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Traditional MPC, no monitoring

User defined parameters:

1. AB,C,D - system model (subspace ID?)
2. Q,R,S - regulator penalties (performance objectives)
3. Qu,Ry, - estimator tuning (focus of talk)
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MPC State Estimation Monitoring

e MPC with monitoring Layer
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Motivating Example

¢ MPC with sudden increase in sensor noise
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Motivating Example

e Operator increases control penalty as a result
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Motivating Example

e Objective function may be reduced by correct tuning
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Mismatch Effects

Case Interpretation Effect Operator Response Effect
: Excessive Increase Slow
Sensor quality .
Ry, 1 : control control tracking
deteriorates .
action penalty response
: Slow Suboptimal
More reliable . Probably p_
R, U tracking tracking
sensor none
response response
Excessive Increase Slow
Qu M System more control control trackin
v variable . d
action penalty response
Slow Suboptimal
0y System more trackin Probably tracFI)dn
W docile g none J
response response
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Stochastic Estimator

Xk+1 = Axk + Gwy wik ~ N(0,Qy)

Yk =Cxry+vr Uk ~N(O,Ry)

e Perfect model assumption
e Cross Correlations between outputs
e State noise (wg) propagates through time allowing Q,R separation

o Vi =Cxy+ Vg

e Vii1 = CAXy + CWy + Uiy

o Vikio = CAAXK + CAwg + CWki1 + Vkao

o Vii3z = CAAAxy + CAAwg + CAwyi1 + CWiio + Vi3

o Vikia = CAAAAXK + CAAAw, + CAAWK 1 + CAWgyo + CWiaz + Vi3
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Stochastic Estimator

yky,zT :
El Yk41Y Yk+1Vk+1 . =
Yk+2YVg  Yk+2Vks1  YVk+2Vik42

cap,cl capaTcT + cocT +R

cpcl +R
ca2p.cT ca2paTcl + caQalcT ca2pA?TcT + caQaTcl +r
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Convergent Solution

e A stable

e klarge
[ ykykTT :
E yk+1y]% Yk+1Yg+1 .
yk+2y]% Yk+2Vgpi1  Yk+2V42 .
| Yk+3Yk Yk+3Vk+1  Yk+3Vkt12  Yk+3Vk43

cscT + R
cascT cscT + R
caascT cascT  cscT +Rr
cAaaAascT  caascT cascT  cscT +R

where S = Q + AQAT + A2QA?T + ASQA3! + ... (Lyapunov)
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Least Squares Problem

e Fit parameters to data

oyl - C I )
g| Y _| cA o { SC }
: 5 : R
| yk+Nyg ddata | CAN 0 |

e Care must be taken in setting up LS problem
e LS may try to fit noise

e Use banded window approach to achieve well conditioned problem
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Convergent Solution

BRI
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Convergent Solution

_ i .
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Build least squares problem

Build windows to achieve observability (if possible)
Compute expectations from data

Compute R and SCT

Extract Q from SC!

a bk wNPE
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Computing Expectations

e Replicate experiments provide good data
e Not practical on a real process
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Computing Expectations

e Better to use sliding window to provide “replicates”

Sliding Window

I—- T ooy

16

TWMCC—Madison, WISeptember 26, 2001



e Element by element estimation of R
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Closed loop modifications

1. Augment System for stability
2. Use augmented system for MPC model to apply constraints
3. Subtract constraining control actions to obtain unconstrained outputs

4. Apply “open loop” methodology

P> A

xk - Xk S

Uy = [ Kx K ] + U+
k X u Up_ 1 — ui k Pk

\ J constraining part

stabilizing/gracking part
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Closed loop modifications

Zx+1 = Az + Bpr + Gwy

Yk = Czg + Vg

SHIEH

v ~ N (0,R) (1)

e Closed loop methods build in cross-correlation terms

- Q o]o
E[ "][ib’,{ va]: 0O R|R 2)
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0 R|R
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Closed loop Example
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Closed loop Example
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Initial Tuning
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Dynamics Shifts
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Shell Control Example

4.05¢ 275  1.77¢7285 588 27S
50s+1 60s+1 50s+1
G(s) 5.39¢ 185 57207145 g 90e 158
50s+1 60s+1 40s+1
4.38¢ 205 4.4207225 7.20
33s5+1 44s+1 195+1
—-05<u=<0.5
0.3
Vi = 0.3 | (unreachable)
—0.3

e 30 states

e 12 Covariance elements to estimate
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Shell Control Example
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Output disturbances

Xk+1 = AXk + Bur + Gwyg

Yk = Cxy + di + Uk (3)
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e Disturbances affect estimation monitoring intially
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Robustness

1

gls) = (s+1)(s+2) (4)

e 20% mismatch in time constant
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e Model mismatch leads to incorrect estimates

e Yields optimal tuning for incorrect model, however
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Model Identification

Model

Validation

Targets
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Overall Strategy

1. Initial on-line validation of model

2. Re-identify model until confidence reached
3. Begin online estimation of tuning parameters
4. Correct tuning if constraints violated

5. Periodic testing for validity of model
Conclusions:

1. Qu and R, can be identified from data in many cases

2. Estimation is subject to model mismatch, but not in a catostrophic way
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Future Work

Short Term

e Test methodology with data

e Downs problem (startup monitoring)

e Configure module with different MPC strategies

Long Term

e Implement model mismatch detection

e Combine package into robust industrial software
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