
•  Capitalizes	
  on	
  synergy	
  between	
  plant	
  and	
  control	
  design	
  

Integrated	
  Physical	
  and	
  Control	
  System	
  Design	
  

University	
  of	
  Illinois	
  at	
  Urbana-­‐Champaign	
  
James	
  T	
  Allison,	
  Engineering	
  System	
  Design	
  Lab	
  

GeneraDng	
  Design	
  Knowledge	
  Through	
  SystemaDc	
  InvesDgaDon	
  of	
  
InteracDng	
  Physical	
  Phenomena	
  

Engineering System Design Lab

Design'Data
◦"Systema*c"op*miza*on"studies
◦"Tradeoffs"and"performance"limits
◦"Observa*onal"data
◦"Numerical"and"physical"experiments

Tools'and'methods'to'support'
design'data'genera3on

◦"New"capabili*es"in"design"op*miza*on
◦"Design"of"experiments"for"knowledge"genera*on
◦"Modeling"and"simula*on"for"design
◦"Incorpora*ng"physical"experiments"into"design"studies
◦"Valida*on"of"design"methods"and"models

Design'Knowledge
◦"Generalizable,"qualita*ve"design"
insights"and"design"principles
◦"More"effec*ve"design"heuris*cs"

Analysis'of'Design'Data

◦"Design"proper*es
◦"PaIerns"and"trends
◦"Explanatory"analysis"of"behavior
◦"Extrac*on/formula*on"of"
generalizable"design"knowledge"""

Design'Knowledge'Valida3on
◦"Defini*on"of"tests"capable"of"disproving"
design"principles,"theories,"or"heuris*cs

◦"Perform"addi*onal"numerical"or"
physical"experiments
◦"Update"or"formulate"new"design"
theories"if"disproven

Op8miza8on	
  as	
  an	
  aid	
  for	
  design	
  science:	
  beyond	
  
iden8fica8on	
  of	
  op8mal	
  designs	
  

Framework	
  for	
  Extrac8on	
  and	
  Valida8on	
  of	
  Generalizable	
  Design	
  Knowledge	
  from	
  
Systema8cally	
  Generated	
  Design	
  Data	
  

Research	
  Strategy:	
  Discovery	
  at	
  Interdisciplinary	
  Interfaces	
  

Primary	
  Research	
  Outcomes:	
  
•  Knowledge	
  of	
  how	
  to	
  combine	
  interacDng	
  

physical	
  phenomena	
  in	
  new	
  ways	
  to	
  create	
  new	
  
technical	
  capabiliDes	
  

•  Design	
  exploraDon	
  and	
  opDmizaDon	
  tools	
  that	
  
accelerate	
  design	
  discovery	
  

Applica8ons:	
  
•  Focus	
  on	
  high-­‐impact	
  (infrastructure,	
  

transportaDon,	
  energy,	
  scienDfic	
  discovery)	
  
•  Wide	
  variety	
  to	
  support	
  discovery	
  of	
  generalizable	
  

themes	
  and	
  access	
  to	
  a	
  variety	
  of	
  interfaces	
  

Solid&Mechanicas/Structural&
Dynamics

Fluid&Mechanics/Rheology

Heat&Transfer

Electrical&Systems

Lumped&Parameter&Dynamics

Control&Design/Dynamics

Topology&OpAmizaAon

AddiAve&Manufacturing

System&Architecture&Design

Design&for&Reconfigurability
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Strain-­‐Actuated	
  Solar	
  Array	
  (JPL/NASA)	
  
•  Dual-­‐use	
  of	
  arrays	
  (power,	
  actuaDon)	
  
•  Improve	
  data-­‐gathering	
  for	
  science	
  

Combined	
  Power	
  Electronics	
  and	
  
Thermal	
  System	
  Design	
  (Toyota,	
  NSF)	
  

Genera8ve	
  Algorithm	
  Design	
  Abstrac8ons	
  

Sta8c	
  Flow	
  Mixer	
  Design	
  (P&G)	
  
•  Automated	
  physical	
  experiments	
  in	
  design	
  

opDmizaDon	
  loop	
  
•  Design	
  for	
  addiDve	
  manufacturing	
  

a) b)

SFM	
  (conven8onal	
  mnfr.)	
  

SFM	
  (designed	
  for	
  addi8ve	
  mnfr.)	
  

Hybrid	
  Powertrain	
  Architecture	
  
Design	
  (Deere	
  &	
  Co.)	
  

1:	
  Engine	
  

2:	
  Generator	
   3:	
  Inverter	
   4:	
  BaTery	
  

-­‐	
   +	
  

5:	
  Motor	
  

6:	
  Gears	
  

7:	
  Vehicle	
  

Indirect	
  design	
  representa8ons:	
  reduce	
  problem	
  dimension,	
  
manage	
  variable	
  dimension	
  problems,	
  targeted	
  exploraDon	
  

(cgarchitect.com)	
   (n-­‐e-­‐r-­‐v-­‐o-­‐u-­‐s.com)	
  

(flickr.com,	
  am:Pm)	
  

Genera8ve	
  design	
  algorithms	
  –	
  established	
  in	
  art/architecture	
  
•  Based	
  on	
  simple	
  recursive	
  rules	
  with	
  emergent	
  proper8es	
  
•  Map	
  abstract	
  design	
  variables	
  to	
  complex	
  system	
  design	
  descripDons	
  
•  For	
  both	
  con8nuum	
  systems	
  and	
  network	
  design	
  representa8ons	
  

3D	
  Printer	
  

3D	
  Printer	
  

3D	
  Printer	
  

Physical	
  Target	
  System	
  
(Testbed)	
  	
  

Real-­‐Time	
  Device	
  Model	
  
(Simula8on)	
  

Gene8c	
  Algorithm	
   Genera8ve	
  
Algorithm	
  

Robo8c	
  automa8on	
  
of	
  physical	
  specimen	
  
management	
  

HIL	
  Tes8ng	
  Pe
rf
or
m
an

ce
	
  

Ev
al
ua

8o
n	
  

Design	
  Candidate	
  
Specifica8ons	
  

Example	
  Genera8ve	
  Design	
  Algorithm	
  Implementa8on:	
  	
  

Mechanical
Ownership

Control/Hardware/Software
Ownership

Controller

Architecture

Design

Co-Design with

CLC, xc

a⇤ c⇤ xp⇤

xc⇤

Adjust Formulation

�Co-Design with
OLC, u(t)

Plant
Architecture

Design
Digital

Controller

Design
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Research	
  Topics/	
  
Applica8ons	
  

Recent	
  co-­‐design	
  developments:	
  
•  Balanced	
  co-­‐design	
  (comprehensive	
  

physical	
  design)	
  
•  Co-­‐design	
  method	
  validaDon	
  via	
  

reconfigurable	
  testbeds	
  
•  Steps	
  toward	
  integraDon	
  with	
  systems	
  

engineering	
  processes	
  

Design	
  Process	
  Op8ons	
  

Plant Design Control Design

Plant Design Control Design

Plant Control

Control

Plant

ConvenDonal	
  SequenDal	
  Design	
  

Iterated	
  SequenDal	
  Design	
  

Simultaneous	
  Design	
  

Nested	
  Design	
  

Conven8onal	
  Design	
  Methods	
   Co-­‐Design	
  

xp2

Klin

xp3

xp1

xp4

MR Damper

z0

Selec8ng	
  Effec8ve	
  Design	
  Strategies	
  

Wind	
  and	
  Wave	
  Energy	
  System	
  
Design	
  (NREL	
  -­‐	
  collaborator)	
  

F P T O

z0 z

¼

PT O

Ht

R
Rh

Tower side-to-
side bending 

mode

Tower aft-to-
fore bending 

mode

Blade flap-wise 
bending mode

Gear Box and Sensors

Gear Spacing Adjustment

Linear Bearing

Motor

Rheologically	
  Complex	
  Fluid	
  and	
  
Viscoelas8c	
  Material	
  Design	
  (NSF)	
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student gradient-based gradient-free
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Rapid	
  
Heuris8cs	
  

High-­‐Fidelity	
  
Op8miza8on	
  

Range	
  of	
  design	
  strategies	
  available	
  
•  Evaluate	
  tradeoff	
  between	
  fast	
  heurisDcs	
  and	
  more	
  accurate	
  but	
  Dme-­‐

consuming	
  opDmizaDon	
  methods	
  (many	
  opDons	
  in	
  between)	
  
•  Determine	
  how	
  to	
  most	
  effecDvely	
  extend	
  human	
  design	
  capability	
  by	
  

selecDng	
  or	
  construcDng	
  the	
  most	
  appropriate	
  design	
  tool	
  
•  Learn	
  how	
  to	
  generate	
  more	
  effecDve	
  heurisDcs	
  from	
  opDmizaDon	
  

results	
  

Fusion	
  between	
  human	
  and	
  norma8ve	
  decision-­‐making	
  
•  IdenDfy	
  what	
  decisions	
  are	
  best	
  made	
  by	
  humans	
  and	
  those	
  best	
  made	
  

by	
  design	
  automaDon	
  tools	
  	
  
•  Plots	
  below	
  compare	
  objecDve	
  funcDon	
  improvement	
  for	
  trebuchet	
  

design	
  problem	
  between	
  human	
  designers	
  and	
  opDmizaDon	
  algorithms	
  

Design	
  Educa8on:	
  K-­‐12,	
  University-­‐Level,	
  Industry	
  	
  

Wheels (On/O↵)

Finger Angle
�40�  ! 40�

Pivot Position

0 in ! 8 in

Sling Length
5 in ! 35 in

Streamlined	
  hands-­‐on	
  ac8vi8es	
  for	
  
targeted	
  design	
  learning	
  
•  Facilitated	
  by	
  reconfigurable	
  

mechatronics	
  systems,	
  simulaDon	
  tools	
  	
  
•  K-­‐12	
  outreach	
  and	
  undergraduate	
  courses	
  
•  HIL	
  Gear	
  testbed	
  linked	
  to	
  real-­‐Dme	
  

vehicle	
  simulaDon.	
  
•  Reconfigurable	
  trebuchet	
  acDvity	
  with	
  

DOE,	
  trebuchet	
  physics,	
  and	
  mulD-­‐body	
  
dynamics	
  models	
  

•  Bolted	
  joint	
  design	
  and	
  tesDng	
  

Founda8ons	
  for	
  design	
  Ph.D.	
  students	
  	
  
•  Consensus	
  on	
  core	
  topics	
  
•  Develop	
  short	
  courses	
  and	
  universal	
  design	
  

research	
  foundaDons	
  graduate	
  course	
  	
  
•  NSF	
  NRT?	
  


