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Abstract

Building physics and HVAC system simulatidrave
bemme an important usage scenario of the Modelica
modeling language and related simulation tools since
the publication of first adequate librarig¥Vetter,
2009) In 2010, the tool independent standard FMI was
published in version 1.0. It enables the exchange of
models between different simulation tools and even
different modeling approaches. Although, automotive
industry mainly initiated the FMI development, it can
extensively benefit building simulatigrioo.

This paper describes foucompletely different
applications of FMI in the building simulation
environment which even extend the basic idea of
simple model exchang&his includes the description
of developed models as welks additionally required
software components implementing the FMI standard.
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1 Introduction

The versatile modeling language Modelica enables
engineersto model and simulate complex multi
physical problems in a wide range of different
domains. Although it has been growing in the
automotive industry during thiate 1990s ad 2000s
building engineers (mainly HVAC and building
physics specialists) more and more Bdedelica for
their purposess well.

Since the first publications of buildinghysicsand
HVAC systemrelated Modelica libraries in 2009a
wide range of different modeling approaches have been
developed. Most of them are freely dsble under
opensource licege. Some are more commaal and
only partly opersource.

One of the main opesource representatives of
building modeling libraries is the Modeliduildings
library of LBNL (Wetter, 2009) This constantly
refined library is based on Modelidduid library. It
focuses on detad modeling of heating, ventilation
and air conditioning systems together with detailed
thermal room modelsFurther @ensource library
examples with similar modeling approaches and
objectives arehe ModelicaBuilding library of RWTH
Aachen (Lauster, 2012) and the Modelica
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BuildingSystemslibrary of UdK Berlin (Nytsch
Geuseret. al, 2012).Today, hese libraries as well as
further similarderivativesare mainly dedicated to the
worldwide growingacademic community ofbuilding
systems engineers and researchers.

Further commerciabut partly opersource libraries
like ES I Gredn Bulding (Ungeet. al, 2012) and
its latest derivatig Green City (Schwast. al, 2016)

focus on integrated planning of sustainable and
profitable solutions of bu
cities’ heat, cold and powe|

Besides the Modelica language and derived libraries
the Modelica Association has been supporting the MA
Project Functional Mockup Interface (FMI) since its
publication h 2010as well The FMI 1.0 standard was
developed by 29 partners in the MODELISAR project
between 2008 and 2011n this ITEA 2 European
project mainly the automotive industry forcete
development of a tool independent model exchange
standad. The FMI 2.0 standard followed these first
developments with its publication in 2014.

The FMI standard in both versions enables
engineers to exchange or-sinulate dynamic models
of different domains. This way, FMI can extend the
field of application ofbuilding and energy system
simulation. It can furthermore help to overcome current
and futurdimits of simulation

Integrated planning processes®re and more use
accuratebuilding physics and HVAC ystem models
based on any kind of public or-lhouselibrary. Their
main taskis currently the simulation of different
variants of complex building and energy system
structures. This way, engineers make feasibility studies
and profitableness analyzes of different system
configurations. This application of building systems
related Modelica libraries does not basically require
FMI.

However, therds awide range of further fields of
application and benefits of Modelica in the building
simulation environment. This paper describes four
sample applications of FMI durinigtegratedplanning
processes.

The first example supportshe development of a
high-level building control systenincluding weather
forecast and user prediction to optimize ecological
footprint of a sophisticated multivalent HYAC system
in a school and sportgeomplex. This way, FMI
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Figurel: Modelicasimulation model otheschool and sports complex including couptieigU to external controller
software (Wickeet. al, 2014)

provides the basics of a softwdrethe-loop test stand
of iterativelylearning control software. 2 Example 1 — Software-in-the-Loop

In the second exampleFMI provides the
communication between a reabrld HVAC system
component (i.e. micro combined heat and power unit
and a complex model of the virtually connected
building and hydronic heating system. This way, FMI
represents the basic part of modern hertin-the-
loop test stand.

The tird example uses FMI to integrate a fast
calculating simulation model in a complex virtual
power plant controller. In this mod#l-theloop
structure the functional mockup unit of the Modelica
model helps to identify ophal operation strategiesf
complex diversifiegpower plants.

The last application uses FMI to combine
advantages of different simulation platforms including
individually optimized numerical solvers. This way,
FMI couples highlyoptimized hygrothermal mtit
zone building models with eag¢g-use Modelica
HVAC system modelsin this case FMI helps to
separate stiffoDE systemswith heavily varying time
constants.

In a small town in northern Bavaria (Germany) a local
)architectwant s to transfer the |

sports complex to duture 2040’ s energeti
HVAC engineers therefore planned a sophisticated
multivalent heat, cold and power supply system
including heat pumps, cogeneration units and backup
gasfired condensing boilers as heat supply. Main heat
and power source are largeale solar thermal
absorbers and photovoltaic fields. Besides an
integrated wastavater heat recovery system the
integration of three different storage types (stratified
heat storagecold storage and ice storage) helps to
balance daily and seasonal differences between energy
consumption and productigiVicke et. al, 2014)

However, this quite complex HVAC system
additionaly requiressmart control algorithms because
of the higher dege of freedomBut such iteratively
learning, optimalitypased control software needs
sufficient testing.

The developed controller and optimization software
is based on an existing Python Framework. To provide
the software engineers a suitable softwiarthe-loop
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Figure2: Modelica model the singfamily-home including couplingFMU to a reatworld mCHP(Ungeret. al, 2012)

test environment, a Modelica model thie developed for energeticrenovatiors. But alsosmaller buildings
HVAC system including t hdkebsimplé cingtegmilyc damps reguiresholistie a t
cold and power demand is coupled tdastRPython optimization approachesf heat and power supply.
based controllersoftware. This software-the-loop Photovoltaic and cogeneratiamits this way enable
testbench uses the pyFMitamework n the software massive reductions of overall nsual power
and an automatically created couphRyIU in the consumptio with manageablmvestment costs.
model (c.f.Figure 1) to establish a variable step size Photovoltaic (PV) modules provide renewable
communicationvia TCP/IP protocolbetween model  power and small cogeneration modules -¢atied
and software. This way, controller software and micro combined heat and power unis mCHPS)
simulation model can run on different computer utilize synergy effects of heat and power production.
devices or even at different places. To enable a wide range of differentsystem
The generation of the coupling FMU runs configurations as well as an ongoing system
automaically using newly implemented FMU optimization CHP and PV manufactures have to
generator software in java. This software uses anconstantly improve their products This includes
external csvfile to define the required coupling controller software as well as hardware components.
interface (inputs and outputs of coupling FMU) But reliable developmestagain require sufficient
between controller software and test model. testing. Hardware tests of sigle system components
Softwarein-the-loop tests of new controller can use simple test stand €@igorations (e.g. mMCHRP
software require extensive scrutinizing regarding heat storage, controlled recooling) and generically
internal controller timings, especially in combination calculated heat and power load profiles. But dynamic
with Pl or PID controllers.The integrator time  tests of hardware and software with evaluated- real
constants have great influence tater robustness. world-conditions need further expenses.
Building simulation models normaliwn (much) faster This way, Modelica modelsn combination with
than realtime to provide sufficient results (at least one FMI canagainhelpto provide an easyo-use platform
year) within adequate time periodShose time for hardwarein-the-loop testsFigure2 shows a simple
constants therefore have to be adapted regarding example of a developed singmily home model for
communication time steps as well as constantly a hardwarén-the-loop test of a small mCHPThis
synchronizedeattime factor. singlefamily home model includes heat and power
consumption of a small house -ff¥ermal zones),
3 Example 2 — Hardware-in-the-Loop renewable power production and sige by
. . , photovoltaic modules, a battery and a connected
Existing complex building structures, like the school gy/ehiclecharginginfrastructure Heat is supplied by a
and sports complex iRigurel, require smarsolutions 2.5 KW mCHp with 1.0 kW power output and a peak
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Figure3: Modelicamodel of a simple district heating grid with cogeneration plant and superior electric grid conn
(Schwaret. al, 2016)

power gadired condensing boiler(Unger et. al,
2012)

The realworld counterpart of the mCHP is
connectedo the model via a specific coupling FMU.
This again automatically created FMU connects-real

This configuration represents a simple cleksap
hardwarein-the-loop test standbased on Modelica
models and FMIAgain timing balance between real
world-time and simulation time is highly important. In
opposite to the softwaiie-theloop approach a

world measurement sensors (heat and power sensors diardwarein-the-loop test stand cannot easily be

the mCHP) vith the model. Measured heat and power

accelerated. It requires rigid re@he synchronization

is added as additional heat and power supply to thebetween modeand device under test. This avoids the

building. The mCHP controller gets temperature

adaption of controllemternal timing constants.

measurements of the simulated building (ground and Fortunately, building physics and HVAC system
first floor) and the heat storage to start and stop the models mostly are (much) fastéranreattime. Model

realworld mCHP engine.Furthermore, the mCHP
controller decidesot run the simulated peglower
boiler if refeence temperatures are underrun.

The required coupling FMU (c.Figure 2) couples
Modelica inputs and outputs in the model with real
world digital and analoguesignals of the mCHP
controller. Therefore, the FMU internally converts
model variables into TCP/IP protocol compatible
signals. These signals are imtenged between the
simulation computer unit and the local PLC
(Programmable Logic Controller) of the hardware
the-lloop test stand. This PLC directly communicates
with the mCHP controller via a system specific
communication bus (e.g. Modbus). Heat syppb
recoolera n d power supply to
measured with electronic sensors whichdseackthe
measurement data the model.

acceleration is not necessary. The model even has to be
stopped #ter each communication step to synchronize
simulation time and reaborld time.

4 Example 3 — Model-in-the-Loop

Modelica models as well athe Functional Mockup
Interface standardwill be a major part of future
sophisticated test stan@fsoth hardware and software
in-the-loop) in the building sector.However, both
provide more potential to improve the current situation
of planners and engineers in this environment.

FMI was developed to provide an independent
model exchange and -®mulation standardBesides

i EMI as sgudq. datg .exchange nterface,
LI\j/llso%%ficE’;l mo%eﬁsa%fnsgphics%icattgd rtui%i(lhgla and%Hll\/EC
system structures camso be exported astandalone
FMUs.
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Figure4: Coupling of a Modelica HVAC system model (SimulationX/Green City) with a TU Dresden buHditug
based on the building physics simulation tool Nandrad (Paepcke et. al., 2016)

The integration of these FMUs in upcoming medel
in-the loop controller architectures (e.g. Virtual Power
Plant Controller— c.f. Schwanet. al., 2016) helps
building enginers to design optimality-based
controllers which can increase overall system
efficiency without major extra investment costs.

Figure3 shows such a sing Modelica model based
on ESI I TI ' s @&represants @ highly |
simplified model of a cold district heating grid with
decentral heat pumps, a thermal power plant with
cogeneration and t he I o
including wind parks and photovoltaic fields. This
system is a rolenodel of a fture part of a virtual
power plant which provides balancing power to the
transmissiorgrids via energgxchangéEEX).

Available heat storage capacities in thetritit the
heating grid providevirtual storage capacities for
renewable power surplug wind parks or photovoltaic

resulting addon costs. This requireshough highly-
accurateprediction of available storage capacities.

The integréion of accurate but fast calculating
simulation models of those grids in energy trading tool
chains and corresponding system controllers (e.g.
controller of a cogeneration plant) increases profit
reliability at the balancing energy exchangkerefore,
theder rmodels. are exported including a suitable
numerical solver as independent FMUs.

Then, these FMUs are simulated for comparatively

gshartl time wériods i(i.e. yféwsdayspabead to idemtifyi d

maximum profit margins regarding different upcoming
weather conditionas well as expected power and heat
consumption profiles.

In this modelin-the-loop configuration the models
must run mucHasterthanreattime to enable the
evaluation of a great number of different input
parameter sets and influencing characteristics.

(i.e. negative balancing power). Furthermore, decentral Synchronization is not needed because the controller
heat pumps can partly run as renewable energy dumponly uses the accumulated simulation results.
as wel |l by wutilizing ydrmach building’s ther mal
times of grid deficits, the district heating grid reduces 5 Example 4 — Co-Simulation

the powerconsumption of the heat pump and the

cogeneration plant provides positive balancing energy. Al three previouslyshown FMI applications in the

These strategies will help to decarbonize overall Puilding sector mainly use the standard to provide
energy supply of buildings in the future. However sophisticated test scenarios tr optimize controller
such concepts require major investments ar{d functionality. However, FMI is also applicable in this
refinancing is notpossible withdiminishing energy ~ €nvironment in its inherent manner, a model ergea

profits. But the sale of balancing energy at the energy @nd cesimulation standard.

exchange (c.f. EEX) will help to partly compensate Complex building models combine a vast number of
different physical components with highly digéired

capacit



time constants. Building physics mainly represent slow speed by usage of several individually optimized
processes. Heating up or cooling down walls or whole solvers and speed reduction by adding additional
buildings needeveral hours to several days depending communication time between the FMUs.

on thermal inertia and available heating/cooling system

configurations. Power supply of renewables, e.g. g Conclusion

photovoltaic modules or wind power plants, can
fluctuate within several seconds dew minutes
depending on cloudiness and surrounding shadings.
Inverter controllers of photovoltaic, batteries or even

eMobility charging stations can mdawithin a few ’ . N .
seconds regarding available measurements (e.gdomain of the Modelica language including an

i nhabitants indivi drual N§BAYM, numbey, af |, ayplgble o geademic  and
dwelling housg commercial libraries.

This great variety of time constants can cause very _ 1ne Modelica community also focuses on coupling
stiff ODE systems in one Modelica mod&ut FMI of different modelgas well as software and hardware
enables to separatmodels regarding different time ~ COMPonents to utilize synergy effects and to extend ,
constantsor to combine the strength of different Modelica’ s fiel(dg BB -appl i
simulation tools and solvers. Coupled models can co Nouidui et. al., 2014). Because of its tool indepen
simulate specialized building physics models with dency, its industrial support and iegljustability to
highly optimized PDE solvers (e.g. heat and moisture /atest network and intemet technologies, the FMI
transport through wallgpgethemwith fast and accurate ~ Standard and its upcoming updates will help to
HVAC system models in Modelica and its therefore Nteégrate Modelica in all design, test amélidation
optimized ODE solvers. processes in the building sector within the next years

Figure 4 therefore shows the coupling between
Modelica HVAC system modelb as ed on E Keferances @ s
Green City library coupled to a townhouse building M. Wetter. A Modelicabased model library for building

This paper presesian overview of different fields of
application of Functional Mockup Interface standard in
the building simulation environmenBuilding and
HVAC system simulationsurrentlybecome one major

physics model Nandradl dimul@ione s deeergy and control systems, "Linternational IBPSA
environment (Paepcke et. al, 2016)This way, a Conference, Glasgow, 2009.
Modelica simulation erivonment imports the M. Lauster Modelica Building Libraryand Building Models

Building-FMU created in Nandrad as an additional Symposiumon IntegratedPlanning and Simulation in
model componentThe townhouse model consists of  Building Physics andechnology Dresden, 2012.

two thermal zones representing ground and first floor. C. NytschGeusen J. Huber, M. Ljubijunkic, J. Rédler
The HVAC system includes a monovalent heat pump ModelicaBuildingSystems— A Simulation Library of
and a heat storage which providbs heat to the two complexBuilding Energy System®&auSIM Berlin, 2012.
hydronic heating circuits R. Unger, T. Schwan, B. Mikoleit, B. Baker, C. Kehrer, T.

However, both FMI 1.0 and FMI 2.0 only allow Rodemann.” Gr een  B-u Méddling gehewable
scalar interface variables (inputs and outputs). But building energy systems and electric mobility concepts
especially complex building physics models require a "\‘AS'”Q hMggilz'C& 9 International Modelica Conference,
high number of common interface variables (e.g. unicn, ' o _ _ _
indoor tenperatures and temperature set points of all T. Schwan, R. Unger. Holistic District Heating Grid Design
thermal zones or rooms).Therefore, Nandrad with SimulationX / Green CityESI SimuldionX User
additionally provides a buildingMU adapterwhich FO”_Jm’ Dresden, 2016. )
automatically connects the bus interfaces in the M- Wicke, T. SchwanR. Unger.Modelbased design of
Modelica model with the vast number of scalar inputs control strategies for a sophisticated building energy
and outputs ofhe buildingFMU system in a schw and sports complex. {7 ITI

. ' . . Symposium, Dresden, 2014.

On the one hand, this approach provides an mterfaceA )I; P ke. A Nicolai T. Schwamnterf f
imported building physics modeCo-simulation this . ping 9 ) 9
way uses basic master algorithms of the available System S|mu_lat|on. Central European Symposium on
Modelica simulation environments, lik& S | | T1 Buslldmg Phy5|.csDresden,2016. _
SimulationX. On the other hand, the HVAC system C: ClauB, K. Majan, R. Meyer. Development of Simulator
model including the required adapter can be exported Coupling Algorithms using FMI Interface for Building
as standalone FMU, too. This wago-simulation Simulation ApplicationsCentral European Symposium

' : o on Building Physics, Dresden, 2016.
between two or more FMUs can use more specialized . g Y . .
master algorithms (ClauR et. al., 2016) to mjte T. S. No_wdu; M. .V.\/etter.TooI coupling for the design and
simulation speed and accuracy ',Fhis can furthermore operation of buiing energy and control systems based on

: . . . the Functional Moclup Interface standard. 10
improve the tradeoff between increase of simulation |niernational Modelica Conference. Lund. 2014.



