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ABSTRACT

Modern control theory can contribute in
different ways to minimize energy consump-
tion while rnaintaining the thermøl comfort in
a build,ing. For this purpose, it is essentiøl to
identify the d.ynamic behauiour of the build'
ing. The dynømic thermøl behauiour of a

building in response to external and internal
changes is not well hnown. The pre-calculated
coefficients recommended in the ASHRAE
Hand,booh of Fundøments, 7985, are based on
simptifying assumptions. Moreouer, they are

only for three types of construction (light,
medium and heauy), which do not couer all
possible design alternatiues.

In this study, the transfer function coeffí'
cients for three buildings are determined by

experimental identifícøtion. The weight leuels

of these buildings are 46, 730, 535 kg/mz of
floor area. The deriued coefficients comple'
ment those ualues giuen in the ASHRAE
Handbooh.

INTRODUCTION

Knowledge of the dynamic thermal res-

ponse of a building is important in the design

of thermal systems, in the renovation of exist-
ing buildings and in the operation of energy

management systems. It has been claimed that
an accurate building dynamic model and
proper functioning of the HVAC systems

couldsave upto757o of the required load [1].
The transfer function method has been used

extensively for building load calculations.
The pre-calculated coefficients (response fac-

tors) given in the ASHRAE Handbook [2] are

valid for typical light, medium, and heavy

construction which are characterized by 146,

312 and 635 kg/m2 of floor area' respectively,
and do not cover lighter or heavier construc-
tion. Several approaches have been used for
the derivation of dynamic models to predict
the thermal behaviour of buildings. One

approach is to develop a set of differential
equations that describe the room air tempera-
ture as a function of ambient weather condi-

tions, using knowledge of the physical charac-

teristics of building. This set of differential
equations could be either deterministic [3] or
stochastic [4]. This technique requires num-

erous assumptions and approximations to
specify the actual condition'

Another approach is to derive a dynamic
model from field measulements using system

identification techniques [5]. The main ad-

vantage of this approach is that it does not
require simplifying assumptions and it can

take into account the material deterioration
and thermal bridges. Most recent experiments
performed have shown that air-conditioning
ãooling load calculated by the ASHRAE
method is different from the cooling load

needed practically [6, 7]. This lack of agree-

rnent was also observed when in-situ measure-

ments from three buildings were compared
with the predicted results by TARP (Thermal
Analysis Research Program) [8]. The results

are shown in Figs. 1 - 3. The TARP program

uses the conduction transfer function method
to calculate the transientheattransferthrough
walls and has the capability to compute hour-
ly room temperature and load profiles' This
úck of agreement between measured and

predicted energy consumption v¡as also con-

firmed in ref. 6.
The use of system identification methods

to determine parameters of a system is well
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Fig' 1' comparison of the- Dower consumption of a super{ightweight building predicted by TARp simulationprogram, with the measured data for December 27 _ Zg, f-SgO. 
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established [9 - 11]. These are methods of
obtaining a mathematical model for a system
on the basis of analysis of input and output
signals. This requires both selection of the
form of the model (i.e., the equation) and
estimation of values for the parameters in the
model. The existence of many different solu_
tions for a given system is common. There_
fore, the selection of the model depends upon
the purpose of the identification and the ex-
perience of the user. While system identifica_
tion techniques may employ non-linear mod-
els, the techniques described in this paper are
applicable only when linearity can be assumed

since the z-transfer function is valid only for
linear systems. Heat transfer problems are
normally considered linear, but this may be
inappropriate in some cases such as when
heat transfer is primarily by radiation.

Frequency response analysis is a classical
technique in control engineering and may be
used for identification of systems. The appli-
cation of frequency domain methods to the
study of a class of multivariable systems is
given in the literature [12]. Frequency anal-
ysis has been used in the past both in design
and in parameter estimation of buildings
[13, 74]. Regression techniques have also

L2 48

Fig' 2' Comparison of the power consumption of a medium-weight building predicted by TARp simulation pro-gram, with the measured data for December 27 - 2g , tgg}.
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Fig. 3. ComParison of the power consumPtion of a heavyweight building predicted by TARP simulation program'

with the measured data for December 27 - 28,7980.

determine the values of the system param-

eters. A sequential least-squares algorithm has

also been used to study the parameters of an

existing building [16' 17].
These techniques assume a static model and

result in time invariant controls' The static

model is not ideal for this application due to

These variations could be included by the use

of modern estimation and control algorithms

for performing
Using adaptive
eters are cont

usefulness of using microprocessors for tuning

controller has been recognized in building

energy management systems [18 - 21] '

THE TRANSFER FUNCTION TECHNIQUES

The transfer function techniques for calcu-
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Fig. 4. Block diagram of the system'



and the instantaneous heat gains/losses are
calculated based on the reference room air

temperature (see the Appendix).
The energy balance for the room air tem_

perature results in:

Q.+Qu+@n=p (1)

responding transfer functions can be written
as:

704

@.(z) =
uo+uG'
L+wß_

P(t¡= 2r¡q(t-rA)+ I a¡T*(t -jA)l=0 J=0

)
+ | seT(t - hA) + wp(t - A\ (5)

þ=0

where t is the time and A is the time interval.
These coefficients vary from season to sea_

son
nent
and
The
system performance data, using modern con_
trol techniques mentioned ea¡[ér.

e"(z) = 2o .+ 
qtz-t, 

7*1{ (B)L * w?_l

Qn*)= tuJ{}3trr", (4)I*uß

(uo r uF t)q(z) + (so * a4-t)T*(z\
+ (go + gß-t + g,z-2)f@¡

= (1 + wrz-t¡P1z)

or in the time domain

EXPERIMENTAL FACILITY

construction, except for
They are 79.6m2 and,2
details of the huts and
are given in Figs. 5 ánd 6. Each hut consists ofa south and north room with a connecting
door. The south and north rooms have a win_
dow of 2.6 and 1.0 m2 net glass area, respec_
tively. All the interior wall surfaces of unit 1(light construction) consist of a single 12.?
mm layer of gypsum board; unit 2 (medium
construction) consists of four layers of. L2.7

with a thick layer of insulation (7 m2 .C/W)
to reduce the basement heat gains/losses. The
basement is heated and kept àt Zt.C and the
corridor tem at ap-proximately ted to20 'C (low base_
board heater. The n
constant, while the
south zone consists
in the range of 20
heating, the south rooms are equiped with an
exhaust fan to cool the room with outdoor
air whenever the
27 "C. This wide r
ation in the south

q(z) (2)
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Fig*. ?. Example of measured outdoor temperature for December 26 - 28' 1980'
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Fig. 8. Example of wind speed for December 26 - 28' 1980'

of dynamic test conditions for the internal

functions coefficients'

[2a]. The estimated transfer function coeffi-

cients of the cootrng -load due to solar gain

ifrro.tgrt a window are shown in Table 1 along

îît[-?-rt" ,"*tt, of other investigators and

ASHRAE. In general, the data follows the

il"Jt""l direótion, irti"tt means the coeffi-

cient ur1 (decay coófficient¡ increases.as the

rìäái"g i"ieht increases' Figures 11- - 13

;Ñ'ii" pr"äi"t.a hourlv heating and cool-

irrg toaA using eqn' (13) along wjth the mea-

;;?J-d"t", îo, 
- 
three weight levels: Iight'

medium and heavY''^'"fiä--t"*ft. indicate that this technique

pr"äù.- tttà Ìreating load- within 6,Vo'-while
'tÀnp underestimat-es it by 237o (see Figs'

1-3).

ESTIMATING TRANSFER FUNCTION

COEFFICIENTS FROM DATA

The analysis involves fitting an appropriate

transfer function model to a set of the mea-

r"ì"¿ ã"t". A standard least-squares technique

iJ-iLã i; determine the coefficients in this

*"¿"f from the actual performance data
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TABLE 1

Response factors

area

Ug

U1

wl
f

6

0.635

-0.240
-0.605

1

Ref. 6

0.400

-0.740
-0.7 40
I

535

hesent Ref.
work 6

0.335

-0.205
-0.870

1

635

ASHRAE

o.224

-0.044
-0.820

1

o.797

-0.067
-0.8?0

1

o.28
t-0.17

-0.88
1

0.187

-0.097
-0.93

1.31

Ref. Z

0.32

-0.25
-0.93

1



108

=

eúøi

EøIâ

1øÊ

7.çE'

Éì

ú
ul

=oÈ

-?6ø

-4øø

Light Building

Predicted

'- Measured

36

-Érà6

-Bø6

-16ø6

-L2øø

-14øø

4E

of measured and simulation Power
using new transfer function coefficients'

Medium Building

Predicted

Measured

L2
24

TIìtE (hr)
consumptionG

Fig' 11' ComParison

80ø

6øø

400

2øø

I=É
u,¡

=ol!
-2øø

-4øø

-6øø

defined as'



?øø

6AG

109

5ao

4Bø

30a

3
tr
t¡JIoè

2øø

-7øs

7øø

ø

ø

Heavy Buílding

predicted

- Measured

I2



110

ó






