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Who We Are

We Are Simulation Users
... Not Developers!

Simulations are a tool we
use every day

Limited time to invest in
model development

Want to reuse and share
models within our company
and with our collaborators
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Our Simulation Needs

We use simulations to evaluate ...

Energy performance ... e.g.,
comparing the annual and/or peak

energy use of supervisory control |
strategies

P.

a
o
o

Occupant comfort

w
o
o

Duct Static Pressure (Pa)

200

Control performance sepom—ly

Robustness ... ensuring that
performance measures are achieved
under the broad range of conditions

that HVAC systems operate
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Our Simulation Needs

Control application dictates simulation capabilities

e.g., Steady-state detectors are common in FDD applications;
Simulations must capture appropriate dynamics to enable steady-
state detectors to be tested

Often we need to account for dynamic interactions of control loops
(e.qg., static pressure reset)

Generic building loads (e.g., EnergyPlus reference
buildings) typically adequate
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Simulation Tools We Use

Typical Scenario
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Simulation Tools We Use

Modelica

Coupling the Tools

Building Control
Virtual Test Bed

Matlab/Simulink
EnergyPlus
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Simulation Tools We Use

Mathworks Products: Matlab/Simulink/Stateflow

Industry standard for development of controls ... many toolboxes

Embedded code generation capability ... easily generate real-time
applications

Simulink Example
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Simple Electrical Circuit * Simple Electrical Circuit Representation in Simulink

* From Elmqvist, H. and E. Mattsson, 1997, “Modelica — The Next Generation Modeling Language: An International Design Effort”, AN,
Proceeding of the 15t World Congress on System Simulation (WCSS'97), Sept. 1-3,1997, Singapore. Johnson /) (
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Simulation Tools We Use

Mathworks Products: Matlab/Simulink/Stateflow

Stateflow Example ... AHU Sequencing Logic
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State 1

* Control supply air temperature with heating coil

(No mechanical cooling and minimum outdoor air)

Heating control signal saturated in
no-heating position

h

Damper control signal saturated in
minimum outdoor air position

State 2

¢ Control supply air temperature with dampers

(No heating or mechanical cooling)

Damper control signal saturated in
100% outdoor air position

h
1 Cooling control signal saturated in no-
cooling position

State 3

* Control supply air temperature with cooling coil

(No heating and maximum outdoor air)

Outdoor air temperature is greater than
switchover temperature plus deadband

Y
Outdoor air temperature is less than
switchover temperature

State 4

* Control supply air temperature with cooling coil

(No heating and minimum outdoor air)
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Simulation Tools We Use

Mathworks Products: Matlab/Simulink/Stateflow

Stateflow Example

Drare &

* Control supply air temperature with dampers

(No heating or mechanical cooling)

Damper control signal saturated in
100% outdoor air position

3

Cooling control signal saturated in no-
cooling position

* Control supply air temperature with cooling coil

(No heating and maximum outdoor air)

State 3

QOutdoor air temperature is greater than
switchover temperature plus deadband

3

Qutdoor air temperature is less than
switchover temperature

* Control supply air temperature with cooling coil

(No heating and minimum outdoor air)

State 4
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Simulation Tools We Use

Modelica
Present use is for HVAC equipment/system models

e.g., chilled water cooling coil modeled by TLK-Thermo GmbH
using TIL library

*

* Image used with permission from TLK-Thermo.

11



Simulation Tools We Use

Modelica

Comparison of Modelica model with ASHRAE data

* Image used with permission from TLK-Thermo.

12



Simulation Tools We Use

Modelica

Comparison of TLK-Thermo Modelica cooling coil model with
ASHRAE data ... transient response to increase in airflow rate

* Image used with permission from TLK-Thermo.
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Simulation Tools We Use

Modelica

Modelica models developed in
Dymola (and other environments)
can be exported for use in Simulink

Dymola/Simulink Interface ... plant
model becomes a DymolaBlock in
Simulink

Functional Mockup Interface for
model exchange ... plant model
becomes an FMU (functional
mockup unit) block in Simulink
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Simulation Tools We Use

Modelica

Zone models exist (e.g., LBNL Buildings Library and Human
Comfort Library from XRG Simulation GmbH)

Also has significant controls capabilities

Simple Electrical Circuit * Simple Electrical Circuit Representation in Simulink

* From Elmqvist, H. and E. Mattsson, 1997, “Modelica — The Next Generation Modeling Language: An International Design Effort”,

15 Proceeding of the 15t World Congress on System Simulation (WCSS'97), Sept. 1-3,1997, Singapore.



Simulation Tools We Use

Building Control Virtual Test Bed

buildi HVAC & controls controls
reing Bnerdy Modelica Simulink
EnergyPlus H oo T

I

~ | controls & data analysis
MATLAB

hardware in the loop
A/D

wireless networks
Ptolemy Il

</

real-time data
BACnet www+xml

* Diagram used with permission from Michael Wetter, LBNL.
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Simulation Tools We Use

Building Control Virtual Test Bed

8 00 file: fApplications/bevtb- 100/ examples/ePlus60Simulink-simplesystem.xml

File View Edit Graph Debug Help
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[ Directors SDF Director This model illustrates how to link EnergyPlus
[ Actors stimeStep: 15460 with Simulink.

(] MyActors e startTime: 0 At each EnergyPlus zone time step, sensor
[ BACnet e finalTime: 4243600 values are sent from EnergyPlus to _Siml.!link.
] ADInterfaceMCC and control signals are sent from Simulink

to EnergyPlus.
(] UserLibrary

EnergyPlus

Plotter
ooo

1

CurrentTime Simulink

tSimullator

HistogramPlotter

P——-
Author: Michael Wetter I .

* Image used with permission from Michael Wetter, LBNL.
17



Use Cases ... Matching Needs with Tools

Model-based Economizer
Control *

Objective: Compare energy
use of traditional airside
economizer control
strategies with new model-
based strategies

Tools: EES, Matlab,
EnergyPlus

* Seem, J. E., “Model based economizer control of an air handling unit,” United States Patent 6,415,617. July 9, 2002.

* Seem, J. E. and J. M. House, “Development and evaluation of optimization-based air economizer strategies,” Applied Energy,
Volume 87, Issue 3, Pages 910-924, March 2010.
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Use Cases ... Airside Economizer Control

AHU Sequencing Logic

Study addresses damper
control in States 3 and 4
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Use Cases ... Airside Economizer Control

Economizer strategies considered:
Differential temperature-based control
Differential enthalpy-based control

Model-based control ... use model to
estimate cooling load with minimum
outdoor air and 100% outdoor air

Optimization-based control ... use
model and one-dimensional
optimization to determine optimal
fraction of outdoor air to minimize coil
energy use
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Use Cases ... Airside Economizer Control

Cooling Coll Model:

Carrier’'s contact-mixture
analogy

Requires selection of only
one parameter (bypass
factor)

Validated with experimental
data
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Use Cases ... Airside Economizer Control

Optimization Results:
Bypass factor = 0.1
20% outdoor air

Supply air temperature
setpoint = 13°C

Return air conditions:
25°C, 50% RH
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Use Cases ... Airside Economizer Control
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Simulations:

Energy performance of
various strategies compared
based on cooling coil load

15 U.S. cities in different
climate zones

Hourly calculations for one-
year period

Continuous operation
Minimum OA fraction = 20%

Building was not simulated

Simulations (Cont.):

Perfect model of cooling coil

Sensor errors considered for
return and outdoor air
temperature and relative
humidity

Simulations performed in
Matlab



Use Cases ... Airside Economizer Control

Results: Annual Cooling Load

Lowest annual loads achieved
with optimization-based control
and ideal sensors

Differential temperature-based
control is least sensitive to sensor
errors
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Use Cases ... Airside Economizer Control

Results: Peak Cooling Load

Differential temperature-based
control is least sensitive to sensor
errors
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Use Cases ... Matching Needs with Tools
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Model Predictive Control of
Vapor Compression Cycles

Collaborators: McMaster
University

Objective: Compare energy and
control performance of traditional
control strategies with model
predictive control strategy

Tools: Matlab, EnergyPlus,
BCVTB

Expansion
Valve

Compressor




Use Cases ... MPC of Vapor Comp. Cycles
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Traditional Control

State-of-the-art is multi-
loop control

Superheat controlled with
expansion valve opening

Supply air temperature
controlled with compressor
speed

Loops are tightly coupled

X

Expansion
Valve

PI1D

Comp

PI1D

RPM



Use Cases ... MPC of Vapor Comp. Cycles

Coupling of Control Loops — Results courtesy of
McMaster University
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Use Cases ... MPC of Vapor Comp. Cycles

Vapor Compression Cycle Building Model

Model EnergyPlus reference small
Model adapted from Air office building
Conditioning and Refrigeration Provides realistic inlet
Center Thermosys simulator conditions to evaporator
Dynamic component models for and ambient conditions for
evaporator, condenser, and condenser
compressor Zone conditions used to
Highly nonlinear reset evaporator leaving air

conditions

Implemented in Matlab
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Use Cases ... MPC of Vapor Comp. Cycles

Coupling the Models

*

* Image used with permission from McMaster University.
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Use Cases ... MPC of Vapor Comp. Cycles

Results - Courtesy of McMaster University
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Percent Full Load Amps (%)

Closing Points

Building HVAC systems are a collection of dynamic, interacting systems

Chiller Operation*

AHUZ2 Operation

AHU4 Operation
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Models must capture appropriate dynamics to utilize simulations for
control development

Modelica shows promise for improving the quality of our simulations

* From Luskay, L. and J. M. House, 2008, A Case Study of Control Problems and Resolutions in a High-Rise Office Building,
32 National Building Controls Information Program, Ames, lowa.
Available from http://www.energy.iastate.edu/Efficiency/Commercial/download nbcip/NBCIP_highrise casestudy.pdf




Thank You!

John.M.House@)jci.com
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