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3. Executive Summary

This report is ahortwritten description ofdeliverable 4.1D4.1 the deliverable itself consists of teey-

box models of the 4 demo sites in syn.ikia project.
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4. Roles and Responsibilities 5
Name Role Responsibility >,
Q
DTU Task 4.1 leader, Generating greypox models of the four demo
coordinator of cases, evaluation of different models éach
deliverable contents, | demo and correct model selection,
contributor coordinating the activities of the partners,

design simulation scenarios for the white box
models, so that the results from white box
models can be used to fit the grbgx models.

TNO Contributor Generating specifsimulation results from the
white box models from the NL demo,
generation of a digital twin, that can be used
instead of a greypox model in the NL case.

NTNU Contributor Generating specific simulation results from th
white box models from the Norwegidemo

IREC Contributor Generating specific simulation results from th
white box models from the Spanish demo

ABUD Contributor Generating specific simulation results from th
white box models from the Austrian demo

5. Introduction

Highquality models able to predict the future evolution of thermal dynamics, are required for the advanced
modetbased control implementation. In particular, these models should capture nonlinear behaviours of the
thermal dynamics in the presence of procesis@eaoue toapproximation errors or unmodelled inputs and
measurement noise due to imperfect measurements.

Thegrey-box(GB)models, which consist of a set of stochastic differential equations (SDESs) that dbscribe
dynamics of the system in continuouséi and a set of discrete time measurement equations, allow
incorporation of prior physical knowledge and utilization of statistical methods for parameter estimation.
The ghysicallyneaningful parameters made these models a proper choice for control psrpose

Physical knowledge of buildings and the information embedded in the collected data from the buildings are
two main requirements of establishing a gleyx model. The physical knowledge can be formulated by a set
of firstorder stochastic differential e@tions. Since the goal of finding a gbex model is to design a
controller,such asnodel predictive controller (MPG)js meaningful to usthe optimalsimplified greybox

model which consists of a set of fister linear stochastic differential egtions

In this minireport, we describe briefly how wemployedthe generated dataf white-box models for
Spanish, Austrialorwegianand Dutchdemos to estimatéhe parametersand find thebest greybox
model for each demdstatisticahnalysesvere usedto establishthe model selection procedu(@acher &
Madsen, 2011jTohidi, Cali, Tamm, Ortiz, & Salom, 2082)rief description of parameter estimation and
model selectiomproceduresare providedhere:



)

Various electricircuitsresembling the heat dynamio$ building are considered and thedlynamical
: o . . ) o had
equations ardound. Then, aKalman filteiis appliedto cdculate the likelihood function, and an optimization %«

problemis solvedto maximize it. This can be done using the computer software Cd&gdBle of g
calculaing the maximum likelihood and estimag parametersof eachmodelsimultaneouslyJuhl, Mgller, S
& Madsen, 2016) }

Once the parameters @fach dynamical system were estimate#,proceeded with the selection of the best @
greybox model per demaolo be mathematicallyigorous three statistical analyses were appliedmodel
selection.These analyses aligelihood ratio test, Akaiked@nd Bayesian criteriikelihood ratio tesfinds

the significant improvemerietweeneach two models with different number of parametdd#ferent from
Likelihood ratio testakaik€ @nd Bayesian criterlocate a specific number to each model thiatplifies

the model selection decision makigi¢pnishi & Kitagawa, 2008)

Simulation results demonstratbat the one-step ahead erroof the selected model for each derhas
white-noselike propertiesvhichindicates that thee are appropriatenodels to be used for the control
purposesPrediction capabilities of the selecteddels for each demo ailtustrated using crosgalidation.

6. Spanisitdemo GreyBox

The best model, selected for one specific apartnoé@panisidemg, is foundio be the following twestate
grey-box model:

Y
QY kB 0B ~— Q0.0
5 Gy Y'Y Y Y Q6 . Q
0 Y Y 0

® "% Qh

where”Yand"Y are the states, that represent the interior and environment temperatures, respectvely,
andd are the thermal capacities of interior and envelope, respectivelyyandnd'Y are the thermal
resistances between ambient and envelope, ancepe and interior. Als®Y is the ambient temperature,

5 is the total heat inputly is the solar irradianc® is the effective window areend® is the measured
interior temperature. To represent the stochastic behaviour of the heat dgsame introduce and

as standard Wiener processes, whereand, are the incremental variances of the Wiener procesBes.
deterministic part of the model is physically meaningful and can be considered as the following RC circuit.
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Figure 1. RC circuit based on the deterministic thermal dynamics of Spanish demo.

By comparing the measured and the modelled temperatdoeand”Y, it is seen that the errof ,
represents similar properties as the ones for white ndiggire Zdemonstrates that the error is almost
uncorrelated in time, its spectrum is uniformly spread across the frequencies, and the cumulative
periodogram is close to the straight lirldheg areproperties ofa white nois€Ljung, 1998jMadsen, 2007)
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Figure2. Statistical properties of orgtep-ahead error of the selected model.
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Figure 3 illustratethe 24hours and 4&ours prediction capabilities of the selected model.
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Figure 3. 2ours (top) and 4®ours (bottom) ahead interior temperature prediction.

7. Austriandemo GreyBox

The best model, selected for one specific apartnoé@ustrian dempis found to be the following three
state greybox model:

6'qyY v v Y 6B AO,Q
Y Y .
0 qy v B AO, Q
6 QY vy x "YAO Q
Y Y ”
® "% Qh

where"Y, "Y and"Y are the state®f interior, heaterandenvelopetemperatures, respectivehAlsod , 6

andd are the thermal capacities of interjdreaterand envelope, respectively ,Y and’Y are the
thermal resistances between ambient and envelope, envelope and in@niambient and interior,
respectively, ant¥ is the heater resistancélso,’Y is the ambient temperaturdg is the total heat input,

B is the solar irradian¢® is the effective window areend@ is the measured interior temperature. To
represent the stochastic behaviour of the heatalyics, we introduce h and] as standard Wiener
processes, where h, and, are the incremental variances of the Wiener processes. The deterministic
part of the model is physically meaningful and can be considered as the folloveinguRC
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Figure4. RC circuit based on the deterministic thermal dynamics of Spanish demo.

By comparing the measured and the modelled temperatdbeand”Y, it is seen that the errof ,
represents similar properties as the ones for white noise. Figdeenonstrates that the error is almost
uncorrelated in time, its spectrum is uniformly spread across the frequencies, and the cumulative
periodogram is close to the straight liffdiese g properties of a white noiggjung, 1998jMadsen, 2007)
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Figure 5. Statistical properties of estep-ahead error of the selected model.
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Figure6 illustrates the 2sours and 4&ours prediction capabilities of the selected model. o
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Figure 6. 24ours (top) and 4®ours (bottom) ahead interior temperature prediction.

8. Norwegiandemo GreyBox

The best model, selected for one spedfiartmentof Norwegiandemog, is found to be the followinipree-
state greybox model:

5y Y Y Y 'Y ~ Q
0 'Y ~ 0B o,
T Y'Y s ,

60 'aqyYy ¥ B Qo , Q

s gy YOy YO Y ¢ Q

° Y Y 0

O ‘Qh

where"Y,”Y AT "X are the states, that represent the interjdreaterandenvelopetemperatures,
respectivelyp ,0 andd are the thermal capacities of interjdreaterand envelope, respectively, aivd
and’Y are the thermal resistances between ambient and envelope, and envelope and interioY. Also,
the heaterthermalresistane, and”Y is the ambient temperaturds is the total heat inputy is the solar
irradiance 0 is the effective window areand® is the measured interior temperature. To represent the
stochastic behaviour of the heat dynamics, we introdude and] as standard Wiener processes
where, h, and, are the incremental variances of the Wiener procesBes.deterministic part of the
model is physically meaningful and can be considered as the following RC circuit.
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Figure?7. RC circuit based on the deterministic thermal dynamics of Spanish demo.

By comparing the measured and the modelled temperatdbeand”Y, it is seen that the errof? ,
represents similar properties as the ones for white noise. F&deeonstrates that the error is almost
uncorrelated in time, its spectrum is uniformly spread across the frequencies, and the cumulative
periodogram is close to the straight liffdiese g properties of a white noiggjung, 1998)Madsen, 2007)
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bandwidth = 2.67e-06

Figure8. Statistical properties of orstep-ahead error of the selected model.
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Figure9. 24hours (top) and 4®ours (bottom) ahead interior temperature prediction.

9. Dutchdemo GreyBox

The best model, selected for one specific apartnoéutchdemo, is found to be the followingvo-state
grey-box model:

YOy YOY . o~
oaqy o, N O pBr 0 fBr Q0 ,Q
0 qQy - B Qo , Q

Y

where”"Yand"Y are the states, that represent the interiand theheatertemperaturesyespectivelyp and

0 are the thermal capacities of interiandheater, andY and’Y are theenvelopeand the heater
temperatures Also,Y is the heater restance, and’Y is the ambient temperaturdg is the total heat
input,B 5 andl j arethe solar irradiancefrom West and Easi ; and0 f arethe west and east
sideseffective window aresand® is the measured interior temperaturk.is noted that the Dutch demo
uses both heating and cooling, therefore positive and negative valgesast related to the heating and
cooling processes, respectivelp represent the stochastic behaviour of the heat dynamics, we introduce
1 h and as standard Wiener processes, wherd), and, are the incremental variances of the
Wiener processed.he deterministic part of the model is physicalgamingful and can be considered as the
following RC circuit.
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Figurel0. RC circuit based on the deterministic thermal dynamics of Spanish demo.

By comparing the measured and the modelled temperatdbeand™Y, it is seen that the errof,
represents similar properties as the ones for white noise. Figudemonstrates that the error is almost
uncorrelated in time, its spectrum is unifidly spread across the frequencies, and the cumulative
periodogram is close to the straight lifdiese are properties of a white no{ggung, 1998jMadsen, 2007)
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Figurell. Statistical properties of orgtep-ahead error of the selected model.

Figurel2illustrates the 24ours and 4&ours prediction capabilities of the selected model.
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10. Dutchdemosimplified WhiteBox

The Dutch demo is modelledSirinE a hybrid predictive digital twin for buildingstinEconsists of a physical

building model which solves the hdlatwv balance equations, and a dadaven occupant modevhich models

the interaction of the occupants with the building componergsy.( thermostats, windows, electric
appliances, etc.) @& Ay Of dzZRSa GKS SFTFFSOG wWbalanGeedabfions.i a Q I Ol A 2
A multizone model for the Dutch Demo is constructed, where each room is considered a thermal zone. Each
zoneq is represented by a temperature nodé in the heat netwok. Each physical layer of boundary surfaces
(i.e.,walls, floor, ceiling and roofs) constitutes a temperature node in the heat netireori@h layer of the

th boundary surfacéY; (Q p corresponds to thénnemost layer,’Q ¢ to the outermost ong, a
temperature node’Y , is added to the heat networkn laddition, all boundars (outdoor envirmment,

ground etc.are representedby a temperature nodélheheatflow balance equationsan be summarized as
follows

1 Forthe zoneq:

o] TT_OY 0Q Yy Y 0 f U § 0 f

8 he—Yr 0Q Y Yi 8°Q; Yi Yi
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9 Forthe internallayers of thesurfece™Y :"
0 ﬁT—bYﬁ 0 'Qy N N 0'Q Yy Y g
)
9 For the outermossurface layery; in contact with the outside environment }
0 & ,;—é’)Yﬁ 0Qr  "Yi Y i 0Q Y Yk QJ
0Q Y Yk
60 Q YooY 0

The parameters the aloveequations are defirgeas

- 0 :thermal masefzoned.

- 0 j:thermal mass of surface lay®f, of the boundary surfacey.

- 0 : the area of the boundary surfaté

- (S P8ﬁ% internal surfaceheat transmission @fficient, including both the convective and radiative
transmissios.

-G 885; the external convectiveurface heat transmission coefficient

- "ffggfﬁhe external radiative surface heat transmission coefficient.

- 'Q : conductiveheat transmissio coefficient between the®@h and Q p th layers of the
boundary surfacéy.

- "Y :outdoor temperature

- Y :apparent sky temperature

- 'O :view factor to the skfor the boundary surfacéy.

- U4 pno;: YeNtilation heat flow fothe zoned . In SirinEthis is alculated by solving the steastate
airflow balance equation

. internalheat flowfor the zoned due to occupants and house appliances.

: solarheat flowfor the zoned via the windavs.

r . absabed solar poweby the external boundary surfaté

- U ¢ :heatingor coolingflow deliveredto zoned viathe floor heating syste. In SirinBhisis
cdculated bymodelling a fant loop systemwhichincludesa heatpump, asourcesidepump, a load
side pump and a ground heat exchangad solving thesteadystate flow and hea flow balance
equations

1
1 Ct1 Ct1 C
e 2 S X4

In additionto the building modela combinedtank and heapumpmaodelis usedo simulate the production
of the domestic hot water (DHWJhemodelsolves the heat flow balance equatidretween the layers of
hot water inside the tantaking into accounthe heatstratificationin the water volume

The simulation is performed using a heat pump control comparable to the real installation control (which uses
an onoff controlled heat pump for both heating the building@sheating of @mestic water)

Figures 1&and 14 show the simulatadmperature profilesas well as thelectric power consumption by the
heat pumpduringa whole year for the Dutch demo.

14
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Figure 13: Simulated temperature profiles during a whole year for all rodhesutch demo.
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Figure 14: Simulated electric power consumption by the heat pump during a whole year for the Dutch demo

11. Outlook

This reporprovidesa brief discussion ansimulationresults ofthe grey-box models estimated for Spanish,
Austran, Norwegian and Dutch demd® find the best model capable of representing the thermal dynamics
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of each dempdata generated by whitbox modedas been used. The selected gbex model can then be
utilizedfor the model predictivecontrol desigrpurposesof task 4.5In the task 4.2 thgrey-box models will
be finetuned according talifferent occupant behavioar

In addition to the greyox models, a simplified whitx model for the Dutch demo has also been
presented. Compared to the grepx malel, a (simplified) whitbox model requires a deeper knowledge of
0KS 0dzZAf RAy3aQ & i NdzbakdzdtBls, inostiparaindteryafeledithated baged onK A (G’
previous knowledge, not based on measurements and telemetry data from buildings.

L 4
I"'UAS D4

Both whit-box and greypox models can be used for control purposeg,,in a model predictive control
approach, as a staralone, or even be combined: grbgx models are typically much faster than witite
models due to their smaller dimension. WHitex modes$, on the other hand, are more accurate.
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13. Appendix A; Glossary of Terms:

GB:grey-box
MPC:model predictive controller

SDEstochastic differential equations
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