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UTC: This is Momentum
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• Aerospace Systems
• Power Systems
• Building Systems
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UTC Fire & Security
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Challenge - Integrated Product Offerings
Complexity Managed Through Systems Engineering and Supervisory Controls

Buildings

Infrastructure

Transportation

Aerospace

UTC Power

Chubb

Carrier

Otis

Efficient
Dispatching

Hamilton
Sundstrand

Sikorsky

Pratt &
Whitney
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Key Points

• Innovation in building system design and operation is an area of 
opportunity for efficiency, safety and comfort

• Innovation can be found in integration
• Progress in the design of integrated systems requires:

(1) focus on modeling and analysis of dynamics and control;
(2) a design methodology and tools for embedded systems;

• Model based systems engineering is an enabler for the design and 
implementation of ideas

Why Now?

“Fourth broad trend I’ll note is the increased system integration.  
Products are smarter. Controls play a larger role…. We believe that 
system integration trends will continue in homes, office and 
supermarkets”

Geraud Darnis
Carrier President
Remarks made on July 1, 2004
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Effectively shape the behavior of products and services, 
which may involve human decision making, 

through controls and model and data-driven processes.

En
ab

le
rs

Systems Integration for Infrastructure Automation and Security

Systems engineering – risk assessments, 
requirements, critical parameter 
management

System level modeling – multi-scale 
modeling, analysis and control design.

Control and Embedded system design tools
and processes – speed development time 
and reduce risk.

Monitoring – wireless sensor networks and
video to enable information acquisition and 
analysis.

Decision Making –enable energy efficiency, 
comfort and security, and decision support 
for first responders
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Integrated Cooling, Heating and Power (CHP) Generation 
Supervisory Controls Virtual Qualification Speeds Integration

Accelerated Software   
Qualification 2X

Risk Reduction – Virtual
testing of extreme conditions

PureComfort
system-level
dynamic model

PureComfort Model

Carrier 
Controller

Capstone
Controller

Carrier controller
with modified software
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Problem
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Integrated Solution
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CHUBBCARRIER

OTIS

Power
HS

P&W

Integrated Solutions Through Wireless Sensor Networks (WSN)
WSN enables integration of capabilities

Lower installation and 
commissioning cost
Energy efficiency

Lower cost for wiring
Remote diagnostics Energy efficiency

Emergency egress

Integrated control
Remote diagnostics

Mobile asset protection
Integrated control and security
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Integrated Concurrent Integrated Concurrent 
Design ProcessesDesign Processes

ITAPS…ITAPS…

IBECS …IBECS …

Integrated Building Integrated Building 
Energy and Control Energy and Control 
SystemsSystems

HVAC including Indoor HVAC including Indoor 
air qualityair quality

Cooling, heating and Cooling, heating and 
power systemspower systems

Integrated Concurrent Design Processes
From ITAPS to IBECS 

Integrated Products - A unique offering of which value is 
significantly higher than the individual components value.

Remote Power 
Distribution 

System

Electric Power
Generating and 

Start System

Auxiliary Power 
System

Environmental 
Control System

Primary Power 
Distribution 

System

Boeing 7E7Complete Power, Fuel and Thermal Management Solutions
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Integrated Design of High Efficiency Commercial Buildings
Current and Desired States

Design
Process

Controls

Sizing &
Specification
Tools

Current State Desired State

Systems oriented

Operating envelope metrics

Integrated into emerging construction industry 
standards

Proscriptive

Component oriented

Rated “design point” metrics

Detached from industry-standard tools

Prescriptive

Model-based, industry-standard best-in-class 
tools.

Proprietary behaviors and algorithms.

Concurrent development process.

Qualify over entire design cycle.

Proprietary scripting language – multiple 
versions.

Proprietary physical layers (CCN)

Sequential development process

Qualified only at commissioning time

Model-based, concurrent.

Systems - oriented

Performance quantified throughout dynamic 
envelope.

Build and test, sequential.

Component - oriented 

Rated, steady state “design point” 
performance

“A model-based systems design methodology to enable development of integrated HVAC 
and CHP solutions and advanced controls tailored to needs of specific commercial building 

market segments.”
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Integrated Building Energy & Control Systems  (IBECS) 
IBECS -> NIST-funded project 

Year 1
“Modeling Infrastructure”

Year 2
“Lead with Controls”

Year 3
“Integrated value chain”

• IBECS facility 
• Integration Enabled Model Library
• Top down software prototype
• Prototype building study
• Requirements – metrics for 
building classes

• Advanced control capability 
• Hardware-in-the-loop
• Optimization Tool prototype
• Prototype studies 

• CHP model library 
• Sizing, specification tools
• Capstone CHP study including 
optimization & top down tool. 
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Integrated Building Energy & Control Systems  (IBECS) 

Commercial building segments

A model-based systems design methodology for development of 
integrated HVAC/R and CHP solutions and advanced controls 

tailored to commercial building market segments.
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0%

Reliable system

Equipment costEfficient equipment

Regularity compliance
Compatible with system

Robust 

Minimum training

Operational
Simplicity 
of operation

Easy accessTemperature control

IAQ device 
and controlHumidity control

Controls for diverse 
operation modes

Individual controls 
in offices

Energy management 
system (controls)

33%7%7%6%3%3%-2%-3%-31%

Weighted customer needs for 
stakeholders

Concept screening matrix: 
Requirements vs. Characteristics

Users

Facilities 
Team

Owners

0%

100%

Value-Based Gauge

Requirements
Value-Based Gauge
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The IBECS Integrated Tool Chain
Dynamic modeling & economic analysis of integrated HVAC/R solutions

Dymola - HVAC & 
Airflow Performance

Simulink – Controls 
Analysis & Design

IDA - Building 
Envelope Physics

AVVFan Database

Physical Description

Matlab – Economic
Analysis

External Disturbances: Temperature and Solar Radiation
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Envisioned IBECS Integrated Tool Chain
Automated Code Generation & HIL Simulation

Dymola: HVAC + 
Building Model

Simulink – Controls 
Analysis & Design

Automated Code 
Generation

Hardware-in-the-Loop
Simulation

Dymola / Simulink –
“Virtual Building”

Embedded Platform

New algorithms

Building 
Management 
Systems
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Model-Based Systems Engineering
System Modeling and Analysis in Design Phase enables Robust  Solutions

System 
Requirements

Architectural Design and 
System Functional Design

Concept

Customer 
Requirements

Subsystem 
Verification

Customer 
Acceptance

System 
Verification

Requirements

Design Veri
fic

ati
on

Build

Component     
Verification

Product 
Verification and 
Deployment

Time to Market

A  B  C

A  B  CA  B  C

A  B  C

A  B  C

Right the First Time!

Use enhanced knowledge 
of physics and sensitivities 

to course correct

Preliminary 
Design       

Detailed  
Design

Int
eg
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ion

Critical 
Parameters
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Typical Embedded Controls Opportunity
Address Issues in the Product Development Process

Paper
Requirements
Documents

C Code

Circuit Board

Embedded 
System

Truck Trailer
Container 
Applications

Monitoring

Requirements 
Management Product 

Quality

Product 
Differentiation

Avoid 
Obsolescence

Minimized 
Rework
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Platform Based Design

Development Development 
of Distributed of Distributed 

SystemSystem

Distributed Distributed 
System  System  
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System System 
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SignSign--Off!Off!

Network Network 
Communication Communication 
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VirtualVirtual Integration Integration 
of Subof Sub--System(s) w/ System(s) w/ 
Network Protocol, Network Protocol, 
Test, and ValidationTest, and Validation

SubSub--Systems (s)Systems (s)
RequirementsRequirements

SubSub--System(s)  System(s)  
Integration, TestIntegration, Test,
and Validationand Validation

SubSub--System(s) System(s) 
Implementation Models Implementation Models 
SignSign--Off!Off!

Distributed Distributed 
System System 
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Network Network 
ProtocolProtocol

RequirementsRequirements

SubSub--Systems Systems Model Model 
BasedBased DevelopmentDevelopment

PlatformPlatform
AbstractionAbstraction
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Platform and Model Based Design Methodology

Product
Requirements

Customer/Market
Requirements

Platform
Specification

HW/SW
Implementation

HW/SW
Integration

Product
Test & Validation

validation

Functional
Specification

HW/SW
Specification

Functional 
Verification

Performance 
Estimation

Synthesis
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Bird Eye View

Auto test vector generationAuto code generation

Testing

Simulation Environment
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Model-Based Embedded Systems Development
Outline of the Process

Define scope for modeling;
define separation of 

application and platform

High-level functional 
decomposition

(Pencil, PPT, Simulink)

Project scopedetection
devices

suppression
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confirmation

logic

op
er

at
or

s

operator
interface

su
pe

rv
is

or

au
to

m
at

ic
su

pp
re

ss
io

n

main focus

1

Define all external I/O,
internal signals, & events;

create abstractions

Data dictionary
(Simulink busses)2

Decompose top-level
functions into 1 or more

State Machines

State Machine(s)
(Pencil, Stateflow)3

Simulate & refine 
State Machines

Basic test cases
(Signal Builder, Stateflow)4

Generate test vectors and
perform coverage analysis;

check assertions

Test cases & Cov. report
(Reactis, TNI-Valiosys,

Simulink V&V)
5

Automatic code generation;
verify code using test 

vectors

ANSI C code, html report
(RTW or TL, Simulink)6

Verify generated code
on target

Test results
performance measurements7
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UTRC: Dr. John Cassidy – UTC Senior VP Science & Technology
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Opportunity 
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2
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UTRC 
Project 
Planning &
Execution 
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Stage 5
Technology 
Readiness

Stage 1
Opportunity

Analysis

Stage 3
Critical Risk 
Reduction

Stage 4
Feasibility

Demonstration

Stage 0
Opportunity
Identification

Stage 2
Concept

Synthesis

The Key to Integration: Project Planning and Execution

Achieving Competitive Excellence (ACE) Through Adequate Processes

3UTC Proprietary

SW Prototype  
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OSP - PDP Alignment Overview
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Passport Review
Key

Major Deliverable 
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Concept Design Review System IQA
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Define SW Requirements

Create SW Assembly 
Design

SPP & 
SW Development Plan

SPP &
SW Test Plan

Code: Planned Set of Functionality 
Necessary to Support Component 

Prototype Build, Install & Test written & 
Initially Verified. (Prototype Available)

Code: Ready for 
Final SW Test

Code: Planned Set of 
Functionality Written & 

Tested 

Plan & Manage Software Project

Test SW 
(Final)Test SW Test SW 

Refine SW Design 

Refine SW Code 

Define SW Test Procedures

SW Design
Review

Plan Software Prototypes

Implement Software Prototypes

PDR Pre-CDR 1..N CDR Pre- PDR 1..N Test & Refinement 

SW Project Plan (SPP) SPP SPPSPP

SW Architecture & 
SRS-Assembly
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Part

SW Design-
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Perform Software Support Activities
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Support Concept Design and Selection

Refine Software Deliverables

OSP Technical Review

Code: All Code Written & 
Tested & Ready for 

Component Pre-Series 
Testing (Pre-Series SW 
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Code: Ready 
for Final System 
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GAA3nnnnAAA)

SPP

Create SW Design

Develop SW Code

Test SW Code

SW Architecture
Review

SW Test Procedures-
Part

SW Test Procedures-
Assembly

Concept Design & Selection

Preliminary Test Planning

System Design & 
Component Design

Test Planning & Execution Test Execution

Prototype Build & Install

System & Component
Design Refinement

Pre-Series Build & Install
Final

System
Test

PDP

OSP

Key PDP Steps

Phase 2
Development

Phase 3
Release Preparation & Qual.

Business & Program PlanningBusiness & Program Planning Business & Program Planning

UTRC workshop on rigourous methods 
for embedded system design 
September 15th & 16th, 2004
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Under project manager responsibility
Description in a document of the different technical solutions with their      

advantages/drawbacks, their costs
Establishment of a first development planning
Set-up of a team with R&D, industrialisation, production and buyers
Technical solutions are approved during a review

2nd phase :
feasibility

Development process : quality management

1st phase :
functional
specifications

3rd phase :
Technical

specifications

4th phase :
prototype

development

5th phase :
pilot run

development
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Modeling, Analysis, Simulation, & Computation (MASC)
Enhancing the UTC Engineering Effectiveness

• Equation-based model construction
• Model verification & validation
• Model maturation

Modeling
• Dynamical Systems
• Control Design
• Fundamental Limits
• Sensitivity & Uncertainty

Analysis

• Hardware-in-Loop (HIL)
• Embedded Systems
• Shared, Distributed Computation
• Protected External Participation

Simulation

• Solution Architecture Design
• Multi-scale, multi-fidelity integration
• Multi-Domain integration
• Algorithmics & Numerical Analysis

Computation

Systems
Engineering

Make United Technologies a world leader in the effective use of modeling and 
analysis for competitive differentiation of our products and processes, as measured 
by development time and costs, system performance and robustness, and product 

quality and reliability.
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Subsystem Integration

System
Integration

Test &

Validation

Evaluation

Model-Based Systems Engineering
Iteration Through Systems Engineering Process For Design Objectives

Stages in the iterative design 
process are separated by key 
Decision Points

Decisions are based on 
information subject to:

• Imprecision
• Uncertainty
• Negotiation
• Misinterpretation

Use model-based design 
and analysis of dynamics, 
imprecision, and 
uncertainty to reduce 
decision risk



35How to increase impact of Control Theory on Design?

Detailed DesignDetailed Design

Adjustment

% lifecycle cost % flexibility

System DesignSystem Design

Synthesis
ProductionProduction

Evaluation
System UseSystem Use

Analysis lifecycle time

Today: attempt to fix detrimental 
dynamics late in design cycle

Future: design beneficial dynamics 
=> exploit flexibility at low cost

Problem

Management

CredibilityEducation

Technical 
personnel

Success Stories
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Decision Making in the Face of Uncertainty

Uncertainty Propagation in Networks of Dynamical Components

Assessment of Uncertainty

Graph Partition

Iterate

System architecture

Robust design process

Assess Robustness

Design Criteria

Reduce Sensitivity

Create ModelsSystem Model
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Interconnected system models

System output uncertainty model

Decomposition of network into weakly 
connected sub-networks and density 
mapping facilitates computation of 

uncertainty propagation

• New graph theoretic methods 

• Vertical-horizontal decomposition for hierarchical 
networks facilitates uncertainty propagation

• Demonstrated in fuel cell and DNA examples (~20 states)

Basic convergence theory for 
propagating uncertainty in 
dynamical systems introduced

Weakly/strongly coupled subsystems

Subsystem output uncertainty model

)(xfx=&

∆

+
n

• Unknown physics (heat release)
• Physical parameters (acoustics)

Uncertainty

Advanced Engine

Pressure
amplitude

• Lightly damped acoustics
Sensitivity

•Angular symmetry in
multiple components

Symmetry

Mean 
flow

x 2D 
view

Fuel

Flame
s

Direction of Increased Mistuning

Stability Boundary

unstable

unstable

stable

Reduce Complexity

Gi Gi+1Gi-1 …

)(ufu

)(ug

xf

Uncertainty Propagation


