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Trends in Building Systems

Building systems become more complex
* Interaction: Continuous time, discrete time, events.
+ States: Multiple operating modes.
« Controls integration: Floating setpoints, electrical grid, active facade.
- Thermal integration: Geothermal systems, heat storage and recovery.
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Multi-scale, multi-physics systems

Building systems are multi-scale, multi-
physics systems

> Flow friction in piping and duct networks > Airflow inside and outside of
- Thermodynamics of moist air and refrigerants building
. Heat and mass transfer through solids (walls, ° Distribution of direct and
windows) diffuse radiation
Exhaust air ° day“ght
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How do we accelerate RD&D of next generation technologies?

Decentralized dehumidification

with liquid desiccant Provide user-extensible tools for
q Q?ﬁﬁ rapid prototyping,
gl 7 model-based design and controls,
B ~—f .
- | built on open-source standards.
==
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Cyprus grass to Web-server at the size

Phase change material to increase
thermal storage
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R&D Needs for Whole-Building Model-Based

Design and Operation

What modeling framework enables model-based design and operation?

teniup H

Defines
y e+ splitting in task/sub-task,
« device drivers,
« references configuration

of device dyvers, ...




Challenges -- Controls

Integration of subsystems (grid, HVAC, active
facade, lighting).

Enable optimal
- energy storage
- equipment scheduling
- setpoint scheduling
- grid interaction.

Making inefficiencies visible to end-user.

Detect and diagnose faults at the system-level. |

Close disconnect between design and operation,
using executable specification, to
- increase productivity.
- reuse design across platforms.
- enforce accountability across hand-off points.
- reduce human error.



Current State -- Building Simulation to Support

Controls Design and Operation

Today’s building simulation programs (EnergyPlus, DOE-2):
These tools have not been designed to support controls.

Large simulators (500,000 lines of code).

Dynamic models Steady-state models

Heat transfer (opaque constructions HVAC components and system (written
& room air). for 10 minutes to 1 hour time step).

Energy storage in water tanks. Controls.

Controls semantics

“Ideal controller” that meets load (cooling power etc.) by computing how much mass
flow and what temperature a component needs to deliver, subject to capacity
constraints.

No notion of continuous time systems or hybrid systems.

Solution method
10 to 20 nested solvers, no global error control, many components integrate their own
solver, which introduces large discontinuities in approximate transfer function.



Challenges -- Building Simulation to Support

Controls Design and Operation

Express models in a modeling language, not a programming language!

Modular objects with standard interfaces (thermodynamics, controls, ...)

———

Hierarchies to manage —)Code generation for
complexity vertically and control hardware
horizontally

Different evolutions within modules
- continuous time (seconds to minute time scale)
- discrete time
- finite state machine

Model feedback control of measured states (temperature, pressure), not heating/cooling load.
(This requires models and solvers that are different from today’s standard building simulation.)

Analysis support through application programming interfaces (API)
- Building Information Models
- link to domain-specific tools (such as MATLAB/Simulink)
- reduced order model extraction
- optimization



Increase Level of Abstraction

Higher-level of abstraction to Block diagram modeling = 1990
increase productivity =

S L
- facilitate model-reuse e
- preserve system topology
- enable analysis
- generate code for target 7l
hardware
Procedural modeling = 1970 .

progran euler
implicit none

—
double precision, parameter :: tFin = 7200 ¢ Final time ¥(23315) T “ke(100)

integer, parameter :: N = 72000 Number of steps
integer, parameter :: NCom = 10 Communication interval
integer icom t Communication counter
double precision dT t Time step

double precision, parameter :: T@ = 293.15 Initial temp.

double precision T, T2 Temperature

double precision TBC Temp. boundary condition
double precision TSur Surface temperature

double precision, parameter :: TSet = 293.15 t Set point temp.
double precision :: derT1, derT2 Temperature derivative

Equation-based, object-oriented modeling = 2000

double precision, parameter 108 P Gain
double precision, parameter Convective heat transfer coefficient
double precision, parameter Conductivity
o3 ' e it
double precision, parameter apacity sifie ECTemp TSet

7

-
=

feedback

— — o —

integer :: i
integer, parameter :: lun = 6

Loop counter
logical unit number

double precision, parameter :: amp = 5
double precision :: time

Anplitude
sinulation time

character (LEN=x), parameter :: FMT = “(4F14.7)" freqHz={1/3600} k={293.15) k={100}

* Initialize variables
dt = tFin/N

open (lun, FILE="results.txt')
* Perform integration
doi=1,N, 1

TBC = T8 + amp * dsin(2*3.14159xtine/3600) hCon

TSur = T2 % ( 6 / (G+h) ) + TBC % ( h / (G+h) ) sensor

QSou = Kp * (Tset - T1)

Qcont = G x (T2 - T1)
Qcon2 = G * (TSur - 12)

derT1 = 1/C = ( QCon1 + QSou ) = —
derT2 = 1/C * ( -QCon1 + QCon2) K

i€ (1.EQ.icon) then conductor2 conductor1
time = time + dt Convection
close(lun) mass2 mass1

urite(lun,FHT) time, T1, T2, QSou k={5} , % 7
icom = iCom + NCom 2

enaif FITTTE % u:><_
t Update variables e

T1 = T1 + dt x derT1 % %

G=10 10 G=10

end do
write(x,*) 'Program finished"

2 + dt * derT2 ) source 10
write(lun,FHT) time, T1, T2, QSou
end program




Separation of Concerns

Modeling Compilation & Simulation
conductor1 v
'—r_‘:‘;:j = Modeling /% Model Simulation Model FEEh /\ DAL
T e e > 0 G=10 o > \
g. = I' . f o Compilation Program Simulation : :
= mass2 :
I
| |
User Run-time Figure adapted from
Interface Interface Cellier and Kofman (2006)

Describes the phenomena

@

@

@

Standardized interfaces
Acausal models

Across & through variables

Hierarchical modeling
Class inheritance

Solves the equations
» Partitioning
> Tearing
> Inline integration
» Adaptive solver
- Integration
- Nonlinear equations

11



Overview

@

» Mono-Simulation with Modelica

Modelica Standard Library - LBNL Buildings Library - Applications

» Co-Simulation with Building Controls Virtual Test Bed
Building Controls Virtual Test Bed - Applications

> R&D Needs
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Modelica Buildings Library

Enable

®Rapid prototyping of innovative systems
@Controls design

®Model-based operation

Available from
http://simulationresearch.lbl.gov/modelica

FrontPage - bir =

“ )= ':c;’ { r ?w m https://gaia.lbl.gov/bir/FrontPage

ol {f." cyprus gras enQ

LQ FrontPage - bir I + ’ e F! 2
MichaelWetter Settings Logout geardh 1 T M
vir: FrontPage
FrontPage

RecentCha FindPage | HelpContents | FrontPage OResnm B
Modelica Library for Building HVAC and Control
Systems R&D U

Contents
1. Motivation
2. How to contribute
3. Contact
4. Wiki starting points
This wiki documents the development of - — > +* ‘
a @ Modelica library of building HVAC il Q ) \'C b I !
and control models. Our goal is to make
building system modeling flexible and _— = 0 @
fast enough so that it accelerates = 'Q' o I‘%
innovation towards Zero Energy : Ui
Buildings. We are in particular interested z g ; . "
in enabling Implementation of a variable air volume flow system in Modelica
« rapid prototyping of new building Links
systems, Functional Requirements
« development of advanced control ~ Feature Specification
systems, Download
« reuse of models during operation White paper
for energy-minimizing controls, fault
detection and diagnostics, and
Done 8 /

13



What is Modelica?

» Object-oriented equation-based modeling

rmodel Capacitor “Ideal linear electrical capacitor”

parameter S|.Capacitance C "Capacitance”; 4= o ] ¢
language e beasiartl B
Interfaces . Negative Pin n; N

Sl Voltage v “Voltage drop between pins'.
squation

» QOpen standard

» Developed since 1996 because ool R e ©
conventional approach for modeling was o | -
inadequate for integrated engineered i ‘ | T
» Well positioned to become de-facto open };g,ff;“;f:”;;?:?.'im RS & T a
standard for modeling multi-engineering e w‘__.“j’——'

systems AZA M - Nl
- |ITEAZ2: 370 person years investment M U D E L I [ A

over next three years.

conductor1 Graphical modeling
/% :_ - input/output free
- block-diagram
= i - state machines
masep - bond-graphs —<>—> C code
a:=2; ithmi |
2:=2; Algorithmic code X>—> executable

C*der(T) = Q flow;  acyysal equations solver
0 = T - TBoundary;

14




Modeling of Components with Dissimilar Mathematics

Schematic diagram couples PDE, ODE, algebraic equations, state graph and discrete time systems.

differential equation

[

. '

' I -
P LT TR (e .
[

'

]

ET = port.T;
1C*der (T) port Q0 flow

algorithmic code for controls

algebraic equation

acausal equations for physics

:// Water content and pressure
iport_a.p * (VGas) = p0 * VGasO;
medlum p = port.p;

: stateGr. ..
l;{. resk... root

'K’wteqiet o4+
i ini tri nsta to(iff ffStato0r
n n |

!

£
state graph

15



Modelica Standard Library. 1300 models & functions.

Digital
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dettag={1} k=1 ?
table2 MNot1 Andi

[ El4 not p— and p—

.

Pred

r pre

J—LUF../H,}/F

StateGraph

intialStep transition1 step  transition2

Math

n Ip
i, = (ke )

i=1

1=p=o

16




Modelica Buildings Library

Buildings

Boundary
Conditions

Controls Transfer

Released

Ready for

Release

Developing

Sky

Temperature,

Solar
Geometry,

Solar
Irradiation,

Weather
Data

Continuous,

Discrete,
Set Point

Actuators,
Boilers,
Delays,

Fixed
Resistance,

Heat
Exchanger,

Mass
Exchanger,

Mixing
Volumes,
Movers,
Sensors,
Sources,

Storages,
Utilities,
Types

Conductor,

Convection,

Opaque

Construction

Radiosity,
Windows

Extends and simplifies models from Modelica.Fluid

Constant
Property
Liquid,
Gases PT
Decoupled,

Gases
Constant
Density,

Ideal Gases

Perfect
Gases

Comfort,
BCVTB
Diagnostics
10,
Math,

Psychrometrics,

Reports

http://www.modelica.org/libraries/Buildings

m 150+ HVAC Models




Current Applications

Advanced Control Integrated Building System Education
- Dynamic evaluation of control - Rapid prototyping of new energy Virtual Building
sequences systems Lab.

_ E.g. LearnHVAC
- Tool chain for model-based - Coupled simulation of HVAC, control
design and operation, including and energy.
automatic code generation from E.g. EnergyPlus + Modelica

models (proposed for FY11)

- Reusability of models from
different domains

Modelica Buildings Library



LBNL Buildings Library. 150+ models and functions.

Provides 150+ HVAC specific models based on “Modelica.Fluids” library.
http://www.modelica.org/libraries/Buildings

|, | Ti ‘e
THet
‘ECO
am 3 N

m .,
g

The biggest barrier to adoption is the
lack of robustness of numerical
solvers for these DAE systems with
continuous and discrete state
variables.
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Applications

1) Rapid prototyping
Analyzed novel hydronic heating system with
radiator pumps and hierarchical system
controls.

2) Supervisory controls
Simulated & auto-tuned “trim and response”
sequence for variable air volume flow systems.

roo ﬂ

3) Local loop controls e T A—————
Reused high-order model for controls design in R
frequency domain.

20



Rapid Prototyping: Wilo GENIAX

<
Original system model After symbolic manipulations
2400 components 300 state variables

13,200 equations 8,700 equations




Rapid Prototyping: Wilo GENIAX

/\/_

freqHz=1/86400

22



Rapid Prototyping: Wilo GENIAX

Thermostatic radiator valves

Boiler set point, supply and return temperatures

2 4 6 810 12 14 16 18 20 22 24

Room temperatures

o 2 4 6 8 10 12 14 16 18 20
Boiler and radiator valve signals

0 2 4 6 8 10 12 14 16 18

0o 2 4 6 8 10 12 14 16 18

Radiator pumps

Boiler set point, supply and return temperatures

20 22 24
Room temperatures

Boiler and radiator pump signals

T ] T T

> 0.5 f|""i* l 4

. : I O ! :' 1 1 Ll ill i | 1
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24

Normalized radiator mass flow rates Normalized radiator mass flow rates
T T T T T 02 T T T T ! T T T
‘ ; ; : . £ : : : ;
- ‘, 7N - —~— 1 - e SRS B
. N TR AT E oo [ Q:*--WM

0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24

Reproduced trends published by Wilo.

Developed boiler model, radiator model, simple room model and both

system models in one week. 23



Applications — VAV System Controls

v

JLI enPSta "oofreset erPRoo ) ) VAV System
V% —F /S ) (ASHRAE 825-RP)

Trim & response control for fan
patm . 00 DJ static pressure reset

boulni aisy (Taylor, 2007)
k=T07325 res3t "EEEjP'L-——ﬂ
yDam

Original system model
730 components

‘% =y 4,420 equations
= = 40 state variables

bouExh

1
3




Applications — VAV System Controls

Stabilized control and reduced energy by solving optimization problem with state constraints

E 1000 T T T T T T T T T T T T T T T T T
n_ 800 .................................................................
o 600 el /- et £ SN B S U
= 400_\/ - - B
S’ 200 .
O 0 L L | L L L L | L L L L | L 4 4
67 8 91 51617 18 19 20 21 22 23 24
1 T T T T T T T T T
0.8 \ -\_1 -
>~.0'67 1 | E :
04F — A : x
0.2 - 4 o >
—_— OE\: 1 | 1 1 1 I I L L L i L :
< 67 8 91011 1516 17 18 19 20 21 22 23 24 = ;
?100 ‘ ‘ ‘ ! ‘ ! ‘ ‘ : ‘ ‘ 8 O | i i i i i i | i i | i i i I ;
P — n
2 measire 6 7 8 91011121314151617 181920212223 24
g 50 Lo Rl B B0 Mot RUSUSUURTY SRRISUOTRIIN _Set p0|nt 1 I _ _ ! N I l N ]
% 0 1 1 1 1 Il 1 1 Il 1 1 ‘ L 0.8 B FM ‘ : i
S 67 8 91011 7516 17 18 19 20 21 22 23 24 >~8'2
© time in [h] Olzgk U . » ]
0 =—1— | L ] o

6 7 8 9101112131415161718192021222324
- - 1A | measured |
— set point

3

wip(£(2) | g(a) = 0}, GonOpt

Generic Optimization Program

f(e) 1/?&@&@ —

" B

—
o
o

O I 1 1 I | | | |
6 7 8 9101112131415161718192021 222324
time in [h]

i i i

duct pressure in [Pa]
o
o

oa) = 7 [ (max{0, (vy(0.0)/2) =

1/(2K,) —1|j € I(x,t)})" dt 25



Applications — Feedback Loop Stability

Heat exchanger feedback control

2632 equations
40 states

37x37 (linear) + 6x6 (nonlinear) mmmmp O (linear) + 2x2 (nonlinear)

= DryCoilDiscretizedPControl - Buildings.HeatExchangers.Examples.DryCoilDiscretizedPControl - [Diagram] B@W

& File Edit Simulation Plob Animation Commands Window Help [=JI& X
SHQAE /\/r:voa\/-Alf&uh{v B¢ mSAHEHSE 2% v

Package Browser ~
Packages "

. ConstantEffectiveness
TSet =] mot PSin_1

* [T] CoolingT owers fedBac =
. DryCoilDiscretized E -'_1_ _d:l_ _/_
f. DryHexHAInput offset=0 k=1 duration=60

= [[JExamples " :

) sou_1 sin_1 b
ConstantEffectiveness
DryCoilDiscretized .—M
DuCoDicetzedPCoril | —
HeaterCoolerldeal val T
HexElement N
WetCoilDiscretized i T — Sl
WetCoilDiscretizedPControl . ) _.

- HeaterCoolerldeal __a

. wetCoilDiscretized
* [CJMassE xchangers

(R E € » (5. SF

Modeling | "\ Simulation 26




Applications — Feedback Loop Stability

sin_1

1@

A

m) () = Ax(t) + Bu(l)

z(t) € R

. ~ Bode Diagram Step Response
~ & 200 T : 60 T v
T(t B ul(t =) SO S
QO
= - X
= ur — : :
- ]
~ [ Q X .
T (t) = -200 E
— 0 =
g Boaaff i |
E’ '?-r;|:| full order
T : : : reduced order
0 540 : : 0 : '
-4 -2 0 - - - LT LT
10 10 10
1
e 0.13 , s 26 0015
0.150 0.2 y=0.05 oy e 0204 0.15 505
' y=0.95 0.125
0.1 0.1
; , . 0.075 6 A
4 : - 0.05 t —_— t : : . : 3
g 008 S 2 ‘ Uu ( — Z S y (& 20 30 40 50 60 70 80
< .
%. 0 - J 35 ! . 2 3 3
B L 0.025 .
-0.05 04 0.05 530
ey el 00010 0.075
-0.1 s 0.1 k=
" 0.125 >o0} 1
=0:15 O Froa. rad/sec): 0.178 0.15 Jr— 27
0.13 0.09 V.062 0.042 0.026 0015 15+ = = = = — -
%03 0.025 0.02 0.015 0.01 0.005 0 20 30 40 50 60 70 80

Roal Adis time in minutes



Overview
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» Co-Simulation with Building Controls Virtual Test Bed
Building Controls Virtual Test Bed - Applications

> R&D Needs
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Building Controls Virtual Test Bed (BCVTB)

eano FrontPage - bevtb (&
Enable s o o—
|'n FrontPage - bevib +

MichaelWetter Settings Logout -

®Co-simulation for integrated multi- N i FrontPage
disciplinary analysis N

[ RecentChanges “ FindPage H HelpContents || FromPagcl

‘aUSe Of domain_specific tools Edit (Text) Edit(GUI) Info Unsubscribe AddLink Attachments | More Actions: B
eModel-based system-level design Building Controls Virtual Test Bed

) . The Building‘ComroIs Virtual Test Bed (BCVTB) is a YN S——
®Model-based operation iferen Suaton rograms o rapouted simoaton, | AAERCIOSRas

For example, the BCVTB allows to simulate a building a e Tt e ke v
and HVAC system in EnergyPlus and the control logic in e oteulTome 4:20° 100 AL 83h UnergyPius 20ne ime whep, e
MATLAB/Simulink, while exchanging data between the e

software as they simulate. The BCVTB is based on the o

. © Ptolemy |l software environment. The BCVTB is still ~ e
Ava I Ia b I e fro m under development and aimed at expert users of ad "—" —
simulation. Due to the different programs that may be . - [=

involved in distributed simulation, familiarity with

ann e T T— R

compiling and configuring programs is essential.

http://simulationresearch.lbl.gov/bcvtb et

Links

¢ ©EnergyPlus, Simple application for illustration
« © MATLAB, Implementation
* © Simulink and Getting started

Development

Based on Ptolemy Il from UC Berkele e T
y y, simulation environment. Help
h H h H | I H I d B CVT B H t rf In future work we will link a @ BACnet compliant Building Automation System (BAS) and digital/analog converters to the BCVTB. In
W IC WI I n C U e I n e ace . addition to using programs that are coupled to Ptolemy Il, Ptolemy II's graphical modeling environment can also be used to define
models for control systems, for physical devices, for communication systems or for post-processing and real-time visualization.

Done a V/rr‘,
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Building Controls Virtual Test Bed

Open-source middle-ware based on UC Berkeley’s Ptolemy |l program. - implemented

Synchronizes and exchanges data as (simulation-)time progresses. - == funded
= == In proposal
. building energy HVAC & controls | in gisc?ussion
building energy Modeli
TRNSYS EnergyPlus odelica controls
m— e / Simulink
R - = &+ . controls & data analysis
e = S m— TS MATLAB
airflow T : .

Fluent

wireless networks
Ptolemy II

=5
<0/
i
\
\
[
T Triangulator
[
\ [
\

real-time data
www+xml
lighting

\ adlane W

PR /
/ . Y 4
/fEnestratlon/
-~  Window 9‘/

hardware in
the loo

I
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Simple Example: Room Heater

+

Set point _>f_ Controller Plant —>

Controller: Discrete time proportional controller
y(k + 1) = max(0, min(1, K, (Tset — 1'(k))))
Plant: Room model

At

T(k+1)=T(k)+ rel

(UA(Tout = T(k) + Qo y(h))

31



Simple Example: Room Heater

Set point >0— Controller Plant >

Discrete Time Proportional Controller
y(k+ 1) =max(0,min(1, K, (Tset — 1'(k))))

Implementation in Simulink

— T y(k+1) T(k)
20 1 — | — ——P{dblin dblOut
i
Constant Gain Saturation Unit Delay
BCWTE

32



Simple Example: Room Heater

Set point ;F Controller Plant >

Room model

Tk +1) = T(k) + = (UA(Toue — T(k)) + Qo y(k))

Implementation in Modelica

TOut1 LA
7

7
=27 ..

dehuttip IniCon multiple
L= L) J... L e...
bevth Z@*—\_,
b c2 ’ add1
TOW? ) — k=—27315 + >_|—.
T(k+1) y(k) H

k=G_flo... 33




Simple Example: Room Heater

& file:/P:/bcvtb/code/bevtb/trunk/bevtb. . . dymolaSimulink-room/system-windows. xml
File View Edit Graph Debug Help

Ed@@l@ POy e

) Utilities

) Directors.
) Actors SDF Director
=\ Co-Simulation

[B=] Simulator Simulink Dymola

/] /]

) Sources
) Sinks

) Array

) Conversions [e} t|meStep 60
) FlowControl
() HigherOrderaActors @ sta rtTI me: 0
b e} v

e o finalTime: 6*3600

o

execution finished.

T(k) yk)| [T(k+1)

EBuildings_Utilities_IO_BCV B
| File Edit
= d QA&

B controller

File Edit Yiew Simulation Format Tools Help

O E2E& ) 3

amples_TwoRooms - Buildings_Utilities_I0_BCVTB_Examples_TwoRooms - [Diagram] =J\E} w
Commands Window Help & x|

W /P CARL-2- N % B¢ BEAEE w0 v

1

T""” UAT aud) TRoo1
1 / —
20 1 > | K
z —vs 1: Gl
Constant Gain Saturation Unit Delay
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\_\\7 Q_flow
o, n 3 s add
Ready 100% FixedStepDiscrete 7 -
low_nom T D~
uniCon i 1+ b—  muliiplex2_1

> R N\
—H .
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§ =27315 A
Tout2 UA2 &u TRan2 /_I\:/}—»

@ S

Z
T=276.15 =

GalQ_flow_n
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BCVTB Time Synchronization

Initialization

IT
QS
Il
e S
x
||
N
x
Il
@

Time steps
in client 1 .

>
»
»

X2(0)

-
-
.

/3
Time stepS ................. 'ﬁ ................... Vﬁ

in Ptolemy |l

Time steps .y " y
in client 2 ' v

Initialization =0 1 k=2 =3

|:| Call to a Ptolemy Il simulator actor.

--------- » Exchange of data between two Ptolemy Il Simulator actors.

""" * Exchange of data between a Ptolemy Il Simulator actor and a simulation program.
Initialization step in Ptolemy Il, and in simulation programs.

—> Time step in Ptolemy Il, and in simulation programs.

x1(3)  Variable x of simulator 1 at time step 3.



BCVTB Architecture

File Vi Craph Debug Melp i =
QERIQUP IOl e

Director

Simulator 2

BCVTB
C library

BCVTB |
C library )

configuration
file

configuration
file

BSD Socket [l BSD Socket [H ik BSD Socket

BSD Socket [

Client Server Client




Ex: HVAC in Modelica, Building in EnergyPlus

Rapid virtual prototyping. MO D/E;L: I.[ A Whole building energy analysis. (&

Path towards embedded computing. Reuse of 500,000 lines of code. ur
system PiDHea PIDHUM C [z|
deiagi /_ 8 \
[;}_EF‘ @_{3 Building Description Buiding
T EnergyPlus
Simulation Manager
Heat and | o
Mass | Building B
Balance | Systems  Poliution Interfaces
y ::%ﬂ{ Simulation | Simulation |ﬂ'
\. 'ower
! , [

toTotali b

Display
Results




Modelica Implementation of VAV System with ASHRAE Standard

Sequence of Controls, linked to EnergyPlus DOE Benchmark Bldg.

~

_H TN
T y T
controlPR i

>ntrolB|u_s& l;l

et

EFH"OIDUS{EI
R S A

)

=l b
- ztro]EE’G |—’_: ol trolf
0 I [THN]
J

fxi :_dINex,@C Bﬁf’:‘,
* occupi’y =
b cg.. o o

controlBus D

Variable Air Volume Flow (VAV) System
Terminal reheat.

Finite state machine for supervisory mode transition.
Local loop control with P and PI controllers.

Original system model
1200 components
4,300 equations

150 state variables




Modelica Implementation of VAV System with ASHRAE Standard

Sequence of Controls, linked to EnergyPlus DOE Benchmark Bldg.

Temperatures
u outside
- mixed air
i supply air i
0 2 4 10 12 14
Room air temperatures
B core T T T | T T
i south | --/1_"\ _;, § :
| ——east |
i north [~ : | , | | i | [ i
0 west } 8 10 12 14 16 18 20 22
Zone supply air temperatures
M core T T PeY T b T T T T T
- south | : : :
a east | : : 5
] north | : , , 3 :
0 west } 8 10 12 14 16 18 20 22
VAV damper control sighals

| core | | | 1

south | ]
o east ............... o ................ .............................................. ; ............... AAAAAAAAAAAAA
i north |/ i ; ; ; ; | i i
0 west } 8 10 12 14 16 18 20 22

Fan and economizer control signals
T T T T T | T T

supply fan E é 5
H return fan : ' : :
| economizer ;
0 2 4

Can execute realistic supervisory
and local loop control in Modelica
linked to EnergyPlus through co-
simulation.

R&D Needs:
Support for rapid virtual

prototyping.
Robustness of DAE solver.
Computing time.

“Packaging” to make technology
easier accessible to non-experts.

Scope of validated model library
(HVAC & control components and
systems).

Code generation to link design to ”
operation.



Control in BCVTB

ickTime Player File Edit View Share Window Help

File View Edit Graph Debug Help

M Stop Recording %E <> a M <) Jan6 23:47 E[» (Chal’ggﬁ,‘

file:/Users/mwetter/proj/bcvtb/code/b. . .b/examples/ePlus40-actuator/system.xm

Michael Wetter Q

SDF Director

Ho @& R ea Al il = e

This model illustrates the implementation of an EnergyPlus
model that communicates with Ptolemy Il through BSD sockets.
Input into EnergyPlus is a signal for an EMS actuator of a shading device.

PlotterControl
PlotterTemperature
ooo|

A
,\\/
v

shadingController

Simulator

D

' xvmdr . »

e

PlotterSolarirradiation

Output simulation time and wall clock time.
This is for illustration purposes only and not needed by the above model.

SimulationTime

— gt_"mes @ timeStep: 10760
irectors
— L _____ ]J e startTime: O
__| Actors : ) Al
(] MyActors e finalTime: 4*24=3600
|| UserLibrary
L3
TR
1SolE
CurrentTime Expression

m— > input/86400

WallClockTime

3=

@ENE® 9O JORI Pl FEIBO T

Author: Michael Wetter

execution finished.

AEAUVAInOU proygrant CUnNipicicu SULLeEddiuny.
ReadVarsESO program starting.

ReadVars Run Time=00hr 00min 0.00sec
ReadVarsESO program completed successfully.
Started HVAC Diagram

Complete

7

T
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file:/mnt/hgfs/proj/bcvtb/code/bevtb/. . .tb/examples/BACnetReaderALC/system.xml

> Utiites | spF pirector
) ctol

Hoa@QRQAQD NGO mudide

] L] L]
is exal e illustrates how to read properties from BACnet devices.
ing the example requires a connection to a demo case from a n a S I S CO u e O u I I n
ical Corporation. This demo case has two device
i nstance number 637501 and 637502.

rrrrrrrrrrr

Automation Systems.
g @E eeeeeee

= Can read to and write from

S BACnet devices.

input tokens ——»

BCVTB
N

BACnet reader
(or BACnet writer)

—>» output tokens

xml configuration
file

\ BACnet
stack®
_ y,

* BACnet stack from http://bacnet.sourceforge.net (Steve Karg)

Enables simulation and/or data

41



Reusable modules for model-based operation

Tool selection depends on required Hybrid systems,
- model resolution emulate actual

- emulation of actual control & operation feedback control

- dynamics of equipment I T AR
- analysis capabilities i

- smoothness www/xmi —

- state initialization i R

S 3
‘pae i

ann file (Users/mwett

File View Edit Graph Debug Help
QARIQLIP @y o0e
G Unitmes SOF Director
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Overview

@

> R&D Needs
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R&D Needs

Model-based design process & Equation-based object-oriented simulation

deployment _ - robust DAE solvers for thermo-fluid & control systems
- development of design flows - multi-rate solvers

that are based on executable - mapping equations to

specifications parallel hardware

(process & supporting tools)
- extension of Building Information
Models to support controls
through executable controls TP I I
specifications e e

Equation-based object-oriented modeling | Co-simulation

- computatio_nally efficient .  semantics of exchanged data
and numerically robust model Moo E:L,'[A _ standardized data exchange |
formulation - _ : =

: g a - adaptive st
- standardized libraries L adaptive step size

Model Predictive Controls Others....
- MPC that can be deployed to - system-level fault detection and diagnostics

100,000’s of buildings - cybernetic buildings a4



Vision

Use open standards to enable model-based design and operation for very low energy buildings.

http://www.bacnet.org/
http://www.buildingsmart.com/

http://functional-mockup-interface.org/
http://www.modelica.org/

nnnnnn

rras -
,/_\. <L
I o

f N Defines
of device Nivers, ...)  *splitting in task/sub-task,

« device drivers,
« references configuration

THO0 -




