Version 9

. United
Technologies

Climate | Controls | Security

An Industrial Model Based Development Systems
Engineering Strategy

American Modelica Conference 2018, October 9-10 2018,
Cambridge,MA

Presenters:

Johan Akesson, Modelon
Kristian Tuszynski, CCS
Clas Jacobson, CCS



AGENDA

* Team

« Key Points

* Drivers

* Tools chain

» Application examples
o Summary

Version 9

Carrier Proprietary & Confidential — No Technical data subject to the EAR or ITAR



TEAM

Modelon

Johan Akesson, Johan Andreasson, Magnus Géfvert, Magda
Axelsson, Katrin Prolss, lakov Nakhimovski, Fredrik
Magnusson, Bryan Eisenhower

Carrier

Trevor Bailey, Degang Fu, Qingfan Zeng, Clas Jacobson,
Kristian Tuszynski, Rui Huang, Chen Zhang, Lishan Wang,
Dongzhi Guo

External

John Cassidy (UTC, retired), Larry Biegler (CMU), Karl
Astrom (LTH), Carl Laird (Sandia), Kevin Otto (RSS)

Version 9



KEY POINTS

Modelica is a modeling language that (1) captures physics and is useful for
modeling at the (2) system level and for modeling (3) heterogeneous systems:

- Need for system models of different scope, complexity and domains
- One modelling language
The use of Modelica is on simulation but goes beyond in “systems engineering”
the (re)use of models for variability and robustness analysis, optimization and
analysis of design freedom, and control design and analysis:

- Started with control design
- Goal: Unification of model development to Modelica

CCS is using Modelica for system level modeling and the Modelon tool chain to
capture system level modeling and to deploy widely using library architectures,
GUI and Python infrastructure:

- Support for a tools set that allows unification of models
- Steady-state/Dynamic/Cluster execution/Optimization/Variability
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DRIVERS

Systems Engineering Needs

Engineering effectiveness —
drive designs by models —
validate requirements and drive
efficient testing

Need to deal with increased
system integration
complexity — Components >
Chiller > Chiller plant > Building

Regulatory environment
demands design efficiencies
(new technologies, refrigerant
changes) and energy efficiency
(whole building level)
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- Action to phase down HFCs can avoid up to 0.5 °C of warming by 2100

- HVACR uses 50% of all energy in U.S. commercial and residential
buildings
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Phasedown Targets

Phasedown Challenge
100%
90%

Business as Usual

80%
_.70%
2
< 60%
& 50%
S 40%
~30%
20%
10%
0% 0
2016 2020 2024 2028 2032 2036 2040 2044

HFC Cap
S

2016 2020 2024 2028 2032 2036

Source: U.S. Department of Energy
4 ing-and-cooling-rd-strate

ttp.//energy.qov/eere/buildings/road-zero-does-next-generation-hea

Energy Savings in Commercial Buildings

N
45-80% Demand
Reduction

5-20% 4

Information Systems & Networks
Occupancy, utility rate, ...

|

Energy Efficiency Gains

10-15% 4

Comfort & Ventilation Systems
Ventilation, air movement...

10-15% 4

Thermal Systems
Thermal recovery, storage...

Green Buildings

20-30% 4 )
Architecture, envelope...

Baseline Footprint - 5
(ASHRAE 90.1) -~

 Reduce risk/enhance maturity
» Make solutions scalable & robust
« Drive commercial adoption

Technology Risk & Readiness



NEED TO EXPOSE DIFFERENT VIEWS...
Heterogeneous Modeling, Different Fidelities...

Model Abstraction Layers
Requirements Architecture Bynamics & Controls Analysis Robust Design Analysis ‘

Caphure of dyn amic reguirements Capability analysis
= Verification of controls cap ability - Robusine s improvement analysis
\
Inztallation Analysis Failure Modes & Effects Analysis
. ojo - CAD lnked to Sizing analysis v - Enumerate reconfigurations
PD 1 : F unct|0na| Ana]y"'{” ’ - Performance analysis inked fo CAD - Use case developmant

Analysis ! '

Sizing & Performance Analysis System

- Sub-systemand comgonentSIzing

- — - Physles baged parfermance analysis Acceptan ce
,7 Testing

PD2: Architecture 7

Generation

Subsystem (Airlab)

Integration & Testing

PD3: System
Optimization

> PDR

DD: Component Design &

Software Specification LRU Testing

<> cDbRrR

Figure 1: Proposed Model Based Development Process
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MODELON PLATFORM FOR MBD

Customizations

® HTML LCSX 45
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= 533

TestHeaterExperiment

Pressure cycle
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Vs _ OPTIMICA Compiler Toolkit
nogtiics @@ python
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VARIABILITY — ENGINEERING METHODS

Performance Variation

Audit or
warranty
risk

|

=
Design,
manufacturing,
component costs

Analysis methods

» Model-based manufacturing
analysis

» Test variation: Gage R&R,
internal audits, extra testing

Design methods

= Adjust the relationship
between mean (designed),
deviation, tails of KPI's

» Feasibility analysis

= Sensitivity/variability
reduction
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Initial design
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MODEL BASED CONTROL DESIGN

Software tools to support automatic code generation and testing

|
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ENERGY EFFICIENCY @ SYSTEM LEVEL
MPC Used For Achievable Performance

System Description: High Level

system...

control design...

Model Predictive Control (MPC)

past , future

Pumps
COLEB 2014- March 8" - Slide 24

Borrelli (UC Berkeley)

Advanced Building Control Systems

o1tz teiem tr1+p
Advantages:
* Predictive
* Systematic: no if-then-else and extensive trial and error tuning
* Multivariable, Model Based
* Guarantees: Performance and Constraint satisfaction
* Large success in the process industry

Borrelli (UC Berkeley)

Advanced Building Control Systems

COLEB 2014- March 8" —Slide 51

Implementation done in cloud
environment...
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Thanks to F. Borrelli (Berkeley) — joint work with UTRC

System level considerations...heterogeneous

Examine limits of performance using MPC

System Complexity
.=BrightBox

> - (RS

@ Each packaged unit needs 22 signals, each space 30 signals

@ Building Alpha: 8 packaged units and 600 vav boxes: 18176 signals (sampling 5m)
@ MPC: >300,000 vars. and >500,000 constraints (sampling 5 mins)

@ Individual bacnet segments can be very slow. Link/Phyical layers may

include ARCNET, Ethernet, BACnet/IP, Point-To-Point over RS-232, Master-
Slave/Token-Passing over RS-485, and LonTalk
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KEY POINTS

Modelica is a modeling language that captures physics and is
useful for modeling at the system level and for modeling
heterogeneous systems (and both steady state & dynamics).

CCS is using Modelica for system level modeling and the
Modelon tool chain to capture system level models and to
deploy widely using library architectures, GUI and Python
Infrastructure.

The use of Modelica is on simulation but goes beyond in
“systems engineering” the (re)use of models for
variability and robustness analysis, optimization and
analysis of design freedom, and control design and
analysis.
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