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Fast MPC? Ideal NMPC Quasi Ideal

Ideal Framework: Recalls & Basic Notations : :

\
In the ideal framework, when
the horizon moves, the hot
start f)/f computed from the pre-
vious optimal solution py satisfies:

present prediction horizon

Xk+1

J(B s xk+1) £ J(Pr, Xk )

<Ly Mayne et al. Automatica (2000)

L oxe)=J(pr.xk) — @+ @
>
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J(p
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Fast MPC? Ideal NMPC Quasi Ideal

Ideal MPC: The key assumptions

\

In the ideal framework, when
the horizon moves, the hot
start p, computed from the pre-
vious optimal solution py satisfies:

» Formulation involving Final
constraints

» (hot start)-compatible
J(ﬁi-xkvl) < J(Pk; k) parametrization

<Ly Mayne et al. Automatica (2000). > Pk SUthIently gOOd

- J
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Ideal MPC: The key assumptions

\

In a realistic framework, when
the horizon moves, the hot start
p, computed from the previous
solution py satisfies:

» Formulation involving Final
constraints

» (hot start)-compatible

J(p,f Xk+1) = J(pk, xk) + D(14) parametrization
D(0) = 0 » Dy sufficiently good
D(7y) is not necessarily < 0.
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Fast MPC? Ideal NMPC Quasi Ideal

Ideal MPC: The key assumptions

\

In a realistic framework, when
the horizon moves, the hot start
p, computed from the previous
solution py satisfies:

Even with perfect
undisturbed model

J(p s xks1) = J(pks xk) + D(74)
D(0) =0

D(7y) is not necessarily < 0.

\§ J
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Preparation & Feedback Steps

prediction horizon

Xk—1@
Tu

tk—1 ty te+T t
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Fast MPC?

Preparation & Feedback Steps

Xk—16

Tu

prediction horizon

p X (predicted)

Ideal NMPC  Quasi Ideal

1. Predict X
2. During [tk—la tk]

N

e Opx
Compute p(Xx) [and 51

th—1

ti

te + T
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Preparation & Feedback Steps

o ) 1. Predict X
prediction horizon 2. During [tx_1, t]
. Opx
C te p d —
ompute p(%x) [and 5 7]
Xk
) %y (predicted) 3. Once x is available:
N s op
Xk—19 Pr + P(Xk) + [%} - Ox
Tu
tk—1 ty te + T t
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Preparation & Feedback Steps

o ) 1. Predict X

prediction horizon 2. During [tx_1, t] .
Compute p(Xx) [and %]
(preparation step)

Xk

) %y (predicted) 3. Once x is available:
R e Ok
Xk—1¢ P < p(X«) + [5} - Ox
Tu
> (feedback step)
tk—1 ti tk + T
‘</ Diehl et al. SIAM J. Ctrl and Opt. (2005)

p Zavala and Biegler. Auomatica (2009)
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Xk
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> (feedback step)
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NOTA: Even with feedback, uncertainty potentially increases D(7,)
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Fast MPC? Ideal NMPC  Quasi Ideal

Definition of Fast NMPC Problems

T, is the time between two
control updating

prediction horizon T, is the time during which there

is no feedback

max
5.1 Xk =Ty <7,
x X) (predicted)

Xk—14¢
Tu

tk—1 tk ty+ T ¢



Definition of Fast NMPC Problems

T, is the time between two
control updating

prediction horizon T, is the time during which there
is no feedback

5 Xk =7, < T

Xi X) (predicted)
Fast NMPC Problems

Xk—16
Ty Fast NMPC problems are
those for which
-1 tx t+T t

Tsolve (NLP()N(k)) > T

u
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Fast MPC? Ideal NMPC  Quasi Ideal

The lterative Process

prediction horizon

P00 S(p0), %)

J(Pr—1,%k—1)®

Tu

tk—1 tk tk+T t
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Fast MPC? Ideal NMPC  Quasi Ideal

The lterative Process

prediction horizon

J(p;ﬁl.Xk) P;71 hot start ——> p;((O)

P41 ¢ §(p0, x)

J(Pr—1,%k—1) 9

¢ P = Pr(xx)

Tu

tk—1 tk tk+T t
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Fast MPC?

The lterative Process

prediction horizon

Ideal NMPC  Quasi Ideal

T1
J(p;ﬁl.Xk) P;71 hot start ——> p;((O)
i1 .
(0) (1) P('Jr )+ S(P(')ax)
S(pk axk) ™ Py
J(Pk—1,%Xk-1)9
¢ Pk = Prlx«)
Tu
tk—1 tk t+T t
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Fast MPC? Ideal NMPC  Quasi Ideal

The lterative Process

prediction horizon

J(Pi—1: %) Pl hot start

J(Pr—1,%k—1) 9

¢ P = Pr(xx)

Tu

tk—1 tk tk+T t

dynamic equation for p

pe = SO(p %k 1)
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Fast MPC? Ideal NMPC  Quasi Ideal

Sufficient Conditions of Success

prediction horizon

T1:T1
(P> %K) s b D, hot start — > p1(<0)
[ ]
fpec ) Pk J(Pk; Xk)
® Dk = Pr(xk)
Tu
tik—1 ty T >t
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prediction horizon
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Closed-Loop Evolution of the Cost Function

J(p,x)
p;:fl
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Closed-Loop Evolution of the Cost Function

J(p,x)
8(2) (p;:_la Xk)
p;:fl

Dk

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 / 32



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 1



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 1



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 / 32



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 / 32



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 / 32



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 /



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 /



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 / 32



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 / 32



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 10 / 32



Fast MPC? Ideal NMPC  Quasi Ideal

Closed-Loop Evolution of the Cost Function

J(p,x)

1. No finite escape time

2. ldeally stabilizing NMPC
formulation

3. Good choice of (S, 7y):

—ES(1,)+ D(7,) < O

J
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Analysis Key properties Comparing Algorithms Updating Schemes

Reminder

D(r,) — ES(1,) <0
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Analysis Key properties Comparing Algorithms Updating Schemes

Reminder
D(r,) — ES(1,) <0
D(r,) ~N —ES(14) ~
Tu

>
>

> D(mu) == J(p".x") = J(p.x)
» D(0) =0, D(r,) can be >0

> 7, € [0, 7]

s Independent of the solver § I\ )

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 12 / 32
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Reminder
D(r,) — ES(1,) <0
D(r,) ~N —ES(14) ~
A D(Tu)
T
g VAN J
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Analysis

Reminder

Key properties Comparing Algorithms Updating Schemes

> % = int(1,/77)
> Tig time for a single iteration

» 7, €{1,2,...} x1{

S _
> ES(0) =0

> ES(ry) = J(p©,x)—J(p°), x)

\
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Analysis Key properties Comparing Algorithms Updating Schemes

ES(1,) > D(1,)?
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Analysis Key properties Comparing Algorithms Updating Schemes

ES(1,) > D(1,)?

ESl(TU)

ES2(TU)
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Analysis Key properties Comparing Algorithms Updating Schemes

Key properties of a solver

ES(r), D(ru) Keep in Mind N

It is sometimes better to choose a
less efficient? solver with shorter
ESi(r,) preparation step duration 7.

ES2 (T“)

“per iteration

N J
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Analysis Key properties Comparing Algorithms Updating Schemes

Key properties of a solver

ES(r), D(ru) Keep in Mind N

It is sometimes better to choose a
less efficient? solver with shorter
ESi(r,) preparation step duration 7.

ES2 (T“)

“per iteration

N J

Gradient-based studies
/\/v Bemporad and Patrinos (2012), Jones et al. (2012), MA (2013).
Heuristics for second order methods

4{% Bock et al. SIAM (2007)
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Analysis

Comparing Algorithms: An Example

Ly Houska et al. Automatica (2011)

D \

Key properties Comparing Algorithms Updating Schemes

)'<1 = X2

X2 = U uc [—1,+1]

X3 = X4

X4 = —gsinxz— Ucosx3— bx
\ 4 g 3 3 4)

M. Alamir, ECC 2014, Strasbourg
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Analysis Key properties Comparing Algorithms Updating Schemes
Comparing Algorithms: An Example

Ly Houska et al. Automatica (2011)

D \

5(1 = X2
X2 = U uc [—1,+1]
X3 = X4
4 = 8 Sin X3 — U COS X3 — bX4j
e Cost N
Np
x4 il1% + lulyi—1 1
>
\_=! Y,
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Analysis Key properties Comparing Algorithms Updating Schemes
Comparing Algorithms: An Example

Ly Houska et al. Automatica (2011)

M N\ » N, =10 and T, = 3 sec

X1 = Xo » Two solvers:

Xo = u ue[-1,+1] S1 Full gradient

. S, Partial gradient

X3 = X4

. . 4
\X4 = —gsinx3 — UCOSX3 — bX4) > Ti?z _ [ﬁ] v Tfl
o i .

> TU(S2) = [E] X 7—u(Sl)
NP

> lxflE + lulyaliz > 7,(S1) € {5,50,100} ms

\_ =1 )
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Analysis

Typical Closed-Loop Behavior

Closed-Loop State Trajectory

1 T T *_Xl 1
_X3
0
1L |
_2 | | |

0 5 10 15 20

time (sec)

M. Alamir, ECC 2014, Strasbourg

Key properties Comparing Algorithms Updating Schemes

Closed-Loop Control Trajectory

T

T

1 o .
O H
-1 | | | i
0 5 10 15
time (sec)

Fast NMPC: Good News and Facts to Keep in Mind

20



Analysis Key properties Comparing Algorithms Updating Schemes

Sy is more efficient than S, . .. per iteration !

J(p(l)a XO)

T T T T T T T
J —o— &1 (Full gradient)
160 —— S, (partial gradient)

|

140

120

| | | |

| | |
0 20 40 60 80 100 120 140
number of function evaluations (/)
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Analysis Key properties Comparing Algorithms Updating Schemes

Closed-Loop Evolutions of the Predicted Cost

J(pk7xk)
I I I I I
— &1 (Full gradient)
150 — &S5 (partial gradient) |
100 |- 3
50 - 7
O I | | .
0 1 2 3 4 5 6
time (sec)
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Analysis Key properties Comparing Algorithms Updating Schemes

Closed-Loop Evolutions of the Predicted Cost

J(pk7xk)

I I I I I
— &1 (Full gradient)
150 — &S5 (partial gradient) |

100

50

time (sec)
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Analysis

Comparison of Effective Closed-Loop Cost

cl—

sim

[Iel1 + llun-a ]

Key properties Comparing Algorithms Updating Schemes

Ns; —
Tu(S1) 100 ms 50 ms 5 ms
Full Gradient 0.728 0.430 0.027
Partial Gradient 0.300 0.110 0.008
Gain % 59% 74% 70%

M. Alamir, ECC 2014, Strasbourg
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Analysis Key properties Comparing Algorithms Updating Schemes
Updating Scheme For a Given Solver

4 )

Assume that a solver S has been chosen . ..

Is there any remaining choice 7
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Analysis Key properties Comparing Algorithms Updating Schemes

What is the optimal 7, for a given solver?

ES(1,) > D(1,)?

ES(TU)
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What is the optimal 7, for a given solver?

ES(1,) > D(1,)?

ES(TU)

M. Alamir, ECC 2014, Strasbourg Fast NMPC: Good News and Facts to Keep in Mind 21 /



Analysis Key properties Comparing Algorithms Updating Schemes

What is the optimal 7, for a given solver?

ES(1,) > D(1,)?

Given S, how to adapt g?

ES(TU)
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Analysis Key properties Comparing Algorithms Updating Schemes

Updating 7, is a control problem ...!

prn = ST (p x,))
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Analysis Key properties Comparing Algorithms Updating Schemes

Updating 7, is a control problem ...!

prn = ST (p x,))
xer1 = F(xe,U(0, pr))
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Analysis Key properties Comparing Algorithms Updating Schemes

Updating 7, is a control problem ...!

Pk+1 _ ,_-( Pk T)
XkJr]_ » 'u
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Analysis Key properties Comparing Algorithms Updating Schemes
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Analysis

/[q = 2 without adaptation

\

Key properties Comparing Algorithms Updating Schemes

J

Output Evolution

Control Evolution
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Analysis Key properties Comparing Algorithms Updating Schemes

/[q = 100 without adaptationW
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Key properties Comparing Algorithms Updating Schemes
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Parametrized NMPC Intro AMT Diesel Cryogenics BMS Mechatronics

Outline

What is Fast Performance Parametrized

NMPC? Analysis NMPC

Motivation
Examples
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Introductory Example: Interception of moving target
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Parametrized NMPC Intro AMT Diesel Cryogenics BMS Mechatronics

Introductory Example: Interception of moving target

predicted

» Optimal Rendez-vous problem
> Free final time

» Highly uncertain
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Introductory Example: Interception of moving target

» Guess some tr.

» Compute the corresponding P:(tf)
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Introductory Example: Interception of moving target

» Guess some tr.
» Compute the corresponding P:(tf)
» Compute the parabola
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Introductory Example: Interception of moving target

» Guess some ty.
» Compute the corresponding Py(tr)

v

Compute the parabola

v

Simulate parabola tracking
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Introductory Example: Interception of moving target

» Guess some tr.

v

Compute the corresponding Py(tr)

v

Compute the parabola

v

Simulate parabola tracking

Scalar NMPC
min | Pm(tr) — Pe(tr)ll
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Intro AMT Diesel Cryogenics BMS Mechatronics

Parametrized NMPC

Introductory Example: Interception of moving target

Pe(tr)
B i S
////7"7 ® - ________ -
P, e
) » Guess some tr.
» Compute the corresponding Py(tr)
» Compute the parabola
» Simulate parabola tracking
. Scalar NMPC

min [ Pm(r) — Pe(tr)|
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Introductory Example: Interception of moving target

Pe(tr)
R
////7’_7 ® - ________
Pe 0 7T
) Guess some tr.
» Compute the corresponding Py(tr)
» Compute the parabola
» Simulate parabola tracking
/Pm

Scalar NMPC
min | Pm(tr) — Pe(tr)ll
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Introductory Example: Interception of moving target

Full solution 40 ms
Fast solution 0.4 ms

o {Df(.tfz L &y M.A. Control Eng. Practice (2001)
T R
Pe 0 7T
) » Guess some tr.
» Compute the corresponding Py(tr)
» Compute the parabola
» Simulate parabola tracking
/Pm

Scalar NMPC
min | Pm(tr) — Pe(tr)ll
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General Aspects of Parametrized NMPC

v

Reduced number of parameters

1. Reduce 7 !

v

Problem conditioning

2. Qualify specific algorithms
» Sub-optimality (Simplex, Torczon, etc.)
3. Easier certification

v

Problem dependent
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General Aspects of Parametrized NMPC

» Reduced number of parameters J(p)

parametrized

v

Problem conditioning

» Sub-optimality full

v

Problem dependent
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General Aspects of Parametrized NMPC

v

Reduced number of parameters Efficiency

v

Problem conditioning

v

Sub-optimality

v

Problem dependent

Genericity
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Parametrized NMPC

Automated Manual Transmission

torque o ENGINE . __eumox
demand CONTROL e 2
shat H

crankshaft !
-t

T: [
ENGINE |
@
g o clutch !
ronuse |‘> actuator
ANT CONTROL ) goarpox
gearshit __A\ actuator(s)
DRIVER request

4@ Amari et al. IFAC World Congress (2008)
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Parametrized NMPC

Automated Manual Transmission

torque ENGINE _w
demand > CONTROL - ":;;'I 2
e

cunk:nm '
=

clutch !

_—
surtan [ s -
(2
? Lm_|
_‘)m gearshit __A\
o

DRIVER

acmalur(sl

Control objective
» Smooth (we — we — 0)

» Transparency (pedal — Te)

Intro AMT Diesel Cryogenics BMS Mechatronics

4@ Amari et al. IFAC World Congress (2008)
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Automated Manual Transmission

torque ENGINE W
demand > CONTROL - main
crankanart | i -y secondary
B H W shaft T

- clutch
satan F’ il
(2
{ |-> ANT ConTROL —
_Bm gearshit __
Tequest

DRIVER

acmalurlsl

Control objective
» Smooth (we — we — 0)
» Transparency (pedal — Te)

Constraints
» Control level saturation
» Control derivative saturation
» Embedded control

40 Amari et al. IFAC World Congress (2008)
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Parametrized NMPC

Automated Manual Transmission

torque ENGINE _w
demand > CONTROL -""" 2
sham . .
cunk:nm ' H H
ENGINE |

startup clutch
Toquest —| actuator

ANT CONTROL —
gearshit __A\
request

acmalarlsl

DRIVER

Control objective
» Smooth (we — we — 0)
» Transparency (pedal — Te)

Intro AMT Diesel Cryogenics BMS Mechatronics

R. Amari  P. Tona (IFP)

Constraints
» Control level saturation
» Control derivative saturation
» Embedded control

Solution

Replace NL groups by observed terms.
Parametrized MPC with p = 7,
Solve the NLP by dichotomy

40 Amari et al. IFAC World Congress (2008)
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Parametrized NMPC

Automated Manual Transmission

torque ENGINE W
demand > CONTROL - main
crankanart | i -y secondary
B H W shaft T

Intro AMT Diesel Cryogenics BMS Mechatronics

» Control level saturation
» Control derivative saturation
» Embedded control

ENGINE | 3200 . 36
O . 3 " 3000 -t 24
) p.:'.::‘.:, 2s00f 3N ®
_"IH‘T_) vuum:mjmml Ly o acmalurlsl 2600 i - - 30
DRIVER request - we i i We LT —
£ 2400 $id ‘
. . 72200 E, \ e Moatl -
Control objective s % v
e, Spees Vol
» Smooth (we — we — 0) 1800 ooy oty
160857563 66 55 i n; 565 660 670 ©
» Transparency (pedal — T¢) S e
Constraints Solution

Replace NL groups by observed terms.
Parametrized MPC with p = 7,
Solve the NLP by dichotomy

40 Amari et al. IFAC World Congress (2008)
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Automated Manual Transmission

o —> e, (5]
icunklhaﬂi span R phasy ”'-‘s'::"l"y I T P Tona (lFP)

ENGINE | 4000 a4
il 3800 42
""" clutch 3600 40
: 3 r’-cmmr 2200
SR T o -
?_2800 A s
. . 2600 [ et e
Control objective 200 AL o T
2200 F oo (km/h) |0
» Smooth (we — we — 0) . 2
160055 391 392 393 394 395 396 397 398 399 400"
» Transparency (pedal — Te) T )
Constraints Solution
» Control level saturation Replace NL groups by observed terms.
» Control derivative saturation || Parametrized MPC with p = T,
» Embedded control Solve the NLP by dichotomy

40 Amari et al. IFAC World Congress (2008)
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Parametrized NMPC

Automated Manual Transmission

domana > conTRo Caearoen |
demand CONTROL -rrmn [eearmo |
shat  _____ I

crnkstatt | : s secondary |

-+ | shaft L

clutch

start-up
Toquest actuator
L ANT CONTROL —
gearshit __A\
request

acmalarlsl

DRIVER

Intro AMT Diesel Cryogenics

BMS Mechatronics

R. Amari  P. Tona (IFP)

(d) Torques

» Control level saturation
» Control derivative saturation
» Embedded control

10
Control objective ohoen
> SmOOth (we - wc _> 0) 10093 1094 ’1095 1096 1097 1098 1099 1100 1101 11‘02 1103
» Transparency (pedal — Te)
Constraints Solution

Replace NL groups by observed terms.
Parametrized MPC with p = 7,
Solve the NLP by dichotomy

40 Amari et al. IFAC World Congress (2008)
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Parametrized NMPC

Automated Manual Transmission

torque ENGINE W
demand > CONTROL - main
crankanart | i -y secondary
B H b shaft T

clutch

start-up

Toquest actuator

AMT CONTROL s, 9

gearshit __A\ acmalorlsl
request

DRIVER

Control objective
» Smooth (we — we — 0)

» Transparency (pedal — Te)

Intro AMT Diesel Cryogenics BMS Mechatronics

R. Amari  P. Tona (IFP)

(e) MPC lterations and N;)

50
K_iteration

L T RE| [ERRREE SRS EETR N

] C SIDITC SEERIITS| EEREPSSEREESS SIEREE SRRRREE SRR SR

0
1093 1094 1095 1096 1097 1098 1099 1100 1101 1102 1103
[s]

Constraints
» Control level saturation
» Control derivative saturation

» Embedded control

Solution
Replace NL groups by observed terms.

Parametrized MPC with p = 7,
Solve the NLP by dichotomy

40 Amari et al. IFAC World Congress (2008)
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Parametrized NMPC

Automated Manual Transmission

torque o ENGINE

demand CONTROL -"“'"
shamt .. 4= secondary

4 i shaft L

cunk:nm '
=

ENGINE |

- cluteh |
satan |->.m.m, L
_,,m AT coNTROL —
gearshit __A\ acmalur(sl
Tequest

DRIVER

Control objective
» Smooth (we — we — 0)
» Transparency (pedal — Te)

Intro AMT Diesel Cryogenics BMS Mechatronics

P. Tona (IFP)

total run time
time taskl
time task2
= AMTstate

: Idle mode

: Vehicle start-up

: Pedal mode

Constraints
» Control level saturation
» Control derivative saturation
» Embedded control

Solution
Replace NL groups by observed terms.

Parametrized MPC with p = 7,
Solve the NLP by dichotomy

<<l Amari et al. IFAC World Congress (2008)
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Diesel Engine AirPath Control

Linz) R. Furhapter (Linz)

A. Murilo  P. Ortner

&y Murilo et al. Int. J. Control (2013)
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Diesel Engine AirPath Control

MAP

ver

o0 Diesel
Engine

Intro AMT Diesel Cryogenics BMS Mechatronics
.

A Murilo  P. Ortner (Linz) R. Furhapter (Linz)

&y Murilo et al. Int. J. Control (2013)
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Diesel Engine AirPath Control

—1

A Murilo  P. Ortner (Linz) R. Furhapter (Linz)

o0 Diesel
Engine

MAP

ver

MAF ‘ I |

Problem description
Nonlinear 8-dimensional model
Non minimum-phase dynamic

Saturations on v and i
Embedded Control

&y Murilo et al. Int. J. Control (2013)
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Diesel Engine AirPath Control

o0 Diesel
Engine

MAP

ver
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—1

A Murilo  P. Ortner (Linz) R. Furhapter (Linz)

Problem description
Nonlinear 8-dimensional model
Non minimum-phase dynamic

Saturations on v and i
Embedded Control

u(t) = Sat,m> (u* +oage M4 agef)‘zt)

&y Murilo et al. Int. J. Control (2013)
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Diesel Engine AirPath Control

o0 Diesel
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—1

A Murilo  P. Ortner (Linz) R. Furhapter (Linz)

Problem description
Nonlinear 8-dimensional model
Non minimum-phase dynamic

Saturations on v and i
Embedded Control

u(t) = Sat,m> (u* +oage M4 agef)‘zt)

u* + a1+ a2 = uk—1 (continuity)

&y Murilo et al. Int. J. Control (2013)
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Diesel Engine AirPath Control

—1

A Murilo  P. Ortner (Linz) R. Furhapter (Linz)

o0 Diesel
Engine

MAP

ver

MAF ‘ I |

Problem description u(t) = Sattmes (u* 4 agehit +a2e—)\2t)
Nonlinear 8-dimensional model U + a1+ a2 = 1 (continuity)

Non minimum-phase dynamic —Aa1 — Aap = p X 0™, pe[—1,+1]?
Saturations on v and i
Embedded Control

&y Murilo et al. Int. J. Control (2013)
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Diesel Engine AirPath Control

—1

A Murilo  P. Ortner (Linz) R. Furhapter (Linz)

o0 Diesel
Engine

MAP

ver

MAF ‘ I |

Problem description u(t) = Sattmes (u* 1 age—Nt +a267)\2t)
Nonlinear 8-dimensional model U + a1+ a2 = 1 (continuity)

Non minimum-phase dynamic —Aa1 — Aap = p X 0™, pe[—1,+1]?
Saturations on v and i = (o1, a2) == F(uk-1,p)

Embedded Control

&y Murilo et al. Int. J. Control (2013)
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Parametrized NMPC

Diesel Engine AirPath Control

o0 Diesel
Engine

MAP

ver

MAF ‘ I |

Intro AMT Diesel Cryogenics BMS Mechatron

—1

A Murilo  P. Ortner (Linz) R. Furhapter (Linz)

ics

Problem description

Nonlinear 8-dimensional model
Non minimum-phase dynamic
Saturations on v and
Embedded Control

u(t) = Sat,m= (u* +oge Mt 4 agef)‘zt)
u* + a1+ a2 = uk—1 (continuity)

—A1a1 — dpap = p X U™ p e [714 +1]2
= (a1, @) = F(uk_1,p)

2D box optimization on [—1, +1]°.

&y Murilo et al. Int. J. Control (2013)

M. Alamir, ECC 2014, Strasbourg
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Diesel Engine AirPath Control

—1

N A Murilo  P. Ortner (Linz) R. Furhapter (Linz)

o0 Dies_el .
%E“‘"* Parameters of the solution

Model sampling period 50 ms
i Prediction horizon 30 x 7
o —— || SQP / Trust region

Number of function eval. 30

Problem description u(t) = Sattmes (u* 1 age—Nt +a267)\2t)
Nonlinear 8-dimensional model U + a1+ a2 = 1 (continuity)

Non minimum-phase dynamic —Aa1 — Aap = p X 0™, pe[—1,+1]?
Saturations on v and i = (a1,a2) == F(uk-1,p)

Embedded Control 2D box optimization on [—1, +1].

&y Murilo et al. Int. J. Control (2013)
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Diesel Engine AirPath Control

o0 Diesel
Engine

MAP

ver

MAF

Intro AMT Diesel Cryogenics BMS Mechatronics

. Murilo  P. Ortner (Linz) R. Furhapter (Linz)

Fuel (ma/eyil Speed RPM]

B0 100 _1s0 200 250 300

ime (#)

Problem description

Nonlinear 8-dimensional model
Non minimum-phase dynamic
Saturations on v and
Embedded Control

u(t) = Sat,m= (u* +oge Mt 4 agef)‘zt)
u* + a1+ a2 = uk—1 (continuity)

—A1a1 — dpap = p X U™ p e [714 +1]2
= (a1, @) = F(uk_1,p)

2D box optimization on [—1, +1]°.

&y Murilo et al. Int. J. Control (2013)

Fast NMPC: Good News and Facts to Keep in Mind 28 / 32

M. Alamir, ECC 2014, Strasbourg



Parametrized NMPC Intro AMT Diesel Cryogenics BMS Mechatronics

Diesel Engine AirPath Control

gV A. Murilo  P. Ortner (Linz)
il

(X ] Diesel ecn veT
Engine

MAP

o 8 8 8 8
3

s 100 150 200 250 300 o s0 100 150 200 250 300
Time (s

ver
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MAF ‘ ‘

:él:
P

Problem description u(t) = Sattmes (u* 1 age—Nt +a267)\2t)
Nonlinear 8-dimensional model U + a1+ a2 = 1 (continuity)

Non minimum-phase dynamic —Aa1 — Aap = p X 0™, pe[—1,+1]?
Saturations on v and i = (a1,a2) == F(uk-1,p)

Embedded Control 2D box optimization on [—1, +1].

&y Murilo et al. Int. J. Control (2013)
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Diesel Engine AirPath Control

My
“MT

o0 Diesel
Engine

MAP

ver

MAF ‘ ‘

AMT Diesel Cryogenics BMS Mechatronics

—1

A. Murilo

P. Ortner (Linz) R. Furhapter (Linz)

Histogram of the Computation Time
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800 Scenario 2
Scenario 3
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o S~ A .
9

7 8
Computation Time (s)

Problem description

Nonlinear 8-dimensional model
Non minimum-phase dynamic
Saturations on v and
Embedded Control

u(t) = Sat,m= (u* +oge Mt 4 agef)‘zt)
u* + a1+ a2 = uk—1 (continuity)

—A1a1 — dpap = p X U™ p e [714 +1]2
= (a1, @) = F(uk_1,p)

2D box optimization on [—1, +1]°.

&y Murilo et al. Int. J. Control (2013)
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Control of a Cryogenic System

i B
Warm F. Bonne (CEA) P. Bonnay (CEA)

| Compression
System

| Cold Box

Temperature

<y Bonne et al. J. Process Control (2014)
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¢

1

Warm F. Bonne (CEA) P. Bonﬁay (CEA)
Corsny[;:iizlon
SR Despite the context, hard limitations:

» Computation power

» Memory use

Temperature

(Schneider TSX Premium automata)

Entropy

()

<y Bonne et al. J. Process Control (2014)
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F. Bonne (CEA) P. Bonnay (CEA)

Despite the context, hard limitations:
» Computation power

» Memory use

(Schneider TSX Premium automata)
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¢

Execution time (ms) Slowing coefficient y & ”\

10° F. Bonne (CEA) P. Bonnay (CEA)
102 103.5
1ot Despite the context, hard limitations:
10° | o » Computation power
-1
10 /'.*“ » Memory use
10-2 1025

—PLCL
103 ——PLC2 —PLC1 (Schneider TSX Premium automata)

—+—15-2520M ——PLC2
0 50 w 50 100

Problem Size Problem Size
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¢

Execution time (ms) Slowing coefficient y & ”\
10° F. Bonne (CEA) P. Bonnay (CEA)
102 103.5
1ot Despite the context, hard limitations:
10° | o » Computation power
-1
10 /'.*“ » Memory use
10-2 1025
——PLC1
103 ——PLC2 —PLC1 (Schneider TSX Premium automata)
——15-2520M ——PLC2
10 102 .
50100 50100 = This was a fast NMPC problem !!
Problem Size Problem Size

<y Bonne et al. J. Process Control (2014)
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é &_, Coordinator M. Y. Lamoudi ( chneider Electric Industry)
Grid Power
Bty
prices Electrical storage

Communication ¢

PhD Lamoudi (2012).

\/J Lamoudi et al. in distributed MPC made easy Springer (2014)
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Gl'id Power
limitations
Energy
prices

Electrical storage

Coordinator

M. Y. Lamoudi (

Intro AMT Diesel Crvogenics BMS Mechatronics

o a

chneider Electric Industry)

Communication ¢

|
N

: a
H|

Y
=
m
L

PhD Lamoudi (2012).

_W*‘

7€

Crit.

time Inputs

Optimum

M. Alamir, ECC 2014, Strasbourg
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Building Management Systems -
é &_, Coordinator M. Y. Lamoudi ( chneider Electric Industry)
Grid Power
limitations P
Ener;
P’icegy Electrice 9 ; €
Outputs Crit.

Communication ¢

W-l-

time Inputs

|
Y
H|

Optimum
» Constrained nonlinear NLP.

'%__V'\_v
=
m
N

I » Solve using fixed-point iterations.
PhD Lamoudi (2012).

\/J Lamoudi et al. in distributed MPC made easy Springer (2014)
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Building Management Systems

| Enery

el & Master Problem

S layer

£ n o

]

I

g

© BV g
- (B omean

ut

e Jued
o ) [

Need fast local solution in order to
1. Enable Master iterations

2. Perform yearly simulations

4 =

M. Y. Lamoudi (Schneider Electric Industry)

2 7 &

time Inputs

Optimum
» Constrained nonlinear NLP.

» Solve using fixed-point iterations.

Lamoudi et al. in distributed MPC made easy Springer (2014)
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Building Management Systems -
b o
§ F‘l:e(gy Master Problem . o ‘ = .
__*g yer M. Y. Lamoudi (Schneider Electric Industry)
8
=} cast
18] | BM | ) gomiogiel 9 ; €
e B0 Outputs Crit.

s e
o ) [

Y

Inputs

time

Need fast local solution in order to
Optimum

1. Enable Master iterations » Constrained nonlinear NLP.

2. Perform yearly simulations » Solve using fixed-point iterations.

2500 3000 3500 4000

1000 1500 2000

Decision instants

500

Q Lamoudi et al. in distributed MPC made easy Springer (2014)
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Building Management Systems

En
§ P S Master Problem
S layer
k| I r 10
]
g
Q N
o

Need fast local solution in order to
1. Enable Master iterations

2. Perform yearly simulations

3 7€

Outputs Crit.

time Inputs

Optimum
» Constrained nonlinear NLP.

» Solve using fixed-point iterations.

500 1000 1500 2000 2500 3000 3500 4000
Decision instants

Data for 20 zones, 7, = 5 min
» 2 x 10% optimization pb
» 900 dof, 1000 constraints

» Simulation time = 18 h.

40 Lamoudi et al. in distributed MPC made easy Springer (2014)
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Building Management Systems
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S RSN )

-
o by 7

= N
M. Y. Lamoudi ( chneider Electric Industry)

3 7€

Outputs Crit.
TN +

time Inputs

Optimum
» Constrained nonlinear NLP.

» Solve using fixed-point iterations.

500 1000 1500 2000

2500 3000 3500

Decision instants

1000

Data for 20 zones, 7, = 5 min
» 2 x 10% optimization pb
» 900 dof, 1000 constraints

» Simulation time = 18 h.

ﬁ Lamoudi et al. in distributed MPC made easy Springer (2014)
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M. Y. Lamoudi (Schneider Electric Industry)

3 7€

Outputs Crit.

time Inputs

Optimum
» Constrained nonlinear NLP.

» Solve using fixed-point iterations.

Data for 20 zones, 7, = 5 min
» 2 x 10% optimization pb
E » 900 dof, 1000 constraints

500 1000 1500 2000 2500 3000 3500 4000

» Simulation time = 18 h.

/v Lamoudi et al. in distributed MPC made easy Springer (2014)
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3 7€

Outputs Crit.

time Inputs

Optimum
» Constrained nonlinear NLP.

» Solve using fixed-point iterations.

500 1000 1500 2000 2500 3000 3500 4000
Decision instants

Data for 20 zones, 7, = 5 min
» 2 x 10% optimization pb
» 900 dof, 1000 constraints
» Simulation time = 18 h.

/v Lamoudi et al. in distributed MPC made easy Springer (2014)
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Building Management Systems

SO
S RSN )

-
o by 7

= N
M. Y. Lamoudi ( chneider Electric Industry)

Room-Box data

» Prediction horizon = 12h
» 8.2% memory usage
» 6 sec to solve the NLP.

500 1000 1500 2000 2500 3000 3500

Decision instants

1000

Data for 20 zones, 7, = 5 min
» 2 x 10% optimization pb
» 900 dof, 1000 constraints

» Simulation time = 18 h.

ﬁ Lamoudi et al. in distributed MPC made easy Springer (2014)
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Swing-up of a Twin Pendulum System

Intro

AMT Diesel Cr

A. Murilo

» scalar NMPC

» 5 system integration / iteration
» control updating period 20 ms.

M. Alamir, ECC 2014, Strasbourg

&y M.A.and A. Murilo, Automatica (2008)
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Conclusion

Conclusion

» Huge progress
> Free dedicated software
» MPC-reflex in expansion

» Promising future

M s i Vi

MPC needed for transient

v

v

Our proofs are tautologies

» Heavy use of heuristics

v

Keep feet on earth

~
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