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Abstract

Increasingly complex problems involved in systems development drive systems engineers to
develop novel decision making processes. The breadth of complex problems demands the
interaction of various stakeholders, including both decision makers and subject matter experts,
each focusing on specific areas but all addressing a higher level common cause. The process
brought forth in this tutorial integrates a series of methods, some widely accepted and others
which are novel in nature, in order to enable a collaborative process for technology selection.
Quality Function Deployment is used to capture customer desires and focus engineering level
requirements. Multi-Attribute Decision Making is used to identify system configurations when
multiple and competing objectives exist, which is a situation where traditional system
optimization struggles. System modeling is a necessary step to analyze and understand the
impact of various systems options. This seminar therefore introduces the process of surrogate
modeling in order to rapidly access elements of modeling and simulation, a necessary step to
analyze system options. The very integration of these applied systems engineering methods
enables collaborative decision making throughout system development. A proof of concept is
presented where each of these methods is applied in the technology selection portfolio analysis
of renewable energy system options for a remote off-grid site.
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Objectives
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- Show how complex, quantitative engineering level
analysis Is brought into and informs decision making

= Show how to best capture customer requirements
such that engineering analysis is properly directed

= Introduce methods for decision making when dealing
with multiple and competing objectives

= Provide practical examples along the way, not just
hand-wave and talk in the hypothetical




Agenda

Georgianstiute
| efTechnclogyy

Motivation

Quality Function Deployment
Multi-Attribute Decision Making

Integrated Modeling & Simulation
through Surrogate Modeling

Robust Design and Quality
Top-down Design
Collaborative Decision Making
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Motivation and Overview
A need drives us to solve a specific problem
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Motivation: Solving Complex Problems
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A modern power system designer must be able to ——
consider renewable as well as fossil sources of 4
e n e rgy 25 Oil glli.ls-i;l:li?tion

— The cost of fossil fuels is volatile and rising

— Concerns about CO, motivate a move away from
fossil fuels, and future carbon restrictions will be the
likely policy extension of that concern

Renewable sources of energy add uncertainty

20

LS. 'l'r:ineih(lrl.:llilm
Oil Consumption

10 - /_H_\

U.S. Oil Production

of Barrels per Day Oil Equivalent

Millions

Source: U.S. Department of Energy

— Sources like sun, wind, and waves are stochastic 1970 195 1990 2000 2010 2020 _ 2090 2040 2050
and variable by nature
Other uncertainties must be considered as well / \
— Market uncertainties System Engineering
— Policy changes Methods
— +
(T here is a need for energy related decision- N Alternative energy
making tools based on practical systems system modeling
engineering methods
— Designer must make complex trade-offs il
— Need abilit_y to consider u_ncertainty | Energy Decision-
— Must consider non-technical as well as technical Making Tools
\ factors / K /

I 1 1 1 18
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Hybrid Energy Systems Design Considerations
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Systems Modeling \

- Hybrid power systems

— Integrate multiple power
sources and storage
devices to provide best
system solution

Multiple
Obijectives
Power quality
Efficiency
Emissions
Cost
Availability

Prioritization of
multiple load
demands

YV V V VYV V

- Energy storage and
conversion

— Control algorithms that
decide when to

charge/discharge
batteries /
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Baseline: State of the Art
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Methods for evaluating hybrid power systems
= Statistical approach

= Frequency-based methods

- Simplified linear programs

« Time series simulations

— Most accurate
— Run-time is too long for real-time usage

Methods for Optimizing hybrid power systems

= Optimize a single performance parameter

= Optimize an economic parameter with performance constraints
= Multi-objective optimization

Enabling real-time design exercises by engineers and decision-makers
« Fast-running surrogates of time-series simulations
« Multi-objective optimization

pyright © Georgia Tech. All Rights Reserved. 20™ INCOSE Internztional S %m Chicggo, 12-15 July 2010 I I I I
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Novelty of Approach
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Moving beyond notion of individual component design

— Utilizes our expertise in the field of systems-of-systems research
» Each system independently managed and operated
» Capability of the integrated whole to produce results greater than sum of the individual
components
— Research conducted on capability-focused and inverse design to
identify hybrid energy solutions that meet dynamic requirements

— Decision-makers afforded novel real-time, panoramic view of trade-offs
and parametric sensitivities via advanced visualization features

/ Scenario Elements Interactive Decision Making Tools Facilitated Decision Making Workshops \

Demand Loads

Econom c$

connectivity

20" INCOSE Internztional S rf‘ﬂjm, Chicqgo, 12-15 July 2010



Methods Practiced

Quality Function Deployment Engineoring

‘| Characteristics
— Relates the what the customer wants with what the
engineer can provide

— Captures “qualitative” desires and functional mappings

Multi-Attribute Decision Making S
— Methods for handling multiple and conflicting objectives & - /' [

il
Surrogate Modeling

O R andnmardr
— Enables rapid modeling & simulation which are used for
on-the-fly tradeoffs

I filllmnmmmmmm;f il
— Yield results that may not otherwise have been
discovered because of computationally intensive

ks
Ll

limitations
: Quantifiable Uncertainty of :
I : Uncertainty distributions around Achieving Goal
RObUSt DeSIQn natural elements and fuel price... T
— Methodology for creatinga | ¢ ' 0% Probaity of
: ] JAchieving Cost Goal

design that is least sensitive

Surrogate
Models

Probability
gggosgs

to uncontrollable :éH | %: {
uncertainties (i.e. fuel price ;f jj? |
fluctuation, atmospheric '
conditions)

A 1.1!5 1‘.5 155 16 1.65
Cost of Energy ($)
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Quality Function Deployment

Properly direct engineering analysis by
capturing the voice of the customer

Copyright © Georgia Tech. All Rights Reserved. 20t INCOSE Inter?zonal Sy
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Quality Function Deployment (QFD)
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= A formal technique for capturing the user’s
requirements (voice of the customer) and mapping
them into product and process parameters

= Consist of techniques for creating and completing a
series of matrices showing the association between
specific features of a product and statements
representing the voice of the customer

- Uses teamwork and creative brainstorming as well as
market research to identify customer demands and
design parameters

eorgia Tech. All Rights Reserved. 20" INCOSE Internz il |
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Quality Function Deployment (QFD)
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= The QFD is used to relate the “voice of the
customer” to the “voice of the engineer”
— Voice of the Customer: relative weightings
and hierarchy of requirements

— Voice of the Engineer: measurable
engineering characteristics are identified to
meet the desired function for each
requirement

= A qualitative mapping is used to measure
the impact of each measurable
engineering characteristic on each
customer requirement

Elgls|E
t(ES e R

PRl E

Customs Reguimmenls

i

% '/ustlgmii.r 2 Yz 2
g1k |nl|B

iliiel.

|
&
i

| Requireme

5 17
g |
7

Ranking or weighting customer requirements, used
with the qualitative mappings, yields the importance
ratings of each engineering characteristic

i
2
1
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Quality Function Deployment (QFD)
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/ Basic example shows how to map impacts of energy
e systems modeling attributes to customer requirements
and [nterrelallonshlps 1y

»»»» ' — Impacts measured qualitatively

e i:l '-iéi gmeérgmgi § i ‘li i -
= %@?és%pﬁgww istics || 2
— » Medium = 3
el et » High=9

— Direction of improvement
» Positive = Green

» Negative = Red

Goal is to determine importance of each engineering
K attribute as a function of requirements weightings /

Guantitative M&S Metrics
Custormer | Capacity Renewable Diesel Fuel Production Production  Production Battery
5% 0 - R??tt:frenignm ’L‘erg“rfrrr;;s Shortage Féactiun Ua1ed (L] ?xind %D[:—}r qe:eratm Thrcu_uqh Ut
ase of Integration : gl - - - - -5
5*0 Reliahility of Equipment I 5 : 0 ! 0 1 3 -1 -5 -5
Availability o i i 0 0
8* (- 9) s
z 5 ! 0 u
5 i 1Y
5*0 nergy Independence ) 2 : g 9 -
2%(-9) Emvironmentally Friendly 2 i .9 g
Weighted Score iy 26 - db 1 42 51 45
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/ Management and Planning Tools
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These tools are brainstorming and 1. Affinity Diagram
communication methods for groups Interrelationship digraph
that require little training. :

Tree Diagram

Most of the tools are process-based, so T _
assumptions about product attributes ~ * Prioritization Matrices

no

are avoided. 5. Matrix Diagram
The formality of a specified process 5. Process Decision Program Chart
and format allow new teams to work (PDPC)

together, instead of arguing about a
seat-of-the-pants approach to problem
solving.

7. Activity Network Diagram

Planning and evaluation expertise can
be integrated with technical, logistical
and operational expertise.

Source: The Memory Jogger Plus+, Brassard, 1996
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/ Management and Planning Tools
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Brainstorming Affinity | | Interrelationship
Diagram digraph
creative logical
B \
_____________ Tree
| Diagram
Organization E I ]
& Ranking | — _
L Prioritization | Matrix
Matrices Diagrams

S —
unknown known
_

Implementation _| Activity Network
& Process PDPC Diagram

Source: The Memory Jogger Plus+, Brassard, 1996
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Affinity Diagram
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- Primary goal of the Affinity Diagram:

1. Gathers large amounts of data (ideas, opinions, issues,
etc.)

2. Organizes this data into groupings based on the natural
relationships between each item (i.e. their affinity for one
another)

3. Defines groups of items

= Creating an Affinity Diagram is primarily a creative
process

Source: The Memory Jogger Plus+, Brassard, 1996
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Affinity Diagram

1. Phrase the issue under
- - Super
discussion i
2. Generate ideas
. _ —| Header [ —| Header [ 1 Header
3. Group similar ideas
2. Create groups headers Idea 1 Idea 6 Idea 11
5. Draw the finished affinity Idea 2 izn 7 ldea 12
diagram
ldea 3 Idea 8 Idea 13
Idea 4 ldea 9 Idea 14
Idea 5 Idea 10 Idea 15

Source: The Memory Jogger Plus+, Brassard, 1996

1 1 14
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- Generally, Affinity Diagram Is always useful

= “Cleanest” use of Affinity Diagram is when
— Facts or Ideas are in chaos
— When Issues seem too large/complex to grasp
— Breakthrough in traditional concepts is needed
— Support for a solution is essential for successful
Implementation
« Not recommended when the problem is simple or
requires a very quick solution

Source: The Memory Jogger Plus+, Brassard, 1996
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Interrelationship Digraph
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- Primary goals of the Interrelationship Digraph:

1. Takes a central idea, issue or problem and maps out the
logical or sequential links among related items

2. Shows that every idea can be logically linked with more
than one other idea at a time

3. Allows for “multi-directional” rather than “linear” thinking

= The Interrelationship Digraph shows cause-and-effect
relationships

« Helps a group analyze the natural links between
different aspects of a complex situation

Source: The Memory Jogger Plus+, Brassard, 1996
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Interrelationship Digraph
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1. Determine the central
iIssue/problem

Related
Item

Related

2. Layout all of the associated item
iIdeas/issues
. . Related Related
5. Draw the relationship arrows i tem tem
— Which issues are caused or
i i Related
influenced by the current issue? — > elate S Rﬁﬁfd
+.  Review and iterate as eal (<
necessary \\ Related <] Related
Item ltem
5. Select key items for further —
i Item
p I annin g Related Related
Iltem [tem

Source: The Memory Jogger Plus+, Brassard, 1996
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Interrelationship Digraph
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= Interrelationship Digraph is useful for both specific
operational issues as well as general organizational
ISsues

= Best use of Interrelationship Digraph:

— An issue is sufficiently complex that the interrelationships
between and among ideas is difficult to determine

— The correct sequence of actions is critical
— There Is a feeling the central problem is only a symptom

— There Is sufficient time to complete the required review
iteration

Source: The Memory Jogger Plus+, Brassard, 1996
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Tree Diagram
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- Primary goals of the Tree Diagram:

1. Systematically maps out in increasing detall the full range
of path and tasks that need to be done to achieve a goal
and associated subgoals

2. Describes the methods by which every purpose is to be
achieved

3. Links the “Mother and apple pie” objective to the details of
Implementation
« The Tree Diagram takes the key issues identified In
the Affinity and Interrelationship diagrams and maps
them down to the lowest practical level of detall

Source: The Memory Jogger Plus+, Brassard, 1996

1 1 1 13
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Tree Diagram .
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Details/ Subgoals Tasks/ Options

1.  Choose the high level goal

|

|

|

|

|

|

|

. |
2. Generate the major tree |
headings |
|

|

|

|

|

|

|

|

—{— [

3. Break each major heading
to greater detail .
High Level

— What needs to happen/be Goal
addressed to

resolve/achieve the -_:_

problem/ goal statement?

4. Review for logical flow and
completeness

:
i
T

1
I
I
1
1
I
I
1
1
I
I
1
1
I
I
1
Source: The Memory Jogger Plus+, Brassard, 1996 1
I
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Tree Diagram
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- Key guestions answered:

— What sequence of events needs to be completed in order to fully
address the key issue/problem/goal?

— What are all the component parts of the key problem that need to be
addressed?

— Does the implementation logic hang together?
— How complex (or simple) will the solution implementation be?

— What are the assignable tasks/options that can be spun off from the key
iIssue?

Source: The Memory Jogger Plus+, Brassard, 1996
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Tree Diagram
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- When to use the Tree Diagram?

— When a specific task or goal has become the focus but is
not a simple assignable job.

— When it is known (or suspected) that implementation will be
complex.

— When there are strong conseguences for missing key tasks
(e.g. safety or legal compliance issues).

— When a task has been considered a simple one yet has run
Into repeated roadblocks in implementation.

Source: The Memory Jogger Plus+, Brassard, 1996
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Prioritization Matrices
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- Primary goals of Prioritization Matrices:

— Used to prioritize tasks, issues, product/service
characteristics, etc. based on known criteria.

— Uses a combination of Tree and Matrix Diagram technigues
to populate options to prioritize.

— In general, this tool is used for decision making.

= Prioritization Matrices are designed to rationally
narrow down the focus of any team before detailed
Implementation can begin.

Source: The Memory Jogger Plus+, Brassard, 1996
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Prioritization Matrices
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= Three primary applications of the Prioritization
Matrices:
1. The Full Analytical Criteria Method
2. The Consensus Criteria Method
3. The Combination I.D./Matrix Method

= Full Analytical Criterion Method steps:
1. Prioritize and assign weights to the list of criteria

2. Prioritize the list of options based upon each criteria
3. Prioritize and select the best option across all the criteria

Source: The Memory Jogger Plus+, Brassard, 1996

1 1 1 1
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Prioritization Matrices
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Step 1: Ranking the Criteria Step 2: Ranking Options by Criteria

No | Dok 19 alelc|o|elrlea|lwn]| okl [m|[n|o]l p| olcanecosscaf
Low |Custom- Easily |Minimal | Total Across | Implement | | (s Crand-Jolai) |
Costio| ized [Juick 1o|Accept-| Impact Rows as % | Error Prevention 4 ; . y " 3 y ) y \
Imple- | Tech- |Imple- | edby |on Other| of Grand Total !® Tra!ningl 15 | 1/5 5 10 sl 10 |15 |180| 15 |5 |15 |15 |110]| 5 5 t.mi 36.9 (.04)
ment | nology | ment | Users | Depts. ( : z : |
g Sequential Inspection 5 5 w|1w|w|1w0|1s|1s|1s|us]| s |1no|1o| 10| 5 |15 56.6 (.07)
Low Cast to 5 |[wo |10 1/5 5.4 (.08) Training |
Implement | @ Problem Solving 5 | 15 s |10 |ws|10|ws |10l | us|us| sl 5 | 5 || 417008
Training
MNo Customized 1/5 1/10 1/5 7 (.02) - 1
Technology @ 0;11'0;'553""'”0 1S [ 110 | 15 1 |mo| 5 |45 10| 5 | 15 | 140|110 110| 1 | 1S | 110 8.9 (.01)
ystem |
Quick to 10 115 153 (.21) S | ]
Implement H“_'“‘-‘—————;_R_‘___,_ﬂ — —
Easily Accepted 1 O Shorten 11-Digil 15 |1to | s | 1 | 1 [ 1s| 5 | s |10 ] s | 15 | 110 wo|  es(ot
by Users b 3 32 (40 o Product Code ! | 4 o)
More Obvious Difference _. ; I P y _- .- f y ! 4 t
,::néThﬂr'anzzf; 5 5 = 20 (28) P s Sipldiebuied 15|15 |15 | 6 |5 |vs|1w0|wus|ws|1s|us| s ( 115 | 1110 110 23.2 (.03)
' Train Clerical Sales &
G P Cu’;g‘m;gi;ic‘:‘;fm. 0|s5 |10fw0|[10]5 |1w|6 |1 ]|]s (|5 [1]s]|1]10 103.0 (.12)
Column Total | 25.2 25 158 7.3 Columns
73.6 Column Totals: 70.8 56 66 (1022 [117.2 142 130 (345 |06 | 376 |287 10 |236 | 38 |[se2 |71 869.9
Grand Total
Step 3: Ranking Options by All Criteria
Evaluation
Criteria ¢ - Total Across
o Quick to Easily Accepted Minimal Impact
Options Rows as % of
Implement By Users on Cther Dopta. Grand Total
@ Error Prevention Training 04 X 21 = 008 | 03 X 42 = 013 | .03 X .28 = .008 029 (.03)
Sequential Inspection Training| .07 X .21 = .015 | .04 X .42 = 017 | .02 X .28 = 006 .038 (.04)
@ Problem Salving Training 05 X .21 = 011 | .04 X .42 = .017 | .03 X .28 = .008 .036 (.04)
‘W—W_ﬁ_/\wm—-—bhvﬁ
h‘—‘——--..\‘--",..-—--
Shorten 11-Digit
@ Product Code 01 X .21 = 002 | 12 X 42 = 050 | .03 X .28 = .008 060 (.07)
More Obvious Differences
® Among Prod. Group Codes 03 X .21 = 006 | 10 X 42 = 042 | .13 X .28 = .036 .084 (.09)
Train Clerical Sales and
@ Customer Sewice Personnel | 12 X .21 = .025 | 03 X 42 = .013 | .04 X .28 = .01 048 (.05)
Grand Total
Column Total 211 421 279 a1
Source: The Memory Jogger Plus+, Brassard, 1996
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Prioritization Matrices
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= When to use Prioritization Matrices?

— When key issues have been identified and the options
generated must be narrowed down.

— When the criteria for a “good” solution are agreed upon but
there is disagreement over their relative importance.

— When there are limited resources for implementation.
— When the options generated have strong interrelationships.

— When generating lots of options all of which needed to be
done and seqguencing is important.

Source: The Memory Jogger Plus+, Brassard, 1996
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Matrix Diagram
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- Primary goals of the Matrix Diagram:

— Organizes large amounts of information such as characteristics,
functions and or tasks into sets of items to be compared.

— Graphically shows the logical connections between any two items

— Can also show the strength and direction of influence between two
items.

- Matrix Diagrams are the most useful of the methods
for decision making

= Matrix Diagrams essentially form the core of QFD
applications

Source: The Memory Jogger Plus+, Brassard, 1996
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Matrix Diagram
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©) Primary Responsibility
Secondary Responsibility +Slightly More Emphasis
Communications/Needs to Know

. | ol ike
1. Determine the key factors Adminisration -
Payroll

affecting successful Benets

Office Systems

implementation Computer Programs
Courses

2. Select the appropriate matrix Update Maiing Lis
Select Courses to be Offered

fO rm at Approve Course Content

Prepare Brochures

3. Define the relationship Propare Mailng

Hotel Arrangements

Sym bO I S Order Materials

Register People
1 Copy Materials

2. Score the Matrix Sy
Room Set-up
Posl Receipts
Prepare Bills

New Course Development
Market Research
Implementing Deming
TQcC

Fundraising
Annual Reports
Corporate Donations

Committees
Program Planning
Statistical Resources
TQC

—

ee Larry | Anna | Jetty | Dona |Brd.Dir.| Other

A LA

/0@
DO

+

> 1OE©
> 10E©

>

©
eeEOPEP>E O
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O
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O
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©
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Source: The Memory Jogger Plus+, Brassard, 1996
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Matrix Diagram
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- When to use the Matrix Diagram:

— When high level goal as evolved into a definable set of
tasks that must be ranked

— When the “focused activities” must ranked against other
things that your organization is already doing

— When your organization is trying to prioritized present
activities against a new set of goals and objectives

— When there Is a need to get a cumulative score that allows
you to compare items based on a set of common metrics

Source: The Memory Jogger Plus+, Brassard, 1996
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Process Decision Program Chart (PDPC)

- Primary goals of the PDPC Chart:

— Used to map out conceivable events and contingencies which can
occur in any implementation plan

— Helps to identify feasible countermeasures in response to know or
foreseeable problems

— Used to plan each possible chain of events that needs to occur when a
problem or goal is an unfamiliar one

= Creating PDPC Charts Is essentially an exercise In

Contingency Planning

— What could be done as a countermeasure if ‘A’ happened? If ‘B’
happened? and so on.

Source: The Memory Jogger Plus+, Brassard, 1996

eorgia Tech. All Rights Reserved. 20" INCOSE Internztional S rfﬁi\um, Chicgo, 12-15 July 2010 I I I I

< =



Process Decision Program Chart (PDPGQO)

| efTechnclogyy

« PDPC Chart creation steps:
1. Assemble the right team
2. Determine the basic flow of proposed activities
3. Choose the most workable format for the chart
» Graphical versus Outline
4. Construct the PDPC using the chosen format

Source: The Memory Jogger Plus+, Brassard, 1996

1 1 1 1E3

eorgia Tech. All Rights Reserved. 20" INCOSE Internztional Symaasium, Chicggo, 12-15 July 2010



Process Decision Program Chart (PDPC)
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Graphical Format Outline Format

X = Impossible/difficult
O = Selected

|
|
|
|
|
Planning An : — 1.0 Decide where to go
Exotc Famiy : 1.1 Ask friends
[ I 1.2 Contact travel agent
[ [ = | e | 1.3 Read books
Dicice e Eidoklo Wi To Got Thore I 2.0 Decide when to go
T | impl b 2.1 Find out best time to travel to
] | 1 I pIEMISIEION destination
Find Out Best | [Find Outwhen | [ g oo ][ i | — I Steps 2.2 Find out when time is available at
To Dectrations | | aivire || Comort | |22820ON ) | avaiabiny | work
1 3.0 Decide how to get there
1 3.1 Decide based on comfort
l X = Impossible/Difficult ! 3.2 Decide based on cost
ek Friens ContactTavel et Booke O = Selected I — 3.3 Decide based on availability
; oot | "What i Problems [ 111 Prends donttavel
It is not shown here. s
ey s Bor s [Ty oy : Possible X1.1.1.1 Find new friends
Travel ‘ ng::||:n Sy:?epr‘n Su%glzs‘!_ri:ma ‘Papu?s::eggors | Countermeasures [ 0 1 } ;? :;OIE ftfa\f?l tCIUb
.1.2.1 Ask for pictures
: 1.2.1 Don't know system
Find Now ey Sa e Laget I 1.2.2 Always suggest same old trips
Books Research I O 1.2.1.1 Read travel planning books
| 1.2.2.1 Go to larger city to research
ek | 1.3.1 Library carries only "popular spots"
e I 0 1.3.1.1 Go to larger city to research
|
|
|
|
|
|
|

Source: The Memory Jogger Plus+, Brassard, 1996
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Process Decision Program Chart (PDPC)
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= When to use Process Decision Program Chart:

— Whenever uncertainty exits in a proposed implementation
plan

— When the task at hand is new or unique

— When the implementation plan has sufficient complexity
such that potential deviations are not trivial or self-
explanatory.

— When the cost of failure is high.
— When the efficiency of the implementation plan is critical.

Source: The Memory Jogger Plus+, Brassard, 1996
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Activity Network Diagram

Georgianstiute
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- Primary goals of the Activity Diagram:

— Used to plan the most appropriate schedule for completion
of complex tasks and related sub-tasks

— Projects the likely completion time of the tasks

— Can be used to monitor sub-tasks for adherence to the
necessary schedule.

— Used when the task at hand is familiar with sub-tasks of a
known duration

= Activity Network Diagram is essentially the same as a
PERT chart or CPM (Critical Path Method) chart

Source: The Memory Jogger Plus+, Brassard, 1996

1 1 1 1
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Activity Network Diagram

the project

duration

Georgialnsiiiule
cffTechnelegryy
Brainstorm and all the
tasks needed to complete
Sequence all of the JbO || 07 | f Jobs
identified activities 4 -
Give each subtask a Job 1 Job 2 Job 3 Job 4 Job 5
v 2
Job 9 Job 10

Calculate the shortest
possible schedule using
the Critical Path Method

Calculate earliest and
latest starting and
finishing for each task

Locate jobs with slack
time and calculate total
slack time

20" INCOSE Internztional Symaasium, Chicggo, 12-15 July 2010
P 11

Source: The Memory Jogger Plus+, Brassard, 1996
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Activity Network Diagram
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= When to use the Activity Network Diagram:
— When the task/project to be completed is a complex one.

— When the sub-tasks are familiar with known durations even
If they may have been combined in different sequences in
the past.

— When there are simultaneous implementation paths that
must be coordinated.

— When there is little margin for error in the actual versus
estimated time to completion.

Source: The Memory Jogger Plus+, Brassard, 1996
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/ Management and Planning Tools
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Brainstorming Affinity | | Interrelationship
Diagram digraph
creative logical
B \
_____________ Tree
| Diagram
Organization E I ]
& Ranking | — _
L Prioritization | Matrix
Matrices Diagrams

S —
unknown known
_

Implementation _| Activity Network
& Process PDPC Diagram

Source: The Memory Jogger Plus+, Brassard, 1996
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How the Seven Management and Planning Tools Relate
to Quality Function Deployment
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32 |22 2
| : INTER-
—=— INTERRELATIONSHIPS RELATIONSHIPS

oooooon (1) R )
AFFINITY CHARACTERISTICS o E DIAGRAM
(HOW)
DIAGRAM N PRODUCT CHARACTERY | &
REQUIREMENTY ('-}J)
) (6)
< é % PDPC
3) (WHAT) |8 (5) > (UNKNOWN)
TREE —| « 2 |& MATRIX =
4 s |E DIAGRAM Lul
DIAGRAM 2 § S| RELATIONSHIPS S
REQUIREMENTS % o |& O
FLOW ° e © "
| ACTIVITY
- NETWORK QFD
(4) // HOW MUCH DIAGRAM  DEPLOYMENT
PRIORITIZATION (KNOWN) MATRICES
MATRICES IMPORTANCE \
EEE TARGET VALUES @ %
: IMPORTANCE RATING

Source: Prof. Daniel Schrage, Georgia Tech School of Aerospace Engineering

ium, Chicqqo, 12-15 July 2010 I I I I

pyright © Georgia Tech. All Rights Reserved. 20" INCOSE Internztional S

<




Enabling Collaborative Decision Making
through Applied Systems Engineering
Tools, Methods, and Processes
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Multi-Attribute Decision Making

Methods for decision making when dealing with
multiple and competing objectives

Copyright © Georgia Tech. All Rights Reserved. 20t INCOSE Inter?zonal Sy
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Multi-Attribute Decision Making
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/Q: How do we design a system that both provides reliable power \
and minimizes fossil fuel dependency?

A: That depends on the importance of each requirement — this
drives which requirements can be sacrificed for others

Multi-Attribute Decision Making (MADM) methods exist for
K handling multiple and conflicting objectives /

Mg iUm, Chicg0o, 12-15 July 2010 I I
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Multi-Attribute Decision Making
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Most optimization techniques for design are poorly suited
to handle multiple objectives

The design of complex systems requires holistic
solutions that are valid in multiple dimensions and for
multiple criteria

» Requirements can impact multiple design variables
» Measures of Effectiveness may be conflicting

Starting in the 1950’s and continuing all the way to the
1970’s, U.S. Department of Defense invested heavily In
the development of mathematical techniques for decision
making in the presence of many attributes

1 1 1 1
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Multi-Attribute Decision Making
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= We do not necessarily want a design which is
optimized for a single metric

= Want solutions that are good in multiple

dimensions; Pareto optimality
= One method is the Technique for Ordered /\ Hhae D
Preference by Similarity to the Ideal Solution =\ PPimaly f.}‘/\m;}
(TOPSIS) % est
— Select from a range of alternative solutions o~ g \\
— Uses a weighted series of criteria to identify 2 |E e |
the best and worst of each criteria and D | !
combines them into the theoretical best and = % - .\|
worst points fa
— Actual ranking is performed based on [ _ _
maximizing the normalized distance from the [_Direction of 'mprovemen:>
theoretical worst and minimizing the distance Metric 1
from the theoretical best
T e —— 20 INCOSE Iier7Zional Syailun, Ciccao, 12:15 Ju 2010 1 1 1
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Technique for Ordered Preference by
Similarity to the Ideal Solution (TOPSIS)

Georgialnsiitute
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- Step 1: Create decision matrix by mapping alternatives to
evaluation criteria/attributes

= Step 2: Non-dimensionalize the attribute value by dividing it by
the norm of the total outcome vector (sum of squares of a
criterion) of the criterion at hand

= Step 3: Establish relative importance of the criteria by assigning
weighted values

= Step 4: Determine if the attributes are a “Benefit” or a “Cost”
- Step 5: Create positive and negative ideals

- Step 6: Separation of each alternative from ideal is measured by
the n-dimensional Euclidean distance

= Step 7: Relative closeness to the ideal solution

pyright © Georgia Tech. All Rights Reserved. 20" INCOSE Internztional S rfﬁi\um, Chicgo, 12-15 July 2010 I I I I
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TOPSIS Methodology
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- Step 1: Create decision matrix by mapping
alternatives to evaluation criteria/attributes

Hybrid Energy System Portfolios Analyzed

Quantitative Metrics Portfolio Mix 1|Portfolio Mix 2 Portfocl;o Mix POthOJIrIO Mix
Capacity Shortage 1% 5% 22% 46%
Renewable Fraction 0.37 0.66 0.78 0.41
Diesel Fuel Used (L) 205 67 10 0
Production wind 2051 3541 984 111
Production Solar 564 234 0 3978
Production generator 6521 0 187 621
Battery Throughput 967 1231 1621 0

— Quantify qualitative criteria using an interval scale
(very high-9, average-5, very low-1)

pyright © Georgia Tech. All Rights Reserved. 20t INCOSE InternPtional S %m Chi(.’*QO, 12-15 July 2010 I I I I



TOPSIS Methodology (cont.)
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= Step 2: Nondimensionalize the attribute value by dividing it by
the norm of the total outcome vector (sum of squares of a
criterion) of the criterion at hand

Hybrid Energy System Portfolios Analyzed
Quantitative Metrics Portfolio Mix 1| Portfolio Mix 2 POfth(lglO Mix POthOL:IO Mix
Capacity Shortage 0.0976 0.4293 0.8977
Renewable Fraction 0.5682 0.6716 0.3530
Diesel Fuel Used (L) 0.0463 0.0000
Production wind 0.2337 0.0264
Production Solar 0.0000 0.9884
Production generatoy 0.0285 0.0948
Battery Throughput 0.7193 0.0000

1%
/ (1%)2 +(5%)2 +(22%)2 +(46%)2 "~

0.0195

Adapted from course material
developed by Dr. Michelle Kirby,
Georgia Tech School of
Aerospace Engineering
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TOPSIS Methodology (cont.)

- Step 3: Establish relative importance of the
criteria by assigning weighte ey capaciy
14.74% Shortage

Production .=

I o 3006 ]
09495*01474:014 '. Producti — . Renewable

A rOSOLfgr'O” PFOd_UgtiO”IDiesel Fuel I Fraction

I 13.46% 0”_“;2% I ‘13?3422) | 11.54%

e Y A

HYbrid Energy System Portfolios Analyzed
. . . Portfolio Mix| Portfolio Mix
Quantitative ix 1| Portfolio Mix 2 3 4
Capacity Shortage 0.0281 0.1238 0.2589
Renewable Fraction 0.0656 0.0775 0.0407
Diesel Fuel Used (L) 0.0458 0.0068 0.0000
Production wind , 0.0027 0.0007 0.0001
Production Solar 0.0189 0.0078 0.0000 0.1331
Production generator 0.1627 0.0000 0.0047 0.0155
Battery Throughput 0.0633 0.0805 0.1061 0.0000
pyright © Georgia Tech. All Rights Reserved. 20" INCOSE Internztional S r“‘i\um, Chicgqo, 12-15 July 2010 I I I
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TOPSIS Methodology (cont.)

- Step 4: Determine if the attributes are a
“Benefit” or a “Cost”
— Maximize “Benefits” and minimize “Costs”

Direction of

Quantitative Metrics  Improvement

Capacity Shortage Cost

Renewable Fraction Benefit

Diesel Fuel Used (L) Cost

Production wind Benefit

Production Solar Benefit

Production generator Cost

Batterv Throuahbput Benefit

pyright © Georgia Tech. All Rights Reserved. 20t INCOSE Internztional S rj‘ﬁi\ijm,Chi(ﬁqo, 12-15 July 2010 I I I I
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TOPSIS Methodology (cont.)
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- Step 5: Create positive and negative ideals

— Create positive ideal solution: maximum value of
the “Benefit” criterion and minimum value of the
“Cost” criterion

— Create negative ideal solution: minimum value of
the “Benefit” criterion and maximum value of the
“Cost” criterion

Positive ldeal Negative Ideal
Capacity Shortage 0.0056 0.2589
Renewable Fraction 0.0775 0.0368
Diesel Fuel Used (L) 0.0000 0.1400
Production wind 0.0027 0.0001
Production Solar 0.1331 0.0000
Production generator 0.0000 0.1627
Battery Throughput 0.1061 0.0000
byright © Georgia Tech. All Rights Reserved. 20" INCOSE Internztional S rrﬁgjm,cmmqo, 12-15 July 2010 | 1 1 1
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TOPSIS Methodology (cont.)
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= Step 6: Separation of each alternative from
ideal iIs measured by the n-dimensional
Euclidean distance

Si*l-= \/ 2 (Alternative Value - Pos/Neg Ideal Valde)

S,* :\/ (0.2589-0.0058)+ (0.0407-0.0778)+ ... =0.277

Portfolio Mix| Portfolio Mi>{
./ZI_'\

Separation from Positive Ideal 0.2502 0.1381 0.1782 0.2775
Separation from Negative Ideal 0.2618 0.3098 0.2718

Portfolio Mix 1| Portfolio Mix

1 1 1 1A
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TOPSIS Methodology (cont.)
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- Step 7: Relative closeness to the ideal solution

Ci = *S_
(S™+S)
Example: Alternative 1 C,= 0.2618 = 0.511¢

(0.2618+0.250:

...finally, rank alternatives based on closeness to ideal
solution: Best - 1.00, Worst - 0.00

Best Alternative

Portfolio Mix 1|Portfolio Mix 2|~ Otfolio Mix| Portfolio Mix

3 4
TOPSIS Score 0.5113 0.6917 0.6040 0.4667
eorgia Tech. All Rights Reserved. 20" INCOSE Internztional S rfajgjm Chicgqo, 12-15 July 2010 I I I I
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Summary of TOPSIS Decision Making Technique
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Advantages:

— Easy to implement - Simple equations and processes

— Can be explained visually — Allows customers and team members to quickly
understand the process

— Quick to perform — Allows frequent changes to inputs or weightings

— Shows robustness of options — If one options is consistently at the top, more
likely to be better overall

Disadvantage:

— Like most MADM techniques, the importance weighting of each dimension
must be user specified

— “ldeal” solutions therefore depend on subjective weightings

— Overcome disadvantage by obtaining metric weightings from the QFD
process

® /o
o e Ideal
Best best
Characteristics N o
o
% e o
S )
o ©
- worst
Adapted from course material |
developed by Dr. Michelle Kirby, ) >
Georgia Tech School of Aerospace - Metric 1
Engineering e
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Enabling Collaborative Decision Making
through Applied Systems Engineering
Tools, Methods, and Processes
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Modeling and Simulation

Informing decision making through integration
with complex engineering analysis

Copyright © Georgia Tech. All Rights Reserved. 20t INCOSE Inter?zonal Sy
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Modeling and Simulation
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How would you answer this guestion:

If available wind drops by 5%, how will that affect the power
produced from my wind turbine over the course of a day? a
week? a month? a year? How will that affect my ability to
meet load demand over those same periods of time?

...or this question:

How many wind turbines would | need to add to my energy
systems portfolio if | can only obtain half the photovoltaic
systems | originally thought | needed? And of course, | want
to do this without adding any more reliance on fossil fuel

Sources.

1 1 1 123
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Systems Engineering Applied to Complex Systems
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= Can break the systems
engineering process into a

hierarchy of decision making /
levels . Produces system level
— Capability* : produces an D Coabiiny requirements

overall capability description to L evel
meet requirements at highest 7y '
level Design Ioo@
— System: produces system iteration Produces subsystem
geec?t?irrlepﬁ%l:w’tl'e' performance ! level requirements
— Subsystem : produces Verification that system System L evel
subsystem performance properties enable concept

A
description level requirements @ Design loop
iteration

A

= “Top-down, comprehensive,
iterative, and recursive” Verification that subsystem =
— Transforms needs and properties enable system level Subsystem L evel

requirements into a set of requirements
system product and process
descriptions at the next lower

level

— Requirements are decided upon
and flowed from the top-down

Source: Baumann, J., “Systems Engineering,” Session 1-2. Presented at the 2nd AIAA
Tactical Interceptor Technology Symposium, Huntsville, AL, 20-21 January, 2005.
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Modeling and Simulation
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= To answer those guestions, we can guess, or make
assumptions based on historical data

= Modeling and simulation is the preferred method, but
IN Most cases It can not be used to answer every
hypothetical question

= This section will show how we set up a M&S
environment such that we capture the elements we
want represented, or abstracted at a “higher” level to
support decision making

1 1 1 1IE
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Process Roadmap: Integrating Modeling & Simulation
within a Decision Making Environment
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Identify Hybrid RE
Modeling & Simulation Design-of-Experiment

: , run for Specific Scenario

Create Surrogate Models,
identify key tradeoffs from

@ o “what-if” games

ot —2)
Primary Load
20 kiwlhid
3.3 kW peak

Use quality engineering methods @ - o
to address socio-economic issues

Requirements Load Timeline Cost Timeline |
Ease of Integration 6 ﬂ J j 5y LEEY_mWind WDiesel| [MBattery]| —+—RequredLoad | ; ‘Eg\;n v i ind d e l%igalel ‘ —+— Allocated Cost
Reliability of Equipment 8 j J j 45

40
Availability of Power 9 j JLI -
Technologoy Maturity 6 j J LI ggn e

]
Energy Independence T ﬂ J j gzs .i_

Z 20 [¥]
Environmentally Friendly 6 ﬂ J j 315 e ‘ 5 1 ) - . " |
Optimal Mix (ignoting cost) 10 4 s & . . 0 . 2 - 0.5
Photawltics (4 load) s . :‘-4.'.'. | = = M — e —
Wind Turbines (% Ioad) I 3% nan
Diesel Generators (% load) 12% o
Battery Throughput (% load) 1% Year QDD7 QDDE QDDQ 201D QDM 2012 2013 QDM 2015 Year 2007 ZDDB 2008 2010 2011 2012 2013 2014 2015

6

75 105 1M 9.5

:"eﬂﬂﬂﬂﬂﬂﬂjﬂ
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Modeling and Simulation
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. :
. Power Generation and Storage :
Wind E Diesel ’ : :
| — : PV Batteries
: Turbines ‘ Gensets :
i Demand & Atmospheric ! : :
' | Wind | e E—E————————— 5
Profile T e ‘
i ﬁ ! ' Design of Experiments :
: E i Modeling and Simulation : Response
i Solar : : & HOMER : Data
: Profile
i | ! D e e :
E Load E
: Demand !
i Frotl ! Decision-making tool
! : oIS 9 Surrogate
; ! Cost models « Optimize/Vary system
: ! « Change assumptions Models
* Cost calculations Responses modeled
» Weight calculations as function of inputs
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Modeling and Simulation: HOMER
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= A design tool for grid-connected or off-grid power systems developed by
and available free through the U.S. Department of Energy’s National
Renewable Energy Laboratory (NREL)

"% HOMER. - [Sample 7 - P¥-wind-diesel-battery.hmi =&l x|
. File ‘Wiew Inputs Outputs Window Help =
G ; 1: DEH &SR A 2
= IVe n a. n a r ray O Equipment to cansider Caloulate | g:ﬂ:iﬁ,ﬁ gg: ;1588 giztgL:zss: 1
e n e rg y S O u rC e S Hﬂ [ ; Sensiivity Results | Optimization Hesullsl
- Pg?:%h?gd ° Tabular & Graphic
(d I ese I g e n e rato rS y @_p 7.8 k! peak Sensitivity variables
Diesel Generic 3w ‘wind Speed [mds) |=-axiz ™| Diesel Price [$/L] |y-axis ¥
1 1 [4—> |‘ M “ariables to plot
WI n d tu rb I n e S b) S O I ar’ Lt ‘_bBalt_:ry Primary I Optimal Systern Type j Superimposed |<none> j Hew ‘wWindow...
grid, etc) and a load  [rme o s S Gy
B | Solar resource él Econamics -PV.fDiese\.l'Elaﬂ
p rofi | e H O M E R _I Wind resource: ® Generator control -W!nd.l'Diesel.l'Elaﬂ
1 @ Diesel 4 Constraints -V\Hnd.l'PWDiesel.l'Elaﬂ

=
o

determlnes . e duthor [TomLambert | Fill version: 1972

Mates |This model demonstrates the competition ;I
between wind, Y, and diesel gensets at the

— the lowest-cost Sy
energy solution

— sensitivities to
changes in costs A
an d reso u rceS NREL. HOMER - Analysis of Rigorfghdcto copy. save. of rrvodifs:1 Wind Spd (mis} 8 ki

Diesel Price ($/L)
=
=

=]
i

MinOpOWer SyStem OptiOnS _‘AI Inputs have changed since results were created. @‘&
(HOM ER Home Page)- _‘AI Corwerter search space may be insufficient. ‘!@ @» II?
www.nrel.gov/homer 3)| Completedin 200:40. 5
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Parametric Models Using HOMER

LI LT B R e
. HOMER used to simulate 12 month i
scenario analyzed at 1 hour intervals | |7

Skystream 3.7 Primany Load P
20 kiw'hid
- Notional scenario created, using a e
sample desired load profile and = “:H.B,y
representative wind and solar 1 1
radlatlon da‘ta Flesources Other
. Salar resource Ql E conamics
.Wmd rEs0UIcE £ System control
Mission: provide best “mix” of energy @] vies i Enissens
solutions given a five-year budget profile | &) Constrais
that meets rural electrification needs .
H
3
= Create a parametric space of M””M llllllll :

various economic, power load, and
pollutant metrics

= mmmmmwmw " un
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Environmental Conditions

= Wind data was taken from the NOAA N Y - ARl
— Hourly data from the nearest weather
station with complete or nearly e, S L
complete data PG
— If the data had significant gaps, it was b PREN
replaced by synthetic data (built-in
HOMER featu re) 5 Wind RBesource
— Average speed of the data set was B
varied to allow for local adjustment i
i 1111
n Solar data WaS taken from NASA “ Jdan  Feb Mar Apr May Jun  Jul Aug Sep Oct Mow Dec
_ HOMER can automatlca”y ImpOI't 5 Global Horizontal Radiation 0
monthly average data from NASA'’s - il .
Surface Solar Energy Data Set "gﬂ — ] = e
— HOMER generates synthetic hourly o o T~ | [
radiation : .-

Jan Feb hlar Apr May Jun  Jul Aug Sep Oct Mov Dec
Caily Radiation === Clearness Index
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Parametric Models Using HOMER
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A photovoltaic (PV) array, with price data based on
commercial prices

Wind Turbine: Southwest Windpower Skystream 3.7, entered
manually, with approximate price data taken from the
manufacturer’s datasheet

A 2 kW diesel generator, with a price based on U.S.
online distributor prices

[Batteries taken from the internal HOMER database ano
using cost data from an NREL sample case

Surrette 4KS25P’s

2kW converter, with cost taken from an NREL sample case

pyright © Georgia Tech. All Rights Reserved. 20t INCOSE InternPtional g r“a:{Jm Chicgqo, 12-15 July 2010 I I I
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Power Generation & Storage Models
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In a flow battery,
capacity and power

Diesel .
are independent

generators are
modeled with a [N W Efficiency modeled as
steady-state L a function of
power/fuel use chargeldischarge rate
curve

Wind Turbines are
modeled using a
generic power

Max speed: 25 m/s

Rated speed: 12 m/s

Cut-in speed: 3.5 m/s

Copyright © Georgia Tech. All Rights Reserved. 20" INCOSE Internztional Syrz um, Chicaqgo, 12-15 July 2010




Modeling and Simulation: Inputs and Responses
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¢ Sizing of four components + System performance parameters
+ Two environmental noise variables + Aggregated by month

00 -d[S
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Surrogate Models
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Surrogate models enable rapid manipulation of any modeling
and simulation tools, based on Response Surface Methodology

— Equation based regressions of complex codes
— Negligible loss in accuracy of original tools
— Can be executed in fractions of a second instead of hours or days

— On-the-fly tradeoffs yield results that otherwise may not have been
discovered

— Enables decision making across a systems-of-systems hierarchy

mnput Variables: Responses Surrogate Model: \

values selected from a Acreated through regression
Design of Experiments PEEme s

By .
i iz Physics Based | i
. Analysis Tool .
x| i

L b | :
\\\\> Input '4////

Bringing Modeling & Simulation Forward in the Decision Making Process

Response
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Design of Experiments
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= Very complex system models requiring many time consuming computer
codes to run drives the need for a structured method for data sampling with
the minimum number of simulation runs

A Design of Experiments (DoE) is a statistical approach to experimental
design used to draw meaningful conclusions from data

- Acommon DoE for creating second order polynomial RSE’s with minimum
amount of simulation executions is the Central Composite Design (CCD)
— Combines a two-level fractional factorial with center points (point at which all of

the factor values are zero, or midrange) and axial points (points at which all but
one factor are zero, and one point is at an outer axial value)

n = n—-1 n
CCD Hi g '?31--‘ i figarg B
T n = manber of factors
P by = ntercept regression coethieient
T i P I .
- ; b = regression coefficlents for Toear terms
® '
bii = regression coefficients for pure quadratic terms
. biy =  vemression coefficlents for cross produet ters
ri,rj = design variables or factors 7
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Design of Experiments
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- The data set used to create the surrogate should

— Have equal weighting throughout the design space (uncorrelated)
— Maximize the design range for the number of points considered

-  Problems with the structure of the data could cause

— Skewed functional representation of the data (fits only some regions well)
— Unexplored regions within the design range, requiring extrapolation

5 : T. Face-Centered
Full g e a1
Factorial ’ | Central
< Composite
1 P2 e
Box- . - Latin
Behnken [ J--.1 Ve - P Hypercube

¢ s - . /

( As the number of variables increases, statistical software packages
are required to manage the growing complexity

20t INCOSE Internzional S rf\ﬂm Chicggo, 12-15 July 2010 I I I I m
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Regression of Complex Design Spaces
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Any regression model must make assumptions as to the behavior
of a measured response and accept a certain amount of error

— I.e. Response “Y” roughly varies linearly with variables X; and X,
— Polynomial based Response Surface methods are proven

How does one create regressions in which a behavior assumption
IS not possible?

Design Space Behavior

Regression Functional Form

How do we fit this?

<
<

Y.

Equation Form Solve for:

3

i 7 3

Neural Network

<«— Linear Fit

» Quadratic Fit

A A

» Cubic Fit

Neural Networks are emerging as a useful way of creating highly nonlinear regression models
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The Neural Network Surrogate Model
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Neural Network Structure _ _ _
ﬁ Neural Network is a “computational archltecture\
ﬂnput Layer  Hidden Layer Output Lam based on the design of the interconnections of
neurons in our brains”

— The elements of Neural Networks were inspired by
biological nervous systems, in which the connections
between elements determines the network function

- = =17 — ltis a set of nonlinear equations that predict output
| variables from a set of given input variables using
Single | layers of linear regressions and S-shaped logistic
Respons I K functions /
Neural Network Equation \
d Output Data from Code

Pattern of Connections

Found by Training \ . F%
# of Hidden Nodes . stimated
=c+ + —_
K Defined by Optimization R=G+a& ]Zl: Fi Ta+Ehn)
A l+e

I

[

[

I For given training time

I Or # of training attempts...
[

I

[

[

Evaluate Response Err

Adjust Scaling Coefficient Weighé\ (Rewai ~ Restmated
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The Neural Network Surrogate Model

= Unlike the approach used to define the cases needed to run to
capture the design space using polynomial RSE’s, there is no
formal approach for defining the DoE to obtain Neural Network
regressions
— Space-filling design needed to define the multimodal space

— Latin Hypercube Sample method is configured to uniformly spread
design points to the maximum distance possible from each other
(within variable limits), with a constraint that involves maintaining the
even spacing between factor levels and minimizing the correlation in

the dESIg n (source: The SAS Institute, JMP Software)

f \ Central Composite Design (CCD) Latin Hypercube Sample (LHS)

A DoE that accurately represents

a complex design space requires

representing the corners of the .

spacewith a CCD and an LHSto .
fill the space in between

N Y

[
+

pyright © Georgia Tech. All Rights Reserved. 20" INCOSE Internztional S rfN
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Parametric Hybrid Energy Systems Models

Using Neural Network Surrogate Models
Georglaﬂm@@uﬁuﬂﬁ@
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Parametric Hybrid Energy Systems Models

Using Neural Network Surrogate Models
Georglaﬂm@@uﬁuﬂﬁ@
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et '|'|'|H'|
-r" 5,1'I Wi

. r‘ '| ",'l
f n Jr nx*'.';
-.'._ RRE L

Total cost of energy available
as dynamic tradeoff between
both power output and
economic factol

Shows how cost of one
type of source limits load

requirements of individual
on energy SyStem
performance
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Parametric Hybrid Energy Systems Models

Using Neural Network Surrogate Models
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Battery capacity _C:‘: With increased With even greater
insufficient for a = battery capacity, battery capacity =
feasible region stand alone S _ _ tradeoff region _ _ tradeoff region S
renewable source = feasible region between PV and feasible region retreats to lower o
system i; wlﬂdtturblnesdsfuch values of PV/wind Q,
Hatnoneedior sources for all RE @
diesel generator! system ]
1]
P
S
0

infeasi : infeasible
region region

Increased battery capacity

Dynamically increasing battery storage capacity shows power
availability with decreased reliance on diesel generation
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Enabling Collaborative Decision Making
through Applied Systems Engineering
Tools, Methods, and Processes
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Robust Design Simulation

Informing decision making through integration
with complex engineering analysis

Copyright © Georgia Tech. All Rights Reserved. 20t INCOSE Inter?zonal Sy
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Risk & Uncertainty are Greatest Early On
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KNOWNS

// Kwe know,

Risk =  kKNOWN-UNKNOWNS There are known knowns.

0 // There are things we know we know.

We also know

There are known unknowns

That is to say

We know there are some things

We do not know.

Z But there are also unknown unknowns,

Uncertainty
= UNKNOWN-UNKNOWNS

CONCEPT VALIDATION FULL PRODUCTION 1

—Donald Rumsfeld
Feb. 12, 2002

\Department of Defense news briefing
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Managing Life Cycle Uncertainty
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The need for quality —the ability to meet requirements
consistently—demands that systems-level analyses be
moved forward into earlier stages of the design timeline

Japanese/U.S. Engineering Change Comparison

U.S. Company

Japanese
Company

Changes Processed

90%
Total Japanese
Changes Complete

Number of Engineering Product

] %] %] - ]
< o N~ o < +H+ <
N — 2 o= =

c = (= o T c
o O < O — O [e) [e)
N = - = = = =

Japanese Auto Industry Made Changes Earlier Than U.S. Auto Industry
(MIT Lean Study)

ium, Chicgqo, 12-15 July 2010 I I I I
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Early Decisions Impact Quality
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. Decisions made in the design process cost very little in terms of
the overall product cost but have a major effect on the cost of

the product

.  Quality cannot be built into a product unless it is designed |

lll.  The design process should be conducted so as to develop quality
cost-competitive products in the shortest time possible

True quality must be designed into the product such that it
will not have to be redesigned after it goes into the market

Source: Dieter, G. E., Engineering Design: A Materials and Processing Approach. McGraw Hill, 2000.

mzsium, Chicago, 12-15 July 2010 | 1 1 1
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Design Process Paradigm Shift
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¢ A paradigm shift is underway that
attempts to change the way complex
systems are being designed

+ Emphasis has shifted from point
design for performance to design
for affordability, where affordability
Is defined as the ratio of system
effectiveness to system cost +profit

¢ System Cost - Performance
Tradeoffs must be accommodated
early

¢ Downstream knowledge must be
brought back to the early phases of
design for system level tradeoffs

Anaysis | Prowotype | Redesign product ¢ 1 Ne design Freedom curve must be
M egen | Deveiopment Release kept open until knowledgeable
tradeoffs can be made — requires a

probabilistic family solution approach

100%

50%

Knowledge About Design
Design Freedom
Cost Committed

Freedom
0%

Concept

Preliminary
Design

Graphic Source: Research Opportunities in Engineering Design, NSF Strategic Planning Workshop Final Report, 1996
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Integrated Product/Process Development
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= Integrated Product/Process Development (IPPD) means
applying Concurrent Engineering at the front end of a
system’s life cycle where design freedom can be leveraged
and product/process design tradeoffs conducted in parallel
at the system, component, and part levels

- Implementation of IPPD drives the need to move from a
deterministic point design approach to a probabilistic
family design approach to keep the design space open
and from committing life cycle cost before the system life
cycle design trade-offs can be made

Source: Prof. Daniel Schrage, Georgia Tech School of Aerospace Engineering
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Uncertainty Based Design Domains
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« Uncertainty-based designs .
. S . . '
are deS|gn prObIemS_ that = ‘§ ngepr;%lgt(ia:rr]g\g i Reliability-based
have a nondeterministic O 3 | fceaIDs DR zatioD
formulation e |
g 8 |
© % Robust design | Reliability is
g' Q & optimization : not an issue
= Do not confuse the =g i
frequency of an event with < |
. . o
the re_SUItlng ImpaCt or Everyday fluctuations Extreme events
severity of that event Frequency of Event

Graphic modified from: Zang, T. A., et al., “Needs and Opportunities for Uncertainty-Based
Multidisciplinary Design Methods for Aerospace Vehicles,” Tech. Rep. TM-2002-211462,
NASA Langley Research Center, Hampton, VA, 2002.
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Reliability vs. Robust Design
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- A robust design problem
seeks a design relatively . —

) - - :il%:obustneé;:‘
Insensitive to small %
changes in uncertain 8
quantities 2

| i/ NGl

« A reliability-based design Random Variable
seeks one in which the
probability of failure Is
less than a predetermined
acceptable value

Graphic modified from: Zang, T. A., et al., “Needs and Opportunities for Uncertainty-Based
Multidisciplinary Design Methods for Aerospace Vehicles,” Tech. Rep. TM-2002-211462,
NASA Langley Research Center, Hampton, VA, 2002.
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IPPD Through Robust Design Simulation
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= Robust Design Simulation (RDS) provides the necessary
simulation and modeling environment for executing IPPD at

the System level

= Continuation of RDS along the system life cycle implies the
creation of a Virtual Stochastic Life Cycle Design
Environment

Source: Prof. Daniel Schrage, Georgia Tech School of Aerospace Engineering
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Managing Risk from Renewable Energy Sources
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Uncertainty distributions around natural elemeatsd fuel price..
Wind (ave) Sun (kW*hr/m2/d) Fuel Price ($/L)
Enabling the answer to the question:
" 5 “How do changes in available sun and wind
] [H J [H ] [H sources, as well as uncertain fuel prices
g E ultimately affect total Cost of Energy?”
...call upon surrogate |l> Quantifiable Uncertainty
models thousands of times Z of Achieving Any Goal
in a matter of seconds... 1.0
S 25 " 90% Probability
0.8 4 ,  of Achieving
07 : Cost Goal
2 DE :
E 0.5 |
£ o4 :
0.3 :
0.2 1 :
...which gives a distribution of 0.1 :
. 1
any measure of merit L e e e I
1.4 1.45 15 1.55 16 1.65
Cost of Energy ($/kWhr)
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Enabling Collaborative Decision Making
through Applied Systems Engineering
Tools, Methods, and Processes
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Top-Down Design
Inverse design enabled through filtered Monte Carlo

Copyright © Georgia Tech. All Rights Reserved. 20t INCOSE Inter?zonal Sy
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Bottom-up Single Design Point vs. Top-down Multiple Design Points

Georgianstiute
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= For bottom-up design, selections - The top-down design approach will
are made at the lowest level, which yield multiple combinations of variable
define the capability at the next values that meet constraints at higher
highest level levels
— Results in one design point flowing — Monte Carlo simulation employing
up the hierarchy rapid surrogate models to fill the
— An optimizer could be used to design space
search the design space at each — Multivariate scatter plot can be used to
level (one level at a time) for options visualize the design space between
that do not violate constraints, and any combination of variable/variable,
minimize/maximize a response variable/response, response/response
Bottom-Up Top-Down
Operational Level Q
Scenario Level C)
System Component Level C:]
Subsystem Level .
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Enabling Top-Down Design:
The Filtered Monte Carlo Method
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= Design space Is populated
with response values
obtained by running a e
simulation many times with - I A
randomly selected values Calculate Y
from bounded distributions

on input variables

All Constraints
Satistied?

Keep and Plot

= If the output for a particular Discard
Monte Carlo simulation trial
violates the constraints
defined a priori, It IS

d IScard e d Source: Kuhne, C., Wiggs, G., Beeson, D., Madelone, J., and Gardner, M., “Using Monte Carlo
Simulation for Probabilistic Design,” Proceedings of the 2005 Crystal Ball User Conference, 2005.
M= iUum, Chicgqo, 12-15 July 2010 I I I I
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Enabling Top-Down Design:
The Filtered Monte Carlo Method
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= The responses that do not

violate the constraints are then

plotted on a scatter plot versus Lr o e
any Of the |nputS L‘ ' -I J" distribution sample
— Gives user the ability to sensitivity Calculate Y’

of responses to those inputs

— Khune et al. note the biggest
challenge to this approach is with
problems with large numbers of
Inputs and responses (greater
than 10)

All Constraints
Satistied?

Keep and Plot

[Kuhne et al.,2005]

Drives the need for improved visualization and data mining tools that
would enable the user to explore multiple response/variable design
space while conducting input variation sensitivity

pyright © Georgia Tech. All Rights Reserved. 20" INCOSE Internztional S %m Chicggo, 12-15 July 2010 I I I I m
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Requirements Analysis through Inverse Design
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= Up to this point, the ability to rapidly generate point solutions has been
addressed
— Using surrogate models, we can generate point solutions very quickly
= We can use probabilistic technigques to generate thousands of point solutions
across the entire design space
— Monte Carlo simulation used to generate “clouds” of solutions at the capability level
— System solutions are non-unique

= Inverse Design: Generate data using bottom-up tools but analyze with a top-
down view...any response can be treated as an independent variable

Requirement 1

Maa=iUm, Chicgo, 12-15 July 2010



Enabling Collaborative Decision Making
through Applied Systems Engineering
Tools, Methods, and Processes
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Collaborative Decision Making
Tying it all together with an energy systems example

Copyright © Georgia Tech. All Rights Reserved. 20t INCOSE Inter?zonal Sy
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Portfolio Management of
Hybrid Renewable Energy Sources
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= Similar methods can be applied to provide guidance
for energy systems portfolio investment over time

= Inclusion of qualitative systems engineering methods
to capture socio-economical impacts, which in turn
drive quantitative analysis

13
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Motivation
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Cost of doing business in the energy \ L ——
market will increase with rising energy R
GE) prices and other taxations o v, Tou
. . . = il Consumption
© | — The lead time required to design, 2 ’
o fabricate, and site a power source drives a ® /f\_/y _
o people to make far-reaching decisions & s i o o
@ with incomplete data |
. . . 10
— | — Competitive advantage lies with those E T _
that adopt a forward-thinking strategy: g o O Prednetion
facing uncertainty brings knowledge s
- . 1970 1980 1990 2000 2010 2020 2030 2040 2050
forward in the design process /
Developlnglg governéne]pts arr]e iy \ Traditional approaches for energy
gg\;gﬁ)sp;rrﬁeﬁgr;o%el%ivgniﬂgt an aavisory systems portfolio planning do not
consider:
% — In a manner similar to the “leapfrogging” lex int i ¢ il
= of conventional telephone wire systems — ...compiexinteractions ot social,
[s for mobile/cellular telephones; dispersed, economical, environmental
< rural societies would more readily factors in addition to the
X accommodate distributed RE rather than -
< . ; . technical
& centralized fossil-based scenarios o
— The ability to approach a self- — ...the non-det_ermlnlstlc n_ature_ of
sustainable energy scenario bodes energy modeling has defined its
well from a political-economic current limits
perspective
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Hybrid renewable energy portfolio management
Integrating socioeconomic factors with modeling & simulation
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Requirements Load Timeline Installed Cost Timeline
[BFVEWind W Gererator] | —+—Frequired Load | [ ——hstalledCost |
G 1T [@FY B wind B Generator B Battery|

Ease of Integration S B C

Reliability of Equipment

Availability of Power

Technology Maturity

Energy Independence

Environmentally Friendly

Eotovataies (% oad) The visual “front end” that decision makers can relat
Wind Turbines (% load) 5 o . .
Diesel Generators (% load) but relies on actual modeling and simulation
TechnicalAssumptions Battery Throughput C&M Cost Timeline .

Eggtterg EgilggelFuel B Generatar

Solar Average (KWhim2iday) 4 j
5

Wind Average (m's)

Wind Turbine Hub Ht (m) 54 4|

Inverter Efficiency (%) BRI Optimal portfolio of energy sources for
Rl  cach year based on rapid tradeoff of

Ht 8.19
T 202 desired energy load and cost constraintsy -

as well as qualitative requirements o HOH

right © Georgia Tech. All Rights Reserved. 20" INCOSE Internztional Syrmaasium, Chicggo, 12-15 July 2010



Hybrid renewable energy portfolio management
Integrating socioeconomic factors with modeling & simulation
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Requirements weightings favor eneagailability
Requirements without consideration foenvironmentaimpacts
Ease of Integration 5 4| orenergy independence

Reliability of Equipment 5 ) )
rvaicouyorpouer 104 e= o]t - i
Technology Maturity 9 i E_ "
.ErTer'gﬂnEe}e'nJer?:E D [
LEQv[t}ﬂm_en_ta_y Friendly 0 4 u :'
Optimal Mix 2011 i N

Photowveltaics (% lead) 0%

Year 200? 2uus 2009 2n1u 2011 ear 200? 2uus 2009 2u1u 2u11
Wind Turbines (% load) 0% Allewable
Die=el Generators (% load) I 100% Regfired E B E E E Cost E E E E E
L ad $10k
y fision Aleeatid 1 10.4

TEChI'IiGH| ASEI.I Battec Theouioh 0&M Cost Timeline

Best “mix” of energy sources _
Solar Average (kwh/ ey - . . . . » o1 Operatio OS$le

within funding limitations _ e )
Wind Average ims) O or D

includes only diesel generation

Wind Turbine Hub Hi Wi\

2 g

Inverter Efficiency (%) 88 4 »

v |
"_‘.r
il

Operating Reserve (scale) 0.29 J J

1

Hourly Load Operating Reserve 3.19 '
Solar Operating Regerve 20.25 b

Wind Operating Rezerve 39.79 f

1

] LBk
Year 2007 2008 2009 2010 2011 r'ear 2007 2008 2009 2010 2011
I 1
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Hybrid renewable energy portfolio management
Integrating socioeconomic factors with modeling & simulation
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T —— 1
Requirements I
Ease of Integration 5 4 AN
Reliability of Equipment 5 4 v
Availability of Power 10 «| <= )|l
Technology Maturity 5 A L4 :
Energy Independence 0 4| jmmp » |
Environmentally Friendly ™ =
_ M&S Environment evaluatehousand®f energy portfolios
Customer Reqt_urem_ents U very quickly through the use sfirrogate models
translated to Engineering metrics l
throughQuality Function Deployment §
Hybrid Energy System Portfolios Analyzed
Portfolio Portfolio Portfolio  Portfolio Portfolio  Portfolio

weighting)  Mix 1 w2 Wi 3 fixd 7 flix n-1 Mz n

Capacity Shortage 0 288 1% 5% 22% 46% 0% 3%

g # |Renewable Fraction 0115 037 (.66 0.78 .41 a.02 .44

= % Diesel Fuel Used (L} 0147 205 &7 10 0 74 22

. . _ % = Production wind 0ao3 2051 3541 G4 111 A e

Multi-Attribute Decision | € £ |Froduction Saolar 0135 564 234 0 3978 789 23

. . 2 = |Production generator 0 163 B521 0 187 621 3654 465

Makingscore attributed Battery Throughput 0147 | 967 1231 1621 0 745 593

to each portfolio options—__ |
&‘-_




Hybrid renewable energy portfolio management
Integrating socioeconomic factors with modeling & simulation

F

Georgla lipStitiiEe]

Optimal mix is a result
of the real time

Load Timeline

Requirements

[BFY @ Wind B Generatar|

== Fizquired Load
—— Load Met

Sl ey 8.3 : “filtering” of all options
resenly of EqiSpment ° 2 ' through load and cost
Availability of Power g 4 r : = .

‘ o - constraints

Through a Multi-
Attribute Decision
Making process, th

(K]

L_BEl

Year 2uuT 2uus 2009 2010 2011 Year 2007 2008 2009 2010 2011
. . . 44 Allowsble B 14 G
optimal mix of which [:ﬂ B ﬁ oedo
energy sources to buy is YWy ol el N
shown for each year : :
Portfolio Portfolio Portfolio ||
S0Er AVerage (kWhinidal weighfin il 3 Mixd Mix n-1 Mizx n I
IJ Capacity Shortage 0.2%8 22% 46% 0% 3% I
_______ Wind Average sl ! | o % ponowshic Eraction — 0104 = DB = NIB- 041 0.02 0.44 I
! : /. ;0 74 22 I
| Hybrid Energy System H#Tolios Analyzed | 111 2739 B5E |
! Portfolio  Portfolio Portfalio Portfalio Portfolio Portfolio | 3978 789 123 I
! weighting | Mix 1 Mix 2 Mix 3 Mixd Mix n-1 Mix n 1 B2 654 4E5 |
: Capacity Shortage 0.288 1% 5% 22% 46% 0% 3% I 0 745 593 I
| | £ 8 |Renewable Fraction 0.115 0.37 0.66 078 0.41 0.02 0.44 i _ _ _ _|
| | § § |Diesel FuelUsed (L)  0.147 205 67 10 0 74 22 (IS o I
| | €  |Production wind 0.003 2051 3541 984 M 231 656 1 I s fra
1 | £ % [Production Solar 0.135 564 234 0 3978 789 123 e
| | @ = |Production generator  0.163 | 6521 0 187 621 3654 465 par 2007 2008 2009 2010 2011
1 Battery Throughput 0147 967 1231 1621 0 745 593 :
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Hybrid renewable energy portfolio management
Integrating socioeconomic factors with modeling & simulation
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Requirements weightings altered to reflect a des

e ELLEEE for an energy portfolio that addresses
Ease of Integration 5 4| [ 4
/ / 21
Reliability of Equipment 5 4 r 20 2 *
——————————_—————_—____—/ [1] H |
1 . - v 4 ({H}] L1 iz 22
(| Availability of Power _ _ _ _ _ HE -1 B - — = .
Technology Maturity 5 4| » :/ : .
e e e e R e R e e i e B e e e e e s e e i 1 - Ly EERLE
| Energy Independence 2 4 wmp > l,’.i @ S
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Summary
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= Systems Engineering process introduced that
enables real-time decision making through rapid
modeling and simulation

- Elements of QFD, MADM, surrogate modeling, and
robust design enable qualitative decision-making
based on quantitative tools

= A collection of methods introduced that aid decision
makers with robust planning and implementation
of effective renewable energy solutions
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Objectives (Revisited)
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v" Show how complex, quantitative engineering level
analysis Is brought into and informs decision making

v" Show how to best capture customer requirements
such that engineering analysis is properly directed

v" Introduce methods for decision making when dealing
with multiple and competing objectives

v Provide practical examples along the way, not just
hand-wave and talk in the hypothetical

1 1 1 1A
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