CONTROL STRATEGIES FOR HEATING SYSTEMS

Niclas Bjorsell
University-Collage of Gavle-Sandviken
801 76 Gavle - Sweden
E-mail: niklas.bjorsell@hgs.se
Tel: +46 26 64 87 95 Fax: +46 26 64 88 28

Outdoor temperature

ABSTRACT

A controller for heating systems is normally
equipped with many facilities to make it flexible and
the heatingsystem more cost-efficienthis results

in a number of input parameters to be given by the
user. It is notobvious how to choosappropriate
values for these parameters unlése user has a
large experience ithis field. Theaim of this paper  Figure 1 Block diagram for control of a heating
is to reduceghe number of parameters, with thermal system.

comfort and energy consumption intact.
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This paper willshow the benefits with afeedback temperature

from the room temperature. First it will t&own
that aroom temperaturdeedback will lower the
energy consumptioand improve the thermal com-
fort compared to other strategies with night-time set
back. Once the indoor temperature sensousisd,
the measurement can bsed to calculate a model of
the system, togethewith outdoor temperature and \
supply water temperature lsing system identifi- f
cation. Themodel isthenused to reducthe number
of input parameters. Figure 2 The relation between outdoor temperature
and the set point for the radiator suppbater tem-
Both measuremenndsimulations areised inthis perature.
paper. Thisallows various aspects to be compared _ . .
for different solutions under the same conditions. At night-time, thereferencesignal can belecreased
a few degrees to save energy, &meh bereset to the

normallevel in the morning. To shorten the time of
INTRODUCTION heating in the morning thesferencesignal may be

A heatingsystem consists of heat producing unit increased during the heating period. Thiscadled

Outdoor temperatu

e.g. a boiler or districtheating heat-exchanger, POOSt

which supplies hot water to the radiators inside a Heating

room. Normally aheating controller measures and period
controls thesupply water temperature the radia- _L IBOOS‘
tors. Thereferencesignal to the controller isalcu- Day time

lated from theoutdoor temperature hysing a cali- e vave

bration curve, which describeke relationbetween

the outdoor temperaturand theset point for radia- Night ime

tor supply watetemperature. This control principle reference value
is calledfeed forwardcompensation. Theurve is

based on experiencand has to beescribed in the Time
controller by somenput parameters. There @dten

no feedback from the room temperature. Figure 3 Night time set back of the reference value

for supply water temperature.



The required time to reset the room temperature inwater temperature from the district heater producer,
the morning (the heating periodlepends on the are saved in an input file to the simulation program.
thermal inertia of the buildingnd thesize of the

boost. Both values have to be giverirgaut parame-

ters to the controller.

Apart from ordinary control parameters, such as
gain and integration time, @mmon controller for
heatingsystems typicallyhas thefollowing parame-
ters to be chosen by the user:

» Parameters for the feed forward curve.

» Thermal inertia for the building (or equivalent).
» Size of the night time setback.

¢ Boost size and duration > A

It is not obvious how to choosappropriatevalues
for these parameterabove unless the user has a
large experience in this field.

The aim of this paper is teduceand/or simplify
the parameter selection. Onay to dothis is to use
system identification methods to derive mathe-
matical model othe system, based on measurement
of the indoor temperature, thmutdoor temperature I
and thesupply watertemperature. The parameters
for the feed forward curvand the thermal inertia of
the building can then be calculated from the model.

Figure 4 The components in the model. A naturally
ventilated room with one external wall, a window, a
radiator and a heat exchanger.

Concerning the night-timeetback, differenstrate-

suitable choice of strategy. As can beseen in figure 5 the simulation result is

satisfying. The temperature differences are small and
the dynamic behavior is matching.

SI M U LATI O N . Room temperature
It is difficult to practically evaluate diffent control
strategies in real buildingsLoad disturbances 015
change from onelay to another. The variations in
climate make iwery difficult to comparetwo differ- 21
ent methods under the same conditions, while simu- /;/”Zm

|

|

lations do not have these pitfalls. 205

A powerful simulation tool shouldontain a library ol
with components, which can be linked together into N
a complete modelThe programused here is IDA 195
[Sahlin 1996]. The primary application area of IDA

is building and energy systemsimulation, but the 19

technology isgeneral enough to be applicable in L U R
many other fields.
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Figure 5. The room temperature during the period

The IDA-models are described by differential- 8-10 March 1996. The dashed line is the simulated
algebraicsystems okquations, i.e., fee mixture of value and the solid is the measured.
first order differentialand algebraic equations. The
model is composed of physical components like
walls, windows, valves and controllers (see figure 4). ANALYSIS

) ) ) . The aim is to find an optimaolution for increasing
The simulation results are validated with measuredyq watersupply temperature to achietiee desired
values from a reference buildingwo of the meas-  4om temperature in th@orning after a night-time
ured values, theutdoor temperaturand thesupply setback; optimal irthe sense of energy-saving and

thermal comfort. Initially, the supply temperature



may be increasedbovethe normalday temperature
until the desired room temperature is reachébis 5
straegy is known as "morning boost”. b

Four different solutions have been simulated and
evaluated.
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No night-time setback.

Night-time setback without boost.
Night-time setback with boost. 5
A separate controller for the room temperature. s

PbdPE

Day-time is defined as 06.00-22.00. Tastify a
comparison between different solutionhe mean
room temperatureuring day-time is kepthe same
for all casesThis done by adding aaoffset tothe set
point for radiator supply water temperature.

Figure 7 Night-time setback without boost. The room
temperature (solid line), day-time mean temperature
(dotted line) and standard deviation (dashed line)
over two days.

Four criteriafor comparingthe differentsolutions
are used:

* Energy consumption.

* Room temperature in the morning (6.00).

» Standard deviation of the room temperature
during day-time.

* Room temperature over-shoot, if any.

The figuresbelow showshe simulation resultfom
the four different strategieslhe results are summa- N
rized in Table 1. A separate controlfer the room e
temperaturegives the lowest energy consumption
and thebest comfort, buthe combination ohight-
time setbackand morningboost isalso reasonably
good.

Figure 8 Night-time setback with boost. The room
temperature (solid line), day-time mean temperature
(dotted line) and standard deviation (dashed line)

Table 1 Comparison of the four cases. over two days.
Casel |Case2 |Case3 |Case4

Energy consumption[ %] 100,0 95,7 95,4 95,2
Sancarddeviation  [C]| 0047, 0202 0096 0,059
Moming temperature [ C] 20,75 20.32| 20,69 20,63
Over-shoot [%] 0 0 0 1

Figure 9. A separate controller for the room tem-
perature. The room temperature (solid line), day-
time mean temperature (dotted line) and standard
deviation (dashed line) over two days.

e Earlier studies [seee.g. Jensen 1983] havecused

on theenergy saving potentiaBnd shows similar
Figure 6 No night-time setback. The room tempera- results. This papealso considers thaspects of in-
ture (solid line), day-time mean temperature (dotted door thermalcomfort, start-upand commissioning.

line) and standard deviation (dashed line) over two Besides that all aspects are compared undesetine
days. circumstances. An indoor temperature sensor opens

up new possibilities to automatically selexgbpro-
priate valuesfor some ofthe parameters the user



normally have to selecthis will shorten the start- 22
up and commissioning time. A controller can be 21.8
tuned togive a smooth contrasignal to minimize 216

the wear of the valve. 214

One relevant question to ask is: When do we have to 212" |
start heating to reset theom temperature to the 21
desired level inthe morning? The heatingeriod 20.8
depends on théhermal inertia and theize of the 206
boost. If onecan find a mathematicahodel of the
system,the effect ofthe thermal inertia will be in-
cluded inthe model. Such model may be found by

system identification. 20 500 1000 1500 2000 2500 3000 3500 4000 min

20.4

20.2

We have foundthat asimple model structure de-

scribes the system satisfactorily: Figure 10. The measured room temperature (dotted
line) and the model output (solid line) during the

y() =ay(t-)+Quy(t-D+ by(t k+ ex(1) beginning of week two.

h m-2 _
where Af/(t+n1t):ZQa’.Aq (3)
y(t) is the room temperature. IE

ui(t) is the supply water temperature. where

Ux(t) is the outdoor temperature. . _ . .

The sampling period is 10 minutes. The sampling 4Y(t+ nit) is the predicted increase of room tem-
periodand thedelaytime from theoutdoor tempera- perature.

ture is tuned for this particular case.

Auy is the increase of theupply water tem-
The parameteat depends on the thermal inertia. perature.
a=eg™ (2) The necessaryraise of the indoor temperature is
measurabland theboost wasgiven. From equation
where 3 the required timen can be calculated as follows.
T is the time constant for the building. R 1-a™t 4
h is the sampling period. Ay(t+mt)=hAy 1-a (4)
The identification is performed from dadaring one 0 01-a ™
week. The model output isthen compared to the InEl—Ay(t+ mt)%lAul%
measured room temperature from the beginning of m=1+ ) (5)

the following week. Small temperaturalifferences
appear, but the important dynamic behavior is

matching. The required time haseen calculated fdwo differ-

The modelcan beused to predict future room tem- €nt cases: boossize of 6°Cand 3°C,respectively.
peratures for given outdo@nd supply water tem-  The first case is the same as the measured case in the
peratures. Assumiat theboostsize is givenThen  test apartment. The methosuggests 2.4 hours

we can calculatébackwardsthe required time to heating period whichcorresponds well with the
reset the room temperature in the morning. Equationmeasured case, aan beseen in both figure 5 and

1 describesthe dynamic behavior of the heating figure 8. This is elucidated in figure 11.

systemT he effect of araise ofsupply water tempera-

ture will give the following result onthe indoor

temperaturem time steps ahead assumititge out-

door temperature remains constant during the time.
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Figure 11 The room temperature and the supply
water temperature. Theeating period is 2.4ours
and the boost size is 6 °C.

In the secondtasethe suggestion isour hours. It
has been simulatedaind ispresented in figure 12.
The result is satisfying.
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Figure 12 The simulated room temperature for the
case with 3°C boost size and four hour heating pe-

riod.

Different solutions to decide when the heating period
should start already exist. THeenefits with this
method isthat the mathematicahodelcan beused

for additional tasks. One such task is to select the
ordinary control parameters, egain and integra-
tion time, by using the step response mettisee
e.g. Astrom Wittenmark 1997]. Thaodelcanalso

be used in an adaptive feed forward compensation.

The feed forward compensation curvénas to be
given by the user, normallpased on experience.
Measured roonmand outdoor temperature from the
reference building is shown in figure 13.dan be
seenthat thesystem is overcompensated, because in
the afternoons the indoor temperature is decreasing
despitethe fact that theoutdoor temperature is in-
creafng.

Figure 13 The room temperature (upper curve) and
the outdoor temperaturg(lower curve) without
model based feed forward compensation.

The parameters from thmodelareused to optimize
the feed forwardcompensation in order to eliminate
the effect from the outdoor temperature. Ithis pa-
per avery simple method habeen usedOther al-
gorithms for adaptivéeed forwardare going to be
evaluated later on. The constdntin equation 1
states theffectfrom theoutdoor temperature. If the
compensation is perfect bhould be zero. Thieed
forward compensation is adjusted to minimize ithe
coefficient.

The room temperatureasbeen simulated with the
new compensation curvend ispresented in the
figure below. The outdoor temperatureas no longer
any effect onthe room temperature. It increases
exponentially towards an equilibrium temperature
level, which isthe temperature the roowould have
had if no night-time setback was used.
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Figure 14 The room temperature (upper) and the
outdoor temperaturglower) with model based feed
forward compensation.



EXPERIMENT

thenused to calculate parameters tbe controller,

The simulation results are compared to measuredthe feed forwardcompensatiorand the length of the

values from a reference buildinghe mainpurposes
for the measurements are:

» Validation of the simulation model.
* Input data to the simulation.
* Input data for system identification

The reference building is located ithe center of
Géavle, Sweden, and contains 24 apartments.

One of the apartments is our referenthis apart-
ment is on the seconiibor, and hasone external
wall with awindow facingthe north. The apartment
is naturally ventilatedBelow the window and above
the radiator is aradjustable opening for freshir.
The building heating system is district heating.

We have chosen to ugbree different rooms for

heating period.

The remaining parameters agelected bythe user,
such as different room temperature set poowsr

the day and night and théoostsize, which can be
pre-set to a default valu&his will give a better
tuned controller, less wear dhe valves, shorter
commissioning time and lower total cost.
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measuring the room temperature. The reason is to

minimize the effects of disturbances. While the
apartments are in use, the numbepagsible distur-

bancesare quite afew. Two of the easiest measur-
able disturbances, solaadiation andoutdoor tem-

perature, are logged by the computer.

16 measurement signals are measumad logged
every 30 seconds.

* The room temperatures in three differeobms
with different locationtwo facing thenorth and
one facing the south.

» The outdoor temperature

» The solar radiation

* The supply water temperature frothe district
heating producer

» The return water temperature to the district
heating producer

* The supply water temperature to the heaters

* The return water temperature from the heaters

* The district heating water flow rate

* The water flow rate to the heater

» The control signal from the controller

» The energy consumption (district heating)

* The control signal from theomestic hot water
controller

» The domestic hot water temperature

CONCLUSIONS

Simulations show that a controller for aheating
systemwith feedback fromthe room temperature
improvesthe indoor thermal climat@ndlowers the
energy costThe indoor temperature sensor @so
be used to redudbe number of input parameters, to
be chosen by the user.

The indoor temperature can bsed to calculate a
model ofthe system, togethewith outdoor tempera-
ture andsupply watertemperature. Thanodel is
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