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(o Enforcing safety constraints is a critical Develop Additional Thrust Fast
issue in downsized and/or agile systems

L operating at performance limits

é .
e Effective controllers for such systems must
be nonlinear and predictive

N

Ford Ecoboost: Downsizing For More Power and Better

Fuel Economy

Are we re-living history? Twenty-five years ago the release of the Buick Regal T-Type and Grand National

e Systems operating under stringent state
and control constraints must be “smart”

sported V8 power with V6 fuel economy. And that may be understated. These cars’ economic V& enginej

utilized turbochargers to boost power pastthat of V8 engines. These engines v powerhouses, just asl

any drag racing veteran. They will tell you. And don't forget, this is all while reducing fuel consumption

Mothing new right? Well, Ford has come out with technologies to use in conjunction with this concept to
increase it's benefits. Instead of spraying fuel into the intake ports, it is injected directly into the cylinder

} at extremely high pressure, 35 times that of a regular fuel injected engine. Ecoboost also takes advantagy

of a twin independent variable valve timing system, and an advanced turbo charging system

e Autonomous systems must function, learn
and adapt in dynamically changing
environments while satisfying constraints

0.k. that's the technology. Here are the benefits: 20% better fuel economy and 20% less CO2
emissions. the variable valve timing and high pressure direct ignition system allows for the combustion of
the fuel in the most efficient and cleanest way
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Rollover

https://www.youtube.com/watch?v=uFwnmhOGpBo

https://www.youtube.com/

https://www.youtube.com/

Battery
overheating

Excessive loads due to gusts/maneuvers

5 businesstraveller.com
planetalks.blogspot.com

https://www.youtube.com/watch?v=-A4QZAxrb28

https://autobild.es

https://www.youtube.com/watch?v=57ZWijf36d5Y

Compressor surge

5. Surge is in evidence at takeoff. Flame duration is very short—milliseconds

https://www.ccj-online.com/

“Pilot-induced oscillations”

p -
https://www.youtube.com/watch?v=k6yVU_yYtEc
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MPC is a feedback law defined by the first element of the optimal control sequence obtained
as a solution to a constrained discrete-time Optimal Control Problem (OCP)!
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-

® Emerged in late 60s in academia and in late 70s in industry

e Extensive research on theoretical and computational aspects

( - - . .
e Increasing interest and adoption by industry, recent successes

.

For this talk:

KD Computational challenges for MPC in applications \

(2) Speeding up and increasing reliability of computations

(3 Inexactness of computations and closed-loop properties

@ Reference governor schemes for MPC

PRESS RELEASE

Pratt & Whitney's F135 Advanced Multi-Variable
Control Team Receives UTC's Prestigious George
Mead Award for Outstanding Engineering
Accomplishment

EAST HARTFORD, CONN., munsm@

Pratt & Whitney engineers Louis Celiberti, Timothy Crowley, James Fuller and Cary Powell
won the George Mead Award — United Technologies Corp.'s highest award for outstanding
~ for their work in the world's first advanced
multi-variable control (AMVC) design for the only engine that powers the F-35 Lightning Il
flight test program. Pratt & Whitney is a United Technologies Corp. (NYSE:UTX) company.

The AMVC, which uses a proprietary model predictive control methodology, is the most
technically advanced propulsion system control ever produced by the aerospace industry,
demonstrating the highest pilot rating for flight performance and providing independent

thrust and pitch from five sources. This innovative and industry-leading

is protected with five broad patents for Pratt & Whitney and UTC, and is the
new standard for propulsion system control for Pratt & Whitney military and commercial

http://www.pw.utc.com/Press/Story/20100527-0100/2010

Iy,

Pratt & Whitney

Image credit: A. Bemporad

@ Connectons with Multi-Disciplinary Design Optimizationj

EMBEDDED MPC DESIGN: REALITY

General Motors and ODYS have developed a multivariable constrained
MPC system for torque tracking in turbocharged gasoline engines. The
control system is scheduled for production by GM in fall 2018.

o Multivariable system, 4 inputs, 4 outputs,
QP solved in real time on ECU

e Supervisory MPC for powertrain control
also in production in 2018

First known mass production of MPC in the automotive industry
ODV'S

Image credit: A. Bemporad
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M-Air Outdoors Netted Testing Field
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Peredes, Sharma, Ha, Lanchares, Atkins, Gaskell, and K. (2021)
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‘o High order models resulting from physics-based
modeling

‘e Complex nonlinear dynamic behavior including
large deformations and aeroelastic effects

e Numerous structural and control effector
constraints need to be enforced

Trajectory following

B

TIME=0

MPC-based Maneuver Load Alleviation
Wind Tunnel Testing

X-Hale Testing Platform

Credit: C. Cesnik, U. Michigan

Pereira, Chaves, Bertolin, K., and Cesnik (2022)

Responding to gust

TIME=0

Still Air [Red], Gust [Green], with GLA Control [Blue]

4
Dillsaver, Cesnik and K. (2013)
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MPC for Héllioi'Or'b'it_Sfation ‘Keeping

Station-keeping on a 3:1 resonant Halo orbit around L,

using periodic Sum-of-Norms MPC
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Compression ignition engine

MPC for Reduced Engine Emissions

Experimental results: NOx emissions lowered without
causing visible smoke or increasing HC emissions
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Liao-McPherson, Huang, Kim, Shimada, Butts and K. (2020)
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Vehicle 3 as a follower
Bel;ef of interacting vehicle as a leader
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Li, Girard and K. (2019); Liu, Li, Tseng, K., Girard, Filev (2021)
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/ \ Inexaet.Neyvton—Kantorovich method:
e Extension of inexact Newton-Kantorovich method JFinding a root of f(z) =0

to variational inequalities

e Predictor-corrector methods (IPA-SQP, SSPC) M
f-0.4
e Sensitivity-based warm-starting el
0.8
e Semismooth optimization based solvers for QP: o En 0 05
FBRS, FBstab 1£(zF) + V f(20) ("= 2%)|| < ¢*)l £ (b))

F>0, " >50ask—

e Constraint aggregation using KS functions

Semi-smooth predictor-corrector (SSPC):

Predictor: Zk+1

e Symbolic computing design environment (SCDE) fees = 2o B-ViAzy
for NMPC By € 0.F (zk, z(t)) N

Vi € 0. F (2, .I,‘(f;,-))

(Zk+17 x(tlﬁ—l))

e Robust to early termination optimization

()

algorithms Corrector:
Zk4+1 = 5A~+1_B;T_{}1F(5k+l-.l'k+l)
s / /Ifnphmt curve B 8. F oy opn)
© F(z,z(t)) =0

1

with many collaborators Solving Necessary Conditions: F(z,z(tgy1)) =0 12
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/N ewton’s method for equation f(z) = 0\ " Newton-Kantorovich (exact) h /Inexact Newton-Kantorovich method\
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Optimality Conditions as a Variational Inequality (VI) Inexact Newton-Kantorovich method for Vls:
k ky( k1 _ ok k+1
o(x) + No(x) 20, C is closed and convex (p(@") + (A+ BY)(@ ! = %) + No (@) () Bero(r (0) # 0
No(e) = {yeR"(y,v—z)<0forallveC} ifzxeC F>0,¢*>0ask— o0 ; 0:R*— R”loc. Lipschitz
A I/ otherwise
e r-linear convergence + estimate of RoA

Dontchev, Huang, K., Nicotra (2019) 13
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e Optimal Control Problem in MPC
N-1
Minimize J = ) (&, ) + ®(En)
k=0
subject to the constraints

Tpr1 = f(Zg,0x), To= x(t)

. €R", dp€eUg, k=0,1,...,N—1

Dontchev, Huang, K., Nicotra (2019) 14



