Lecture 12 - Optimization

* Linear Programming — LP

* Optimization of process plants, refineries
* Actuator allocation for flight control

* More interesting examples

* Introduce Quadratic Programming — QP

e More technical depth
— E62/MS&EI11 - Introduction to Optimization - basic
— EE364 - Convex Optimization - more advanced
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On-line Optimization in Control

« Important part of multivariable control systems

« Many actuators, control handles, feedback loops

« Choose coordinated setpoints for the feedback loops
* Problem statement: quasi-static control

* Dynamics are not important
— slow process
— low-level fast control loops
— fast actuators
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Optimization Approach

objective ——Optimizer

commands

Plant

— > outputs

* Goal: compute multiple setpoints in a reasonable,

coordinated way
* Optimize resources
« Satisfy constraints

* Need to state an optimization problem such that

— a solution can be computed quickly, efficiently, reliably

— the objectives and constraints can be included into the formulation
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Optimization Methods

Least squares - linear quadratic problems
— Used for identification
— Analytical closed form, matrix multiplication and inversion

— Proven utility — 200 years

Linear Programming
— Simplex method
— Dantzig, von Neumann, 1947 — 60 years

Quadratic Programming
— Interior point methods, 1970s-80s — 20 years

Convex optimization: includes LP, QP, and more

— Current
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Optimization in Process Plants

Unit 1 - Conventional
Structure

Unit 2 - MPC Structure

Plant-Wide Optimization

v 1

v 1

Unit 1 Local Optimization

Unit 2 Local Optimization

v 1

v 1

High/Low Select Logic

v v 1

|Lcadeag

SUM SUM

Model
Predictive
Control
(MPC)

v 1

v 1

Unit 2 Distributed Control

System (PID)

Unit 1 Distributed Control
Svystem (P1D)
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Global Steady-State
Optimization
(every day)

Local Steady-State
Optimization
(every hour)

Dynamic
Constraint
Control

(every minute)

Supervisory
Dynamie
Control

(every minute)

Basic Dynamic
Control
(every second)
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Optimization in Process Plants

Material & Production Demand
Equipment <& a5 Forecast
Supply & Plan
Distribution
Raw Material E‘IJSinE.!SS
Allocation AL
. Production
h e Planning
Inventory Schedule &
Management Optimization
Produ_éﬁon Control P;"c;)duct
Schedule Blending
Measurement
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Industrial Architecture Example

Experion Platform Architecture

Asset Manager
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Integrated
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Web-based Human Interface
Experion Station
ASM Operator Effectiveness.

i
-
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Regulatory, Logic ¥

Based Controls

Desktop Access
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e Workcenter,
e and Advanced
L) . .
= Applications

"~ Web Browsers

a Process Sensor
Video Manager N

Redundant Global
Database & Historian
Experion Server

Integrated Physical Security
Enterprise Building Integrator

Plant Simulation
UniSim

Precision Measurement and Control
Quality Gontrol System

TS

SIL 3 Safety System
Safety Manager

Controller

Wireless (<~Sud < C300/C200 & Profit Loop =
Access |} > g -
; . 4 Redundant il -
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Linear Programming - LP

e [P Problem:

Ax < b
Gx=h

J=f"x— min - -

« Might be infeasible! ... no solution satisfies all the constraints

« Matlab Optimization Toolbox: LINPROG

X=LINPROG(f,A,b,Aeq,beq) attempts to solve the linear
programming problem:
min f'¥*x subject to: A*X <= b, Aeq*X = beq
X

EE392m - Spring 2005 Control Engineering 12-8
Gorinevsky



Linear programming

Ax < b
Gx=h

J=f"x— min

e Simplex method 1n a nutshell:

— check the vertices for value of J, select optimal |
— 1issue: exponential growth of number of vertices with the problem size
— Need to do 10000 variables and 500000 inequalities.

* Modern interior point methods are radically faster

— no need to understand the detail, standard solvers are available
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Refinery Optimization

* Crude supply chain - multiple o1l sources
 Distillation: separating fractions

* Blending: ready products, given octane ratings
* Physics-based model — mass balance

* Objective function: profit
e LP works 1deally:

— linear equalities and inequalities, single linear objective function

' —
— i - 1 ep GCL
Frehested -.—ID_ LSR .
Crude _|_
-— | Fua [Neshbe |
L Furhace aphtha |
| ! ——  Kerosene Naphtha 1 "
Preflash —— - SpFIﬂEAI‘ Refarmer - Stabilize
Tower .._‘ Diecel Feed Reformer
== 1 Splitter Feed
, AGD e
Main - = Heawy
Column Residug MNaphtha
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Blending Example

* A Blending Problem: A refinery produces two grades of
fuel, A and B, which are made by blending five raw stocks
of differing octane rating, cost and availability

Gasoline Octane Rating Price $/B
A 93 37.5
B 85 28.5

Stock Octane Rating Price $/B Availability
1 70 9.0 2000
2 80 12.5 4000
3 85 12.5 4000
4 90 27.5 5000
5 99 27.5 3000
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Blending Example

----------------------------------------------------------------------------------
-----------------------------------------------------------------------

R
' SA2 , SB2 i | Z US?2
sa3,s83 B 3| us3
SA4,SB4 i i US4

55,585 (8] {5 uss
S fA] FA Fuel
5 Blend
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Blending Example

* LP problem formulation:
J = 9US1 + 12.5US2 + 12.5US3 + 27.5US4 + 27.5US5 + 37.5FA + 28.5FB 2> MAX

[Stock Availability]

S1A +S1B +US1 = 2000
S2A + S2B + uUs2 = 4000
S3A + S3B + us3 = 4000
S4A + S4B + us4 = 5000
S5A+ S5B + us5 = 3000
[Fuel Quantity]
S1A+S2A+S3A+S4A+S5A = FA
S1B+S2B+S4B+S5B = FB

[Fuel Quality]
70S1A + 80S2A + 85S3A + 90S4A + 99S5A
70S1B + 80S2B + 85S3B + 90S4B + 99S5B

93FA [Quality A]
85FB [Quality B]

v v

[Nonnegativity]
S1A,S2A,S3A,S4A,S5A,S1B,S2B,S4B,S5B,US1,US2,US3,US4,US5,FA,FB > 0
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Matlab code for the example

% OctRt Price $/B

Gas = [93 37.5;
85 28.5];

%Stock OctRt Price $/B Availability
Stock = [70 12.5 2000;

80 12.5 4000;

85 12.5 4000;

90 27.5 5000;

99 27.5 3000];

% Revenue
f = [zeros(10,1); Stock(:,3); Gas(:,2)];
% Equality constraint
G = [eye(5,5) eye(5,5) eye(5,5) zeros(5,2);
ones(1,5) zeros(1,5) zeros(1,5) -1 0;
zeros(1l,5) ones(1,5) zeros(1,5) 0 -1];
h = [Stock(:,3); zeros(2,1)];
% Inequality (fuel quality) constraints
A = [-[Stock(:,1)" zeros(1,5) zeros(1,5);
zeros(1,5) Stock(:,1)' zeros(1,5)] diag(Gas(:,1))];
b = zeros(2,1);
% X=LINPROG(f,A,b,Aeq,beq,LB,UB)
X = linprog(-f,A,b,G,h,zeros(size(f)),[1);
Revenue = f'*Xx
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« Blending distribution:

5000
4000
3000
2000
1000

0

5000
4000
3000
2000

Blending Example - Results

SA
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Produced Fuel:
A 2125
B 15875

Control Engineering

Total Revenue:
$532,125
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GPS

Determining coordinates by comparing distances to several
satellites with known positions

 See E62 website:

http://www.stanford.edu/class/engr62e/handouts/GPSandLP.ppt

%

g AN
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Computing Resource Allocation

e Web Server Farm

* LP formulation for
optimizing response
time (QoS)

N

O

Endogenous and
exogenous arrivals
for N web sites,

K distinct classes

>
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Aircraft actuator allocation

e e e Multiple flight
Differential thrust e T
' control surfaces

Center of gravity
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Aircraft actuator allocation

e Multiple flight control surfaces: ailerons, elevons, canard
foreplanes, trailing and leading edge flaps, airbrakes, etc

M .
rol Allocation
MpifCh = B(O(, ?, V)u ddesired . - u
Algorithm
M yaw
- - d = Bu
y Cmdl Desired  |[(dy/dt)des g u
Dynamics — 7| Solve Bu=d [ dx/dt = f(x,u)
T A
‘ S e PR
5
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Actuator allocation

« Simplest approach - least squares allocation
u=B'F

B = (BTB)_IBT solves Bu=F, Hu”j — min

LS allocation does not handle constraints

* LP optimization approach BSOS, e
Bu=F, HWTMH1 — min G
HWTMH1 = Zwk "“k , w20 u =0
Bu"—Bu =F

Solve the LP, get u=u" —u"
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Actuator allocation

 Need to handle actuator constrains

 Introduce scale factor v for the case where constraints cannot
be satisfied exactly

* Modified allocation problem

HwTuHI—v%min u <usu

BM — VF O <y< 1
 To make maximization of v dominant, select

), <<1

. T . . ..
 For v on the constraint (v=1), Hw qu 1s minimized
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Actuator allocation

[P extended to include actuator constrains

HWTMHI —Vy — min u' <u<u”
Bu = vF 0<v<li
wut+wu —v—min |/ =p" w -1 Ax<b
B B )i 0 O_ [ u ] Gx=h
Bu"—Bu —vF =0 . ; .
-7 0 0 —u - - f"x — min
u' <ut <u” 0 -1 0 u" -’
A= ,b= box=|u
u' <—u <u” 0 I 0 —u y
0 0 | 1 - -
0<v<l1 0 0 -1 |o]
G=[B -B -F|lh=0
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Actuator allocation example

 Problem:
[w"u v — min B=[09 -0.7 04 0.1]
Bu = VF w=[0.1 0. 0.02 0.001]

—1<5u<l

e LP problem solution for F'=1.5

SOLUTION FOR F=1.5

ACTUATOR WEIGHTS

) I
-O .5 .

1 2 3 4
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Actuator allocation example

* LP problem solution for F from -2.5 to 2.5
1

-1
1
TUATOR WEIGHTS

1 :
ol _— N m— -3 ) -1 0 1
4 B

1 2 3 4
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Extreme actuator allocation

(Xerox) PARC jet array table

Jets must be allocated to achieve commanded total force and
torque acting on a paper sheet

See IEEE Trans on CST, No. 5, 2003 -
F=> f,

T=> f, X7
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Actuator allocation

» Least squares + actuator constraints
Bu=F,
2 .
|#|” — min

u' <u<u”

This 1s a QP optimization problem
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Quadratic Programming

e QP Problem:
Ax<b
Gx=h

JzéxTHx+fo%min

« Matlab Optimization Toolbox: QUADPROG
e Same feasibility issues as for LP

« Fast solvers available

e More 1n the next Lecture...
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