. The project is supported by the German Bundesministerium fiir Bildung, Wissen-
schaft, Forschung und Technologie, grantnumber 0329 706A.. .. .. . ;. ...

6 Nomenclature

A
a,T,m

S

g

p»AS % HTe 0T 58K

area h - radiator valve lift
material specific parameter n - fan speed
specific heat capacity 1 - outdoor blind position
specific time-dependent mass Ai - Laplace transform of i( t)
of the wall due to its water content ~ Arn(s) - Laplace transform of 1i(t)
gam Ax(s) - Laplace transform of x(t)
nass A®(s) - Laplace transform of 9(t)
mass flow
pressure Subscripts
heat gain, heat flow a - external, outdoor
complex variable Ab - exhaust
time D - moisture, vapour
time constant HK - radiator
humidity ratio HW - heating water
heat convection number 1 = 1ntema1., lnSld(? ‘
relative humidity L - room air, ventilation
coupling factor Ob - surface
air infiltration rate S - saturation
temperature w - wall

Zu - supply
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