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ABSTRACT

This paper discusses the role of models and
simulations in the perspective of the real-time control
of complex buildings. It describes the approach used
in the model engineering of the SEAM4US EU
research project, concerned with the optimal control
of the Passeig De @asia metro station systems in
Barcelona. The paper introduces the model predictive
control (MPC) architecture and the main features of
the large Modelica station model, made of over
80000 variables. It then details the statistical model
reduction methodology adopted either for mapping
the large station model into a deployable sensor
network, and for embedding the model into the main
control loop.

INTRODUCTION

In the last 10 years Model Predictive Control (MPC)
spread over the building domain (Henze et al., 2005)
(Coffey et al. 2010) (Oldewurtel et al., 2010) (Ma et
al.,, 2010) (Hailemariam et al., 2011). MPC is an
advanced control technique (Maciejowski, 2002)
which, when applied to buildings, employs a model
of the building dynamics to solve an optimization
problem aimed at determining the optimal control
inputs.

The MPC approach is being used in the EU-funded
research SEAM4US (Sustainable Energy
mAnageMent for Underground Stations). Its
objective is the development of an advanced control
system for subway stations capable of setting up the
internal environment in an optimal way, based on the
forecasts regarding the external environment, the
passenger flow and according to energy efficiency,
comfort and regulation requirements (Figure 1).
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Figure 1 - SEM4US MPC &chitecture

The particular application domain raises a number of
modelling issues that make the development of the
integrated station model a challenging engineering
task (Ansuini et al., 2012). In fact, the modelling
process involves multi-physics models with multiple
time scales, different levels of detail and large spatial
dimensions. The real-time management of the metro
station underground space requires that models are
able to support the human controller with scenario
analysis, which means they must be robust, invertible
and able to propagate uncertainty throughout the
computational chain (Giretti et al., 2012). Finally, the
run-time deployment of the models into the control
loop imposes that models are computationally
efficient, that they have a manageable size, and, most
important, that they could be mapped into a
deployable sensor/actuator networks. This last
requirement deserves a specific attention because, in
our case, it drove the development of a tailored
model reduction methodology. The real-time control
of the metro station systems requires that the model
input and output variables correspond to physical
parameters that can be either measured or controlled.
In real-world applications this. fact imposes a number
of exogenous constraints, like for example the size of
the sensor network, the cost of the sensor equipment,
their robustness to vandalism, etc. that cannot be
easily represented in a pure analytical model
reduction procedures (Antoulas et al., 2001; Moore,
1981; Sandberg, 2006; Stykel, 2004, Vandendorpe et
al., 2004). In addition, the highly nonlinear event-
based Modelica model made the application of such
procedures practically unfeasible. Therefore a
specific multi-stage model reduction methodology,
based on statistical cluster analysis, has been
developed.

This paper describes the approach used in the model
engineering of the SEAM4US EU research project,
concerned with the optimal control of the Passeig De
Grasia (PdG) metro station systems in Barcelona.
The paper introduces the modelling workflow used to
develop the MPC system and the main features of the
large Modelica station model. It then details the
statistical model reduction methodology adopted and
discusses the structure and the performances of the
resulting Bayesian Networks models. This research
has been funded under EU grant n. 285408.
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THE MODELING WORKFLOW

The SEAM4US malel engineerig foreseestwo
modelling cycles (Fig 2), startingfrom the firdings
of a prelminary modding phase, aensor netwik is
designed and deplged in the environment In
parallel he models a developeda Whole Building
Model, including airfow, heat trasfer and lidnting
physics,is developedind validatd against stadard
referene simulationtools andprobabilistic nmodels
for the eal-time contol. The mainrole of theWhole
Building Model is to provide support for the
developnent of the stochastic Byesian Netork
Model through a model reductin process.The
stochastt model wil be the coe of the catrol
system Qldewurtel ¢ al. 2010;Choudhary, P11),
providing performage forecast, adaptivity and
decisionsupport.
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Figure 2 - Phases of one of the two modelling cycles
of the SEAMA4US environmental model engineering
process.
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will be fine-tuned & soon as he sensor da is
available Finally, he whole gcle is repeted,
updatingcomponentsand systemsyntil a sati§ying
performance grade iseaché.

THE WHOLE BUILDING MODEL

The Wtole building model (WBM) of the Passeig
De Gragia station was develope in the Dymola
(Modelica-based) simlation envionment, usig the
Buildings Modelica library (Weter et al, 209;
Wetter & al. 2011; Naidui et al. 212). Thebuilding
library has been eendal in ode to repesern
undergrand spacesral subway sitions equipnert.
The toplevel block & the Dymolamodel of thePdG

noth (N) staton (Figure J is composed by the
transit spaces (atform (P), hall (H), coridors (C))
ard building ard systems cmponents ofthe station
(ertrances, doar equipments The main pace is the
platform of Line 3 (PL3), & it containsthe main
disturbances (&ins and highnumber of pople) and
the equipmentto be contolled (fans, lights and
es@ators).

Extension of the Buildings Modelica library

In order to suit lie simulationof undergrond spaces,
the Buildings Modelica Lilrary was etended by
developing sme new components and by
cugomizing sane existing conponents.

The developmenof new conponents invaoled:

e  horizontal openings to dmulate airfows across
large horizotal openingswith the pasibility of
two-way flow by cambining faced and
buoyancy airflows together an horizontal
opening cmponent hadeen develogd, mainly
inherited fom a NIST report preerted by
(Cooper, 889). The slping plane Bolmqvist
and Sandbg, 2004) peotion of the model was
added to reesent staircse;

e internal gains, managig the heat gas due to
people, liditing, specifc equipmeh and the
trains;

e train manager, aimed aiinclude the t&in effects
in terms of airflow, heat and pollutants,
combining a set of schedules to other
components (differential pressuss, trace
substanceairces, heata@ns).

Furthermore sme custonzations wee needed,
mainly in relaton to airflov componersg such as
airflow toleranes (as the dmway stationhas higher
value of massflows than acommon buding, the
tolerance must & kept highey, initial values and the
erhancement © the compnent modding wind
pressure (OutsieCp), includng specificinput data
for wind pressur coefficients.

The WBM Model

The actual relese of the WBM is composd by 7206
components an@6397 varibles of whih 1443 are
constants, 6299 are parmeters and22052 are
unknowns.
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Figure 3 - Top Level of the Dymola WBM of PdG North Station: Platform(PL3), Halls (HNx), Corridors (CNx)
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The platform component (PL3) of the Modelica
model has 398 components and 4947 variables of
which 70 are constants, 3472 are parameters and
1405 are unknowns. The WMB model was
preliminarily calibrated through a set of data
collected in a two-day survey. The sensor network
was deployed in December 2012 and the extensive
calibration phase is on-going. The preliminary
simulation results have been used to guide the
definition of the stochastic models in the first
iteration cycle of the model engineering workflow.

The simulation results pointed out that the platform
PL3 showed the worst environmental condition and
energy consumption, and that consequently it can be
used as the reference environment for the initial
development of the model. The simulations showed
also that the temperature trend is clearly dependent
on the previous states (due to inertial process), and
that the airflow process can be considered practically
instantaneous.

THE WBM MODEL REDUCTION

After the preliminary calibration phase, the Modelica
model was able to simulate all relevant physical
processes with acceptable accuracy, so it was used as
the basis for the development of the preliminary
stochastic model through model reduction. As we
have already annotated the pure analytic techniques
for model reduction do not apply to our case for a
number reasons:

- the extremely reduced number of deployable
sensors, which imposes a significant cut on the
number of model inputs and outputs;

- the high nonlinearity of the event based Modelica
model of the station, which let the matrix change
possibly at each simulation step, hindering the
practical possibility of computing the Gramians
(Sandberg et al., 2008; Stykel, 2004);

- the exogenous and qualitative constraints
imposed by practical aspects like costs and

vandalism, which strongly influence the selection
of the input and output variables.

Therefore, a two-step procedure, combining a
knowledge-driven and a data driven model reduction
phases, was defined, using respectively two sources
of information: the model structure and the results of
large simulation sets. In both cases, the rationale of
the reduction procedure was to minimize the
information loss due to wariable reduction by
clustering variables that correlate and to select a
representative (i.e. synthetic variable) for each group.
The variable clusters are computed in the first case
based on the model structure, and in the second case
by means of statistical clustering techniques. The
representative of each class is selected based on its
compliance to the exogenous qualitative constraints.

Knowledge-driven reduction

Since the scope of the project is mainly focused to
the platform and the preliminary simulation results
showed that the physical processes in the platform
are quite representative of the behaviour of the whole
station; the initial variable reduction process was
limited to the set of variables related to the platform.
The platform component (PL3) has 4947 variables of
which 1405 are unknowns.

The knowledge-driven phase used the model
structure as its clustering mean. Almost every
component of the Modelica model has a hierarchical
structure, thus each variable is computed with nested
variables. For instance, the variable “mean air
temperature of the room” (heaPorAir) is the result of
combined physical processes consisting of heat
transfer (conduction, convection, infrared radiation,
etc.) and of fluid dynamics (air balance) components
(Figure 4). Therefore, a topmost variable is
necessarily correlated to a number of inner variables,
and it is consequently representative of their
combined behaviour.
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Figure 4 - Ekample of mdel structure n relation tothe variable baPorAir (air temperaturg
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The selected topmost variables have been arranged
according to the fact that they were:

X input variablesrepresenting the driving features
of the specific system (weather, trains, number
of people, fan control inputs);

X state variablesin relation to the main physical
processes: heat transfer (air temperature, surface
temperature, heat gains), fluid dynamics
(airflows, pressure drops related to airflow
resistance, geometrical features and buoyancy),
pollutant  diffusion (CO2 and PMIO
concentrations);

X output variables energy consumptions, air
change rates, comfort.

At the end of the first phase a set of 97 variables
were selected. Despite the extremely severe reduction
rate, this set is still too large for being completely
coupled with a monitoring sensor network.
Furthermore some of these variables cannot be
directly and easily measured such as the local
pressure drop due to geometrical features of the
space. So a further phase of variable reduction was
performed through a statistical clustering.

Statistical Clustering

Statistical clustering was used to find out ‘far’
correlations among variables, that is, correlation that
cannot be induced from the equation structure of the
model and that can be identified only by means of
simulation results. Several steps of statistical
clustering were performed using the ClustOfVar
(Chavent et al., 2011) package of the R software (R-
project, 2012).

In this package, two methods are used for the
clustering of variables: a hierarchical clustering
algorithm and a k-means type partitioning algorithm.
A cluster of variables is defined as homogeneous
when the variables in the cluster are strongly linked
to a central quantitative synthetic variable. This link
is measured by the squared Pearson correlation for
the quantitative variables and by the correlation ratio
for the qualitative variables. Using this aggregation
measure, the algorithm builds a hierarchy, called
dendrogram. In a dendrogram, the height (y axis) is
the dissimilarity, measuring the loss of homogeneity
observed when two clusters are merged.

The statistical computations are based on a dataset
consisting of simulation results of the Modelica
station platform model run for one month (April) and
a time step of one hour. The weather conditions were
derived from the IWEC weather file (ASHRAE,
2001), internal gains were set to typical values
achieved from the station manager and a random
schedule was used as control input for ventilation
equipment, in order to excite the relevant process
dynamics.

Figure 5 shows the cluster dendrogram for the initial
set of 97 wvariables, which manifests a clear

separation in two groups of variables. The two
groups are related to the two main physical
processes: thermal (cluster on the right of figure 5)
and airflow (on the left of figure 5). The left side of
the cluster dendrogram is composed by variables
related to the airflow and to the fans, like pressure
drop, volume flow rate, net flow and air change rate
and fan power. The right hand of the dendrogram
contains variables related to the thermal process, like
internal heat gains, mean air temperature and surface
temperature, comfort related variables and the
weather variables (dry bulb temperature, relative
humidity, wind speed, etc.). It also contains the
variables representing the pressure drops related to
the different heights (that is the driving mechanism
of the buoyancy effect is included in the reduction).

The clustering process proceed iteratively. At each
step, the resulting clusters were analysed and some
variables were deleted or replaced with synthetic
ones when a cluster contained:

X variables of the same physical quantity(e.g. all
the pressure drops due to buoyancy);

X variables contributing to the same physical
process(e.g. airflow and pressure drops through
an opening);

X variables correlated by the spatial topologyof
the building.

The two sub-clusters were analysed separately.
Figure 6 represents the last step of “thermal cluster”,
consisting of 17 variables. There are three groups of
variables well correlated each other and that can be
quite easily connoted. In fact, all the variables related
to temperature are grouped (“temperature
differential” zone in Figure 6): buoyancy pressure,
Fanger Comfort Index (PMV and PPD), zone
temperature and outdoor temperature. This is quite
interesting because it points out that the buoyancy
process and weather condition are related to the zone
temperature and to the thermal comfort. This
suggests that outdoor and indoor temperature
variables are sufficient to represent these aspects. A
further group emerging is the one called “heat gains”
in Figure 6. This group contains variables
representing the trains, the people and the gains from
the other equipment. The PM10 concentration is
contained in this group as well. This variable is not
considered so far, as the pollutant model will be
developed during the next project year. The last
group of variables refers mainly to external weather.
Finally, the first branch on the left is weakly
correlated to the others and contains the surface
temperature, the external pressure and the static
pressure of the platform.

Concerning the “airflow cluster” (Figure 7) it can be
noticed that all the variables related to the tunnel are
grouped and are not strongly correlated to the other
variables. The other variables are mainly divided in
two groups, related to the station fans (only exception
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is CO2, not being considered at this stage) and
“natural ventilation” considering the airflow passing
through the corridors. Among them, the variable
airChgNat, as it is the sum of the airflows from the
corridors, will be omitted.

THE PROBABILISTIC MODELS

The last stage of the model-engineering phase
consisted in the development of PdG-L3 station’s
stochastic models, in particular Bayesian Networks
(BNs) (Murphy, 1998) (Korb, 2004), which natively
provide uncertainty management, machine-learning
capabilities and, consequently, offer a good basis for
adaptivity and decision support have been adopted.
The clustering process guided the development of the
Bayesian models.

Theoretically, a unique Bayesian model could have
been developed including all the physics and
dynamics occurring in the station. However, the
clustering clearly showed the possibility of
considering separately the two main physics (heat
transfer and fluid dynamics). Since these various
physics have different time-scales, in order to reduce
the structural complexity of the single model, two
different BNs are used.

Since the simulation results showed that there is a
correlation  between instantaneous values of
temperature and airflows, thus the Bayesian Models,
are connected by shared variables during
simulation.This correlation is physically explained
also by the fact that in PdG subway station the
mechanical ventilation system, is in charge of both
air quality requirements and thermal comfort.

For this reason, both networks share five variables:
three variables for the Outdoor Weather
(Temperature, Wind Speed and Wind Direction),
Platform Air Temperature (TOPL3, TemPL3) and
Platform Net Flow (NFIPL30, NFIPL3).

DTmMIHNT)

— ___':.\ ,.— i
(_TOHN1 J— l’ T1HN1 ’_’:}

The Thermal Bayesian Netvork

The thermal Bayesian Network is depicted in figure
8. The thermal clustering set suggests that the
variables related to the differential temperature
between the indoor and the outdoor spaces
(TOuMet0), and one single variable representing the
cluster of the overall internal heat gain (NPeSta0 -
number of people, in this preliminary release) capture
the main thermal gains of the station. Furthermore,
the WBM simulation results confirmed that the
thermal state of the station dynamically depends on
previous states. Therefore nodes for three previous
time steps, each lasting 1 hour, were added (7m3PL3,
Tm2PL3, etc.). Finally, considering that WBM
simulation showed in some cases different trends of
the temperatures in the platform and in the other
main halls, the actual and previous temperatures for
the four other main halls were added (TIHNI,
Tm3HNI, ..., TISLb, TM3SLb, etc.).

The resulting Thermal BN is able to predict the
temperature in the platform, halls and critic spaces
with a time step of one hour.

The Airflow Bayesian Netvork

The airflow Bayesian Network is depicted in figure
9. The Air Flow clustering shows that both
mechanical ventilation variables and airflow path
variables must be considered. Thus, the current
airflov DBN  estimates the Air Change Rate
(NetFlow in PL3 — NFIPL3) iin the platform and the
Fan Energetic Consumption (for 2 Tunnel Fan and 1
station fan — PEITFal, PEITFa2, PEISFal) at the
current time ¢. The estimation is carried out on the
basis of the external weather conditions (WiDMet,
WiSMet, TOutMet) , the temperature in the platform
(TemPL3), and the Fan Input Frequency (freTFal,
freTFal, freSFal). The combination of these seven
inputs defines the state of the four outputs (PEiTFal,
PEITFa2, PEISFa3, NFIPL3).

(WiSMet0) WiDMet0 (T

Figure 8 — The thermal dynamic BN
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The BN Learning Phase

The curent BNs hae been traied on a datset
made ofa one yearimulation (amounting at 2392
cases) othe Modeli@ model, runwith a time stp of
600s, cosidering wether retrieve from the DOE-
US wealer file and &n inputs dewved by the atual
scheduleof the pilot station. Theresulting deaa set
was spli in two pars, the assesgent datase(with
13098 @ases, about 26 of the dad) and the traiing
data setWith 39294 ases, about # of the data

The Prediction Process

When thke monitoring network will be deployedand
integratel into the ontrol system the actualstate
will be retrieved in ral time from he measuresgalue
obtainedby the senars. The BNmodels canthen
predict e state of th station onéhour later {+1) on
the bass of the actal state {) and of previous
recorded states #1, t-2, t-3). If the predction
requestd by the contller lasts moe than 1 hoy an
iterativeprediction pocess with oa hour time stp is
employel.

BN Preliminary Assessment

A preliminary assessent of theBayesian Mdels
was peformed by ewuating themean error b the
prediction. Theerror relative to atypical value[%]
(TypVakrr) is computed as themean value b the
absoluteerror (Regy - Resyen) With respectto a
typical nominal vale (TypVa) calculated asthe
mean ofthe value se The follaving equationwas
used:

=R: 4AQF 4AQ, ¢ ;
6UB=H'NNE—2= ——>

The paritcular choiceof the perfomance indexwas
necessyr because # range of<ome variabés is
quite lage (mostly order of thaisands), thefore
high pecentages inlow absolué values arenot
relevantto the aim 6 the energysaving estim#on.
The typral value TyValErr wascomputed a the
mean abolute value ba data set coposed by 3248
cases § months).A automatic procedure was
implemeanted using te HUGIN API Active X Server

for Visual Bast (HUGIN Expert A/S, 212). The
developed scripinstantiatesthe BayesiarNetwork,
propagates eviehces for eds record of he dda set
ard returns theestimatedvalues and he related
variances. Thetthe error, tke relative eror, and the
stendard deviabn (StDey are compted. The
average valuesraong the emors of the wile set are
reported in Tdle 1 for the two BNs. The mean
percentage erns are between 2-7% forthe main
output variables that is, caosidering weare at a
preliminary stage of the pocess, an ppreciable
reallt.

Table 1 - Peformance Daha about Themal and
Airflow BNs

THERMAL T1 T1 T1 T1 T1
PL3 HN3 HN2 HN1 | SLB

TypValEr | 5% | 484 | 393 | 2B | 552

TypVal 220 191 22.0 173 213
StDev 2.5 1.66 1.40 0.2 1.91

PEL PEL PEL NFL
AIRLFOW TFAl TFA2 SFA1 PL3
TypValEr 585 6.81 3.44 5.65
TypVal 5820 6178 3999 22.35
StDev 2158 2958 1670 3.98
CONCLUSION

This paper desibed the apgach used ithe model
ergineering of he SEAM4US EU reseah project,
concerned withthe optimal ontrol of thePasseig De
Grasia metro station systens in Barcéona. The
paper detailed the statisttal model reduction
methodology adpted and disussed the stcture and
the performance of the resuiing BayesiarNetworks
models. Thepreliminary assesment repoed that the
first release oftie hardly rediced Bayesia Netwoik

models introdue an averagerror of abot 5% with

repect to theModelica malel simulaton results,
allowing on theother side ncertainty maagement,
model inversionand adaptivy. In nextmonths the
first release W be improved, workirg on the
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optimization of the Bayesian Models either in term of
the model structure and variable domain
discretization. The overall structure will be
completed introducing the pollutant representation,
and will be calibrated with measured data as soon as
data from the sensor network will be available.
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