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Engineering	
  System	
  Design	
  Lab	
  
We	
  study	
  and	
  develop	
  methods	
  for	
  solving	
  
challenging	
  engineering	
  design	
  problems.	
  
	
  
Thrust	
  Areas:	
  
•  MulJdisciplinary	
  Dynamic	
  System	
  Design	
  

OpJmizaJon/Co-­‐Design	
  
•  Direct	
  TranscripJon	
  (open-­‐loop	
  opJmal	
  control)	
  
•  DerivaJve	
  FuncJon	
  Surrogate	
  Modeling	
  
•  System	
  Architecture	
  Design	
  
•  Design	
  of	
  Reconfigurable	
  Systems	
  
	
  
Applica0on	
  Domains:	
  
•  RoboJc	
  system	
  design	
  
•  Wind	
  and	
  wave	
  energy	
  systems	
  
•  AutomoJve	
  design	
  
•  SpacecraR	
  design	
  
•  Material	
  and	
  structural	
  system	
  design	
  
•  SyntheJc	
  biology	
  

	
  



System	
  DescripJon	
   System	
  Analysis	
  

Engineering	
  Design	
  is	
  the	
  Inverse	
  of	
  Engineering	
  Analysis	
  

Engineering	
  Design	
  

Engineering	
  Analysis	
  



Integrated	
  design	
  methods	
  address	
  the	
  interfaces	
  
between	
  disciplines	
  or	
  system	
  elements.	
  

Analysis	
  Coupling:	
  	
  
•  Influence	
  of	
  component	
  or	
  discipline	
  behavior/properJes	
  

on	
  another.	
  
•  IdenJfiable	
  via	
  analysis	
  of	
  physics	
  models	
  or	
  sensiJvity	
  

studies.	
  
•  Used	
  oRen	
  in	
  systems	
  engineering:	
  integraJon	
  models,	
  

mulJphysics	
  simulaJon	
  
•  Overlook	
  analysis	
  coupling	
  à	
  inaccurate	
  simula0on	
  	
  	
  

Example:	
  Aeroelas0city	
  

Structural	
  
Analysis	
  

Aerodynamic	
  
Analysis	
  

Design	
  Coupling:	
  	
  
•  The	
  effect	
  that	
  changes	
  in	
  one	
  design	
  domain	
  has	
  on	
  

design	
  decisions	
  that	
  should	
  be	
  made	
  in	
  another	
  domain.	
  
•  IdenJfied	
  via	
  model-­‐based	
  opJmizaJon	
  studies.	
  
•  Design	
  coupling	
  is	
  only	
  starJng	
  to	
  be	
  addressed	
  formally	
  in	
  

systems	
  engineering	
  pracJce.	
  
•  Overlook	
  design	
  coupling	
  à	
  subop0mal	
  system	
  design	
  

Example:	
  Wind	
  Plant	
  
Design	
  

Turbine	
  
Design	
  

Layout	
  Design	
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Design	
  Process	
  OpJons	
  
(Physical	
  +	
  Control	
  Design)	
  

Plant Design Control Design

Plant Design Control Design

Plant Control

Control

Plant

ConvenJonal	
  SequenJal	
  Design	
  

Iterated	
  SequenJal	
  Design	
  

Simultaneous	
  Design	
  

Nested	
  Design	
  

Distributed	
  opJmizaJon	
  is	
  also	
  
an	
  opJon	
  

Co-­‐Design	
  
Integrated	
  physical	
  (plant)	
  and	
  control	
  

system	
  design	
  



Co-Design: Integrated Physical and Control System Design 

Navigate	
  physical	
  and	
  control	
  design	
  subspaces	
  simultaneously.	
  
	
  è	
  System	
  opJmal	
  designs	
  

May	
  be	
  viewed	
  as	
  a	
  specific	
  class	
  of	
  MulJdisciplinary	
  Design	
  
OpJmizaJon	
  (MDO)	
  problems.	
  

Control	
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Co-design example: accounting for plant-control design 
coupling improves system performance. 
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hZp://www.youtube.com/user/DesignImpact1	
  

Canonical	
  co-­‐design	
  problem:	
  
	
  
•  OpJmize	
  comfort	
  and	
  handling	
  of	
  

an	
  automo0ve	
  suspension	
  	
  
•  Make	
  decisions	
  based	
  on	
  a	
  quarter-­‐

car	
  model	
  	
  
•  Determine	
  both	
  physical	
  and	
  

control	
  system	
  design	
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Sequential
Simultaneous Performance	
  obtained	
  

using	
  sequen0al	
  design	
  

Performance	
  obtained	
  
using	
  co-­‐design	
  

Performance	
  
penalty	
  

The	
  performance	
  gap	
  between	
  sequenJal	
  and	
  co-­‐design	
  results	
  increases	
  as	
  acJve	
  
control	
  plays	
  a	
  greater	
  role	
  in	
  system	
  operaJon.	
  	
  

Design	
  coupling	
  between	
  plant	
  and	
  
control	
  design	
  is	
  stronger	
  for	
  systems	
  
with	
  greater	
  control	
  authority.	
  

Allison,	
  Guo,	
  and	
  Han	
  (2014)	
  



Wind turbine co-design accounts for coupling between 
structural and control system design. 

Wind-­‐turbine	
  co-­‐design	
  case	
  studies	
  invesJgated	
  primarily	
  by	
  Anand	
  Deshmukh.	
  

max

[xp,xc]
AEP

s.t.: A
g

x

p

 0

g

p

(⇠(t),x
p

)  0

k�(⌦
r

(t), v(t))� �
opt

(⌦

r

(t), v(t))k = 0

˙⇠(t) = f(⇠(t),x
p

,u(t))

0 < x

l

 x

p

 x

u

Maintains	
  op0mal	
  
power	
  coefficient	
  

Deflec0on,	
  stress,	
  natural	
  frequency	
  constraints	
  

System	
  dynamics	
  (FAST)	
  

AEP = 8760⇥
Z v

o

v
i

Pm(v)
k

c

⇣v
c

⌘k�1
e�(

v

c

)kdv

Pm =
1

2
Cp(�,�)⇢⇡R

2v3

Linear	
  constraints	
  

Bound	
  constraints	
  

xc = u(t) = �g(t)
Control	
  design	
  variable:	
  rotor	
  speed	
  controlled	
  via	
  generator	
  torque	
  

xp = [tw1, tw2, tw3, tw4, tw5, c1, c2, c3, c4, c5, th1, th2, th3, Dh, Dr, Ht]
T

Plant	
  design	
  variables:	
  blade	
  pre-­‐twist	
  angles,	
  chord	
  spans,	
  thickness,	
  hub	
  diameter,	
  rotor	
  
diameter,	
  and	
  tower	
  height	
  	
  



Analysis workflow for wind turbine co-design problem. 

AeroDyn

Aerodynamic 
Analysis

Optimizer
(MATLAB
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HAWT co-design results show significant improvement over 
sequential design performance.  
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Balanced	
  Co-­‐Design	
  

Many	
  co-­‐design	
  studies	
  uJlize	
  simplified	
  plant	
  
models	
  

–  e.g.,	
  intermediate	
  variables	
  are	
  treated	
  as	
  
independent	
  design	
  variables	
  

–  Model	
  parameters	
  usually	
  should	
  not	
  be	
  treated	
  
as	
  independent	
  design	
  variables.	
  

ks =
d4G

8D3Na

�
1 + 1

2C2

�

Plant	
  
Design	
  

Consequences:	
  
Constraints	
  on	
  independent	
  xp	
  are	
  
overlooked,	
  and	
  co-­‐design	
  problems	
  
seem	
  to	
  have	
  unidirec0onal	
  
coupling.	
  

Control	
  
Design	
  

Reality:	
  
Most	
  co-­‐design	
  problems	
  have	
  
bidirec0onal	
  coupling	
  (e.g.,	
  faJgue	
  and	
  
other	
  constraints	
  depend	
  on	
  state	
  
trajectories,	
  which	
  depend	
  on	
  xc)	
  

Plant	
  
Design	
  

Control	
  
Design	
  



Co-­‐design	
  research	
  has	
  
been	
  `controls-­‐centric’	
  

Simplified	
  physical	
  design	
  :	
  
•  Op0mize	
  wrt	
  dependent	
  variables	
  
•  No	
  nonlinear	
  plant	
  design	
  constraints	
  

Uni-­‐direcJonal	
  
coupling	
  assumed	
  

Classical	
  opJmal	
  control	
  
methods	
  applied	
  

Balanced	
  co-­‐design:	
  appropriate	
  
emphasis	
  on	
  both	
  physical	
  and	
  

control	
  system	
  design.	
  

RealisJc	
  plant	
  design	
  models:	
  
•  Independent	
  op0miza0on	
  

variables	
  
•  Requires	
  nonlinear	
  

inequality	
  constraints	
  

Bi-­‐direcJonal	
  coupling	
   Classical	
  opJmal	
  control	
  
methods	
  will	
  not	
  work	
  



Advancements	
  in	
  Balanced	
  Co-­‐Design	
  

Direct	
  op0mal	
  control	
  methods:	
  
•  Support	
  balanced	
  co-­‐design	
  formulaJons,	
  including	
  general	
  inequality	
  

constraints	
  on	
  physical	
  system	
  design	
  (stress,	
  deflecJon,	
  faJgue,	
  etc.)	
  	
  	
  
•  Simultaneous	
  opJmizaJon	
  with	
  respect	
  to	
  both	
  plant	
  and	
  control	
  design	
  

variables	
  
•  Numerically	
  efficient	
  

Co-­‐design	
  with	
  high-­‐fidelity	
  mul0disciplinary	
  models:	
  
•  Challenging	
  to	
  incorporate	
  computaJonally	
  expensive	
  models	
  with	
  

opJmizaJon-­‐based	
  co-­‐design	
  
•  Important	
  for	
  navigaJng	
  design	
  interacJons	
  at	
  early	
  design	
  stages	
  
•  Need	
  to	
  enable	
  co-­‐design	
  with	
  high-­‐fidelity	
  models	
  to	
  account	
  for	
  new	
  

elements	
  of	
  design	
  coupling	
  
•  DFSM:	
  novel	
  surrogate	
  modeling	
  method	
  that	
  capitalizes	
  on	
  the	
  nature	
  

of	
  dynamic	
  systems	
  to	
  reduce	
  computaJonal	
  expense	
  	
  



DerivaJve	
  funcJon	
  surrogate	
  modeling:	
  enable	
  co-­‐
design	
  with	
  high-­‐fidelity	
  computaJonal	
  models	
  

Derivative Function 
Calculation

xp

xc

⇠

f(⇠,xp,xc)
xp

xc
�(xp,xc)

Performance Model
�(⇠(t),xp,xc)

System Simulation
⇠̇ = f(⇠,xp,xc)

Conventional SM Boundary

DFSM Boundary

DFSM	
  reduces	
  overall	
  system	
  opJmizaJon	
  expense	
  significantly	
  
•  IniJal	
  case	
  study:	
  order	
  of	
  magnitude	
  expense	
  reducJon	
  
•  Significant	
  potenJal	
  for	
  enabling	
  opJmizaJon	
  based	
  on	
  high-­‐

fidelity	
  models	
  that	
  account	
  for	
  more	
  interacJons	
  



DFSM	
  produces	
  dramaJc	
  savings	
  in	
  computaJonal	
  expense:	
  

Wind	
  turbine	
  co-­‐design	
  with	
  moderate-­‐fidelity	
  dynamic	
  model	
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R
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side bending 
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Tower aft-to-
fore bending 
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Blade flap-wise 
bending mode
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UJlizing	
  Co-­‐Design	
  in	
  Systems	
  Engineering	
  
Significant	
  poten0al	
  for	
  
•  Enhancing	
  design	
  integra0on	
  
•  Improving	
  system	
  performance,	
  capitalize	
  on	
  passive	
  dynamics	
  in	
  an	
  acJve	
  system	
  
•  Tailor	
  structural/mechanical/control	
  system	
  designs	
  à	
  system	
  op0mality	
  
•  IdenJfying	
  problems	
  due	
  to	
  interacJons	
  early	
  
How	
  might	
  co-­‐design	
  be	
  used	
  within	
  systems	
  engineering?	
  
•  Especially	
  appropriate	
  for	
  early-­‐stage	
  design	
  (predesign)	
  
•  IdenJfy	
  qualitaJve	
  synergy	
  mechanisms	
  that	
  can	
  guide	
  later	
  design	
  efforts	
  
•  Tool	
  for	
  mechanical/structural	
  designers	
  to	
  develop	
  a	
  design	
  they	
  are	
  confident	
  

has	
  accounted	
  for	
  coupling	
  with	
  control	
  system	
  design	
  	
  	
  
	
   	
   	
   	
   	
  	
  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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Deshmukh,	
  Herber,	
  and	
  Allison	
  (2015)	
  

Adjust	
  co-­‐design	
  formulaJon	
  if	
  
we	
  discover	
  something	
  that	
  
was	
  overlooked	
  



Future	
  of	
  Co-­‐Design	
  in	
  Wind	
  Energy	
  Systems	
  Engineering	
  

•  Balanced	
  co-­‐design	
  is	
  an	
  extensible	
  framework	
  (easily	
  add	
  new	
  
consideraJons)	
  

•  Development	
  of	
  reliable,	
  flexible,	
  accurate	
  models	
  that	
  are	
  appropriate	
  for	
  
co-­‐design	
  is	
  a	
  significant	
  challenge	
  

•  Improve	
  ability	
  to	
  solve	
  co-­‐design	
  problems	
  with	
  increasing	
  levels	
  of	
  
analysis	
  fidelity	
  

•  Use	
  co-­‐design	
  concepts	
  to	
  help	
  enhance	
  design	
  integraJon	
  in	
  the	
  wider	
  
systems	
  engineering	
  process	
  

•  Move	
  toward	
  solving	
  Systems-­‐of-­‐Systems	
  (SoS)	
  problems,	
  such	
  as	
  more	
  
comprehensive	
  farm-­‐	
  (plant-­‐)	
  level	
  co-­‐design,	
  grid	
  integraJon	
  

•  Use	
  distributed	
  opJmizaJon	
  to	
  support	
  problem-­‐specific	
  opJmizaJon	
  
algorithms	
  

•  UJlize	
  systemaJc	
  co-­‐design	
  studies	
  to	
  reveal	
  more	
  general	
  design	
  
principles	
  and	
  synergy	
  mechanisms	
  for	
  wind	
  energy	
  systems	
  


