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Recalls on Nonlinear Model
Predictive Control (NMPC)



NMPC <« Definition

Predicted state profile x(-)

V candidate control sequence
Xk
Xt+1:f(Xt7Ut) u, ‘= (UO,...,U/\/ 1)
TN a cost can be predicted
J(uic | x«)
Candidate control profile uy
Prediction horizon
e Il ey i 7 max
u
uy
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um/n
k k+ N
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NMPC <« Definition

Predicted state profile x(-)
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Predicted state profile x(-)

V candidate control sequence
Xk

Xt+1:f(Xt7Ut) u, ‘= (uo....,u/\/ 1)

a cost can be predicted

Cost function

J(uk | xx)

Candidate control profile uy

Prediction horizon

Optimal sequence
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NMPC <« Definition

Predicted state profile x(-)

V candidate control sequence
Xk

Xt+1:f(Xt7Ut) u, ‘= (uo,...,u/\/ 1)

a cost can be predicted

Cost function

J(U;< ‘ Xk)
Candidate control profile uy
Prediction horizon MPC feedback
F-----———--=--=-=-- E
) umax up = uf(xk)  where
N . .
Opiinal ssnce J(u” [ x0) = min J(u | x)
umin

k k+ N
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NMPC < The Receding-horizon principle in action

Predicted state profile x(-)

Control profile u(-

~

Prediction horizon

k k+ N
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NMPC < The Receding-horizon principle in action

Predicted state profile x(-)

Xk
Control profile u(+)
Prediction horizon
kmm e e 4
= u*(xk)
k k+ N

Mazen Alamir SAGIP / CT-CPNL Scientific Day, November 16th 2023, Valence, France. 3/25



NMPC < The Receding-horizon principle in action

Predicted state profile x(-)
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Prediction horizon
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NMPC < The Receding-horizon principle in action

Xk

Predicted state profile x(-)

Xk+1

Control profile u(+)

Prediction horizon

kk+1
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NMPC < The Receding-horizon principle in action

Predicted state profile x(-)

Xk
o Xk41
Xk+2
Control profile u(+)
Prediction horizon
bmmmmmmmm - - - - - g
|
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[
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NMPC < The Receding-horizon principle in action

Predicted state profile x(+) ' At each updating instant
V' The prediction horizon is shifted
X v A new optimization problem is defined
v/ and solved
o Xk+1 V' The first action is applied
Xk42 V' until the next updating instant
V" The process is repeated
v
Control profile u(+)
Prediction horizon
kmmm e e - — - - B
|
B I
[
kk+1 k+ N
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NMPC < The Receding-horizon principle in action

Predicted state profile x(-)

Xk
o Xi41
Xk+2
Control profile u(+)
Prediction horizon
S N i i i TR N
|

F=—H==r=s== I
[
kk+1 k+ N
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At each updating instant

The prediction horizon is shifted

A new optimization problem is defined
and solved

The first action is applied

until the next updating instant

The process is repeated

'
v
v
v
v
v
v
v

--— REAL-TIME AGNOSTIC DEFINITION ——-—

No reference to computation time!
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Predicted state profile x(-)

Xk
o Xi41
Xk+2
Control profile u(+)
Prediction horizon
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At each updating instant

The prediction horizon is shifted

A new optimization problem is defined
and solved

The first action is applied

until the next updating instant

The process is repeated

'
v
v
v
v
v
v
v

--— REAL-TIME AGNOSTIC DEFINITION ——-—

No reference to computation time!

We'll come back to this later. ..
let’s first examine the optimization problem!
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NMPC < The formulations

MPC feedback

ug = ul(xk)  where

J(U* ‘ Xk) - urenT’;Px)J(u | Xk)

More precisely . ..
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NMPC < The formulations

Automatica
Volume 36, Issue 6, June 2000, Pages 789-814

Survey Paper

Constrained model predictive control:
Stability and optimality

D.Q.Mayne ® i, ).B. Rawlings ®, CV. Rao ®, PO.M. Scokaert ©

N
min [W(Xk+N) + Z 2( Xkt is Uk+i—1)]
i-1
XN € Xf
under | xxy; € X
ug+i—1 €U

1 where W is a control-Lyapunov-function inside X;.
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NMPC < The formulations

Automatica X (W, Xr) almost impossible
Volume 36, Issue 6, June 2000, Pages 789-814 to compute for real-life
systems
ST L. X Never used outside
Constrained model predictive control: el ey Gemr
Stability and optimality
D.Q.Mayne® 9 ,).B. Rawlings®, CV. Rao ®, PO.M. Scokaert ©
N
muin [W(Xk+N) + Z O(Xpetis Uk+i—1)]
i=1
Xk+N € Xr
under | xxy; € X
ug+i—1 €U
1 where W is a control-Lyapunov-function inside X;.
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NMPC < The formulations

omatica 4 X (W, Xr) almost impossible
Volume 36, Issue 6, June 2000, Pages 789-814 to compute for real-life
systems
SurveyPoper L. X Never used outside
Constrained model predictive control: academic toy examples!

Stability and optimality

D.Q.Mayne ® i, ).B. Rawlings ®, CV. Rao ®, PO.M. Scokaert ©

N
muin [W(Xk+N) + Z O(Xpetis uk+i—1)]
i=1
Xkt € X
under | xxy; € X

ugri—1 €U Don't even try!

1 where W is a control-Lyapunov-function inside X;.
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NMPC < The formulations

ot 75017 200252 N

Contents lsts available at SciencaDirect v/ Contractive formulations

Automatica v' Prediction horizon is a

journal homepage: www.elsevier.com/locate/automatica decision variable.

Brief paper
Contraction-based nonlinear model predictive control formulation
without stability-related terminal constraints

Mazen Alamir

K (CNRS/Gipsa-lab, University o Grenoble Alpes, France J

Level surface of W

q
q
(T,ig) [a min W(xt.¢) + 2 > i Uk+i71)]

i=1 Accept transient increase of the
cost function
(U,q) e U7 x {1/7N}
Xpe € X

under
— multi-step Lyapunov function

where z is an internal state of the controller
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NMPC < The formulations

Contents lists available at ScienceDirect

Automatica

journal I

Technical communique

Stability proof for nonlinear MPC design using monotonically v Enh bili ith
increasing weighting profiles without terminal constraints nhances stability wit
Mazen Alamir short prediction horizons

CNRS, Univ. Grenoble Alpes, Gipsa-lab, F-3800, Grenoble, France .
K j — a smoother version o f the

terminal state constraints

N

muin Z [i/N]"€(Xkqis Ukyi—1)
i=1

uecUV

under
Xpre € X

where m € N
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NMPC < The formulations

Contents lists available at ScienceDirect

Automatica

journal homepage: wwiw.elsevier.com/locate/automatica

Brief paper

A new formulation of Economic Model Predictive Control without
terminal constraint™

Mazen Alamir®*, Gabriele Pannocchia® v~ Economic MPC

Univ. Grenble Apes,CNES, Greoble NP, GIPSA-a, 38000 reobe, France

® Department of Civil and Industrial Engineering, University of Pisa, 56126 Pisa, Italy .

K j v' Standard proof of stability
N

muin'Y[ek+N = PdAk+N] + Z [@m‘ =F PdAkAi]
i=1

ueUN

under
X0 €X

where Ay 1= ||xx — xk—1]|
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Does the formulation matter?

QUESTION: Does the formulation really matter?
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The impact of formulations!

Cryogenic Refrigerators - Problem statement

v Polokdlfleld colls
(Primary ansformer crcut)

Jou—— T
o i

Resuting HlcaiMagnetic feks Toroida fed ol

(socondary wansformer circul)

Source: https://www.euro-fusion.org How?

Force a thermodynamic fluid to make a
Why? counter-clock cycle in the

(S, T)=(Entropy,Temperature) plan.
Provide refrigeration capacity to cool

down the supra-conducting coils used to P X
accelerate the plasma in Nuclear Fusion / dQ = / ds + / 1ds

Reactors (ITER, JT60)

\\‘

F. Bonne (CEA) P. Bonnay (CEA)
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The impact of formulations!

Cryogenic Refrigerators - Problem statement

I Pooida fld cotls

(rimory ranstormer crct)
[rrp——— utr Ploitl ik cols
(for lasma poshioning nd shaping)

Resuting Hetcal Magneve fos Toroidal e cove

Plasma lctric curent Torodal magnetc fold
(socondary wanstormer creul)

Source: https://www.euro-fusion.org

Why?

Provide refrigeration capacity to cool
down the supra-conducting coils used to
accelerate the plasma in Nuclear Fusion
Reactors (ITER, JT60)

F. Bonne (CEA) P. Bonnay (CEA)

Mazen Alamir

How?

Force a thermodynamic fluid to make a
counter-clock cycle in the
(S, T)=(Entropy,Temperature) plan.

/dQ /C Tds+/ Tds
S

>0 <<0
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The impact of formulations!

Cryogenic Refrigerators - Problem statement

(Frimary wanstormer cncut)

[P ——

Resultng Helca Nagnetefes

Plasma sectic

et Toroidl magnatc kg
(scondaryranstomer et

Source: https://www.euro-fusion.org

Why?

Provide refrigeration capacity to cool
down the supra-conducting coils used to
accelerate the plasma in Nuclear Fusion

Outor Polica i cote
tor lasma posoning and saping)

How?

Force a thermodynamic fluid to make a
counter-clock cycle in the
(S, T)=(Entropy,Temperature) plan.

/dQ:/ Td5+/ Tds

JC JCy

S E
NG <%0

@

F. Bonne (CEA)

Reactors (Ter,JT60)
V..
|
&

P. Bonnay (CEA)
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Heat Disturbance w (W)

400
200
o LI LI LI L

0500 1.000 1.500 2.000
Time (sec)

Model

xt = Ax+ Bu+ Gw
y=Cx+Du

= (x,u,w) € R xR® xR
= wunpredictable heat pulse
= u € U two valves+heating (bath)

Objective

Keep the station sustainable despite of un-
measured and unpredictable w
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The impact of formulations!

Cryogenic refrigerator: The impact of formulation

Cost function Cost function Cost function

a 2 2 ul 2 2 2 L rim 2 2
>[Ikl + ellzpil’] S [eillty, +elsirall?] +erllent® | D2 []" [l + ellzal’?]
i=1 i=1 i=1

NI NS NEENE| il
I

i WIVREY T l

a's'slali
S

b

Optimization problems are solved using the
GUROBI-Python-3 framework implemented
on a Mac-PowerBook 29GHz (High Sierra
OS version 10.13.3).
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The impact of formulations!

Cryogenic refrigerator: The impact of formulation

Cost function Cost function

N 2 2 2 . iqm 2 2
D2 [l + ellmall®] +eplipnl® | D2 [ ] [Ikrillg, + ellzall’]
i=1 i=1
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Does the formulation matter?

Constrained model predicti
Stability and optimality

QUESTION: Does the formulation really matter?

ANSWER: Of course!
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A single parameterized formulation

N
Standard [W(Xk+N) + Z€k+i:| s.t Cj(Xk Fiy Ukti 1) <0
=il
N
Economic 'Y[EHN + PdAAf—/\/] + Z [EH,' + PdAk—f] st ¢ (Xktis Ukti—1) <0
i=1
N
Variable weight [Z [i/N]™€(xktis uk+;_1)] st Gj(Xkpis Ukri—1) <0

i=1
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A single parameterized formulation

N
Standard [\IJ(xk+N) + ZZH_,-] st Gj(Xkpis Ukri—1) <0
i=1
N
Economic 'Y[EHN F PdAk—/\/] + Z VkJri I PdAk—i] st ¢j(Xktis Ukri—1) <0
i=1
N
Variable weight [Z [i/N]™€(xktis uk+;_1)] st Gj(Xkpis Ukri—1) <0

i=1

Unified structure parameterized by pf, pg, m, pestr, N
N
. . m
min PV (Xirns palirn) + E [i/N] VH; + pdAkfi:|

i=1

+ Pestr D{E}[Cj(XHh Uk+i71)J i

r
&
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A single parameterized formulation

How to choose the parameters of the formulation?

v' Constraints must be respected over the closed-loop trajectory
V' Closed-loop stability should be guaranteed

v' The feedback must be real-time implementable

Unified structure parameterized by pf, pg, m, pestr, N
N
. . m
min PV (Xirns palirn) + E [i/N] VH; + pdAkfi:|

i=1

+ Pestr D{E}[Cj(XHh Uk+i71)J i

r
&
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A single parameterized formulation

How to choose the parameters of the formulation?

v' Constraints must be respected over the closed-loop trajectory
V' Closed-loop stability should be guaranteed
v' The feedback must be real-time implementable e
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N
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r
&
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Real-Time considerations




MPC: The Control Updating Period 7,

prediction horizon

Xk—19@

Tu

tk—1 ty te + T t
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MPC: The Control Updating Period 7,

Xk—14¢

Tu

1. Predict X, (cpu-negligible)
2. During [tk—1, tx] Compute u*(Xy)

prediction horizon

p X, (predicted)

tk—1

Mazen Alamir

ti te + T t
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MPC: The Control Updating Period 7,

1. Predict X, (cpu-negligible)
2. During [tk—1, tx] Compute u*(Xy)

prediction horizon

— Number of iterations during 7,:
3 Tu
max_iter < | —

Tc

Tc: the CPU-cost of a single iteration!
p X, (predicted)

Xk—14¢

Tu

tk—1 ty te + T t
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MPC: The Control Updating Period 7,

1. Predict X, (cpu-negligible)
2. During [tk—1, tx] Compute u*(Xy)

prediction horizon

— Number of iterations during 7,:
3 Tu
max_iter < | —

Tc

Tc: the CPU-cost of a single iteration!

p X, (predicted)
1

Xk—14¢ 7, is a highly impacting implemen-
Ty tation setting choice.

tk—1 ty te + T t
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Implementation options

MPC open-control profile for k£ = 3.

= Time
Ty = 3T

T The updating period.
T Basic sampling periodlf

1 Largest 7 making RK(7) appropriate

Ty = KT Kk €N
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Implementation options

MPC open-control profile for k£ = 3.

1
Time
Ty = 3T
T The updating period.
T Basic sampling periodlf
1 Largest 7 making RK(7) appropriate
Ty = KT k€N
Prediction’s precision using n_steps=2.
Tp | Tp
-
— Time
Ty = 3T
— Instead of k X RK(T),
Tu
— use (n_steps X RK(;os ))
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Implementation options

MPC open-control profile for k£ = 3.

u() @ Degrees of freedom ( n_control=4)
T e
Time o—
Ty = 3T
. . time
T The updating period.
T Basic sampling periodlf

Use reduced control horizon leading to

1 Largest 7 making RK(7) appropriate
n_control Xn, d.o.f.

Ty = KT Kk €N

Prediction’s precision using n_steps=2.

T, Tp

—
Tu = 3T

Time

— Instead of k x RK(7),

— use (n_steps X Rk(i))

n_steps
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Time
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Implementation options

MPC open-control profile for k£ = 3.

u() @ Degrees of freedom ( n_control=4)
™ Tu
Time o—
Ty = 3T
. . time
T The updating period.
T Basic sampling periodlf

Use reduced control horizon leading to

1 Largest 7 making RK(7) appropriate
n_control Xn, d.o.f.

Tu = KT wEN Choose the maximum number of iterations:

max_iter (< [£J )

-
Prediction’s precision using n_steps=2. N
T Tp
T Notice that 7. = F(n_step, n_control, Npeq)
— ime where the prediction horizon in given by:

— Instead of x X RK(7), Tp = Nored X Tu

— use (n_steps X Rk(i))

n_steps
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Implementation options

MPC open-control profile for k£ = 3.

Tu() @ Degrees of freedom ( n_control=4)
T e
é—i . - e
= NMPC setting parameters:
Ty = 3T
g q r T il
Tu The updating perioc N e
i ) ) n_steps
T Basic sampling perit n_control ced control horizon leading to
+ Largest T making RK(T max_iter
) controlXxn, d.o.f
= Npred
Tu=K < P q n "
v = RT k€N iximum number of iterations:
Pecstr
Pd
m

- - t_iter (< [£J )
Prediction’s precision using n_steps=2.
Tp

in the forthcoming results: py = m = 0 Fe = F(n,step, n_control, Npred)

- for historical reasons :-)
P errere—nd prediction horizon in given by:
— Instead of k X RK(T), Tp = Nored X Tu

— use (n_steps X Rk(i))

n_steps
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Implementation options

MPC open-control profile for k£ = 3.

@ Degrees of freedom ( n_control=4)

— Time o—
Ty = 3T
( 3 time
T The updating perio .
2 el = NMPC setting parameters:
T Basic sampling peri ced control horizon leading to
+ Largest 7 making RK(T K
) n_steps controlXn, d.o.f.
n_control
T RT wEN 7= | max_iter ximum number of iterations:
Nopred
Pf )
pess citer (< |57 ])
Prediction’s precision using n_steps=2. N
To N )
T Notice that 7. = F(n_step, n_control, Npeq)
— Time
Tu = 3T

where the prediction horizon in given by:
— Instead of x X RK(7), Tp = Npred X Ty

— use (n_steps X RK(n_;iueps))
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Design of NMPC setting




Design of NMPC setting: Problem statement

(Problem Statement }
5 (Problem Statement ; )

Given the following items:

w0
V' Problem ingredients: (dynamics, constraints, parameterized cost)
V' An admissible set N := [z, 7];

v A computation targeted device (charcaterized by dev_acc)

v' A given optimization algorithm,
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Design of NMPC setting: Problem statement

(Problem Statement }
5 {Problem Statement ) )

Given the following items:
w,e

e e—
V' Problem ingredients: (dynamics, constraints, parameterized cost)
V' An admissible set N := [z, 7];
v A computation targeted device (charcaterized by dev_acc)

v' A given optimization algorithm,

Derive a tractable heuristic that:

v Either yields a rational choice of the vector of parameters 7
addressing stability, constraints satisfaction and real-time
implementability concerns;
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Design of NMPC setting: Problem statement

(Problem Statement }
5 {Problem Statement ) )

Given the following items:
w,e

e e—
V' Problem ingredients: (dynamics, constraints, parameterized cost)
V' An admissible set N := [z, 7];
v A computation targeted device (charcaterized by dev_acc)

v' A given optimization algorithm,

Derive a tractable heuristic that:

v Either yields a rational choice of the vector of parameters 7
addressing stability, constraints satisfaction and real-time

implementability concerns;

v' Or it suggests that these requirements cannot be met given the
data of the problem.
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Design of NMPC setting: Problem statement

(Problem Statement }
5 {Problem Statement ) )

Given the following items:
w,e

e e—
V' Problem ingredients: (dynamics, constraints, parameterized cost)
V' An admissible set N := [z, 7];
v A computation targeted device (charcaterized by dev_acc)

v' A given optimization algorithm, What does this precisely
mean?

Derive a tractable heuristic that:

v’ | Either yields a rational choice of the vector of parameters 7
addressing stability, constraints satisfaction and real-time
implementability concerns;

v' Or it suggests that these requirements cannot be met given the
data of the problem.
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Design of NMPC setting: Problem Statement

Find a design parameter vector 7 s.t.
over a sufficiently rich set of scenar-
ios A, an K-steps closed-loop tra-
jectories under the 7-corresponding
NMPC satisfy for all sce A:

K
n_steps
n_control
7= | max_iter
Npred
Pf
Pcstr
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Design of NMPC setting: Problem Statement

Find a design parameter vector 7 s.t.
over a sufficiently rich set of scenar-
ios A, an K-steps closed-loop tra-
jectories under the 7-corresponding
NMPC satisfy for all sce A:

K
n_steps
n_control

7= | max_iter
RT-feasibility Npred
. Tsolver (7
Crr(7|sc) := Jnax ——— (k) —dev_acc| =0 Pestr
=1, Ty o
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Design of NMPC setting: Problem Statement

Find a design parameter vector 7 s.t.
over a sufficiently rich set of scenar-
ios A, an K-steps closed-loop tra-
jectories under the 7-corresponding
NMPC satisfy for all sce A:

K
n_steps
n_control
7= | max_iter
Npred
Pf
Pcstr

~v-Contraction

Gy (rlse) = [Joi(K) = vJar(1)]+ =0
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Design of NMPC setting: Problem Statement

Find a design parameter vector 7 s.t.
over a sufficiently rich set of scenar-
ios A, an K-steps closed-loop tra-
jectories under the 7-corresponding
NMPC satisfy for all sce A:

K
n_steps
n_control
7= | max_iter
Npred
Pf
Pcstr

Constraints satisfaction

Cestr(m|sc) := . max K|_;1;anx ci(k)|l+ =0
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Design of NMPC setting: Problem Statement

Find a design parameter vector 7 s.t.
over a sufficiently rich set of scenar-

K
ios A, an K-steps closed-loop tra-

n_steps
jectories under the 7-corresponding

NMPC satisfy for all sce A:

n_control

7= | max_iter
RT-feasibility Nored
. Tsolver Pt
Crr(7|sc) := Jnax ——— (k) —dev_acc| =0 Pestr
=1,..., Tu b

~v-Contraction

Gy (rlse) = [Joi(K) = vJar(1)]+ =0

Constraints satisfaction

Cestr(m|sc) := . max KLmanx ci(k)|l+ =0
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Design of NMPC setting: Problem Statement

Find a design parameter vector 7 s.t.
over a sufficiently rich set of scenar-

K
ios A, an K-steps closed-loop tra-

n_steps
jectories under the 7-corresponding

NMPC satisfy for all sce A:

n_control

7= | max_iter
RT-feasibility Nored
. Tsolver Pt
Crr(7|sc) := Jnax ——— (k) —dev_acc| =0 Pestr
=1,..., Tu b
Question 1:

~v-Contraction

Gy (rlse) = [Joi(K) = vJar(1)]+ =0

What is a scenario sc?

Constraints satisfaction

Cestr(m|sc) := . max KLmanx ci(k)|l+ =0
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Mazen Alamir

Find a design parameter vector 7 s.t.
over a sufficiently rich set of scenar-
ios A, an K-steps closed-loop tra-
jectories under the 7-corresponding
NMPC satisfy for all sce A:

RT-feasibility

9000

Crr(7|sc) := Jnax \‘@(k) — dev_ach =0
- ) u +

~v-Contraction

Gy (rlse) = [Joi(K) = vJar(1)]+ =0

Constraints satisfaction

Cestr(m|sc) := . max KLmanx ci(k)|l+ =0

Design of NMPC setting: Problem Statement

K
n_steps
n_control

7= | max_iter
Npred
143
Pcstr
Question 1:

What is a scenario sc?

Question 2:

What is a sufficiently rich set
of scenarios A7
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What is a scenario?

A scenario sc is an instance of the necessary information needed to
perform a closed-loop simulation should the NMPC setting 7 be given!
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What is a scenario?

A scenario sc is an instance of the necessary information needed to
perform a closed-loop simulation should the NMPC setting 7 be given!

xp Initial state vector

X0
P Model's parameter vector
SC = A
p q Exogenous/context items’ vector
q (set-points, observed quantities, disturbance, etc.)
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What is a scenario?

A scenario sc is an instance of the necessary information needed to
perform a closed-loop simulation should the NMPC setting 7 be given!

xp Initial state vector

X0
P Model's parameter vector
SC = A
p q Exogenous/context items’ vector
q (set-points, observed quantities, disturbance, etc.)
RT-feasibility

Crr(m|sc) := max \‘y(k) — dev,ach =0
=1,..., u +

v-Contraction

C(mlsc) := [Jo(K) = 7Joi(1)]+ =0

Constraints satisfaction

Cestr(m|sc) := ,max KLmanx ci(k)]+ =0
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What is a sufficiently rich set of scenarios A?

This is conditioned by:

v An appropriate sampling of (xg, p, q) inside their sets of possibilities

v A sufficiently high number n_samples of instances
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What is a sufficiently rich set of scenarios A?

This is conditioned by:

v An appropriate sampling of (xg, p, q) inside their sets of possibilities

v A sufficiently high number n_samples of instances

# candidates 7 =01 7n=005 7=001 7=0.001

1 132 264 1317 13164
7 I 308 1536 p— The values of n_samples

2 - - needed to be confident at
- — A9 e o (1-5)100% that the
100 103 386 1930 19209 properties are satisfied with a
1000 223 445 2225 22249

probability greater than
(1-1)100%

Table 1: The required card(.A) as a function of the precision parameter 7 for a
confidence parameter of § = 10~% and a number of admitted failure = 1.

[Alamo et al. Randomized strategies for probilistic solution of uncertain feasibility ans optimization problems, IEEE TAC, 2009]
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Find a design parameter vector 7 s.t.
over a sufficiently rich set of scenar-
ios A, an K-steps closed-loop tra-
jectories under the 7-corresponding
NMPC satisfy for all sce A:

RT-feasibility

9000

Crr(7|sc) := Jnax \‘@(k) — dev_ach =0
- ) u +

~v-Contraction

Gy (rlse) = [Joi(K) = vJar(1)]+ =0

Constraints satisfaction

Cestr(m|sc) := . max KLmanx ci(k)|l+ =0

Design of NMPC setting: Problem Statement

K
n_steps
n_control

7= | max_iter
Npred
143
Pcstr
Question 1:

What is a scenario sc?

Question 2:

What is a sufficiently rich set
of scenarios A7
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Principle & Difficulties

Principle

v (m,sc) € N x A — successful or not!
v 7 is eligible if successful on all sc in A
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Design of NMPC setting: Principle & Difficulties

Principle
v (m,sc) € N x A — successful or not!
v 7 is eligible if successful on all sc in A
Difficulties

v' checking admissibility of m <— n_samples CL-simulations
v Tl is rather high dimensional non convex set!

— intractable without a specific hints and heuristics.
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Design of NMPC setting: Principle & Difficulties

Principle

v (m,sc) € N x A — successful or not!
v 7 is eligible if successful on all sc in A

Difficulties
v' checking admissibility of m <— n_samples CL-simulations
v Tl is rather high dimensional non convex set!

— intractable without a specific hints and heuristics.

mi(e)

i ERRRELTTY YL My == [o; <0, type(+)]

- == [0: > 0, type(+)] Sample o) € S
— [0 > 0, type(-)]
----- [o: <0, type()]

[M. Alamir. A Framework and a python-package for Real-time NMPC parameters settings. http://arxiv.org/abs/2309.17238. 2023.]
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Design of NMPC setting: Principle & Difficulties

Principle

.
- successful or not!
| cessful on all scin A

ility of 7 <— n_samples CL-simulations
imensional non convex set!

ut a specific hints and heuristics.

== [o: < 0, type(r)]
=== [o; > 0, type(+)] Sample

— [0 > 0, type(-)]
----- [o: <0, type()]

{gEon)sr

[M. Alamir. A Framework and a python-package for Real-time NMPC parameters settings. http://arxiv.org/abs/2309.17238. 2023.]
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Design of NMPC setting: Principle & Difficulties

Principle

~
I successfu &) Set of scenarios A

<+— (m,v,¢€)
Sample o(9) € §n= [¢7 Compute 5‘("(])|A) «— dev_acc
(Section 1II-C) l«— c_max

L —

N_trials

cessful on a

ility of m «
imensional

Best cost |o(7)

. ri 5)-(6,
{70} L0, (e 0

j=1 min;

ut a specific nints ana neuristics.

== [oi <0, type()]
=== [0i > 0, type(+)] Sample
— [oi > 0, type(-)]
----- [o: < 0, type()]

[M. Alamir. A Framework and a python-package for Real-time NMPC parameters settings. http://arxiv.org/abs/2309.17238. 2023.]
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The MPC_tuner package




The MPC_tunner package: An overview

@reen T https://github.com/mazenalamir/MPC_tuner
P | Pon o1 B e |

MPC_tuner

Mazen Alamir SAGIP / CT-CPNL Scientific Day, November 16th 2023, Valence, France. 21/25



The MPC_tunner package: An overview

Citation

Recall on Nonlinear Model Predictive Control

MP

MAIN CLASSES

_init_ ()
show_df (nGrid)
plot_phi (nGrid)

__init__ (pb,o,a)

feedbkack (x,p,q, z0)
sim_cl (sc,z0,optim_par)

Py

MAIN FUNCTIONS
Generate_A (pb, nb, nsb)
Design_MPC (pb, S, A, optim_par)

/github.com/mazenalamir/MPC_tuner

uner package / user-defined pb

pb=Container ()
ATTRIBUTES
nx, np, nqg, tau, nc
u_min,u_max
x_min,x_max

g_min, g _max
_nom, p_std

METHODS

ode (x,u,p,q)
constaints (x,u,p,q)
stage_cost (x,u,p,q)
final_penalty(x,u,p,q)
generate_cloud (n)

[M. Alamir. A Framework and a python-package for Real-time NMPC parameters settings. http://arxiv.org/abs/2309.17238. 2023

Mazen Alamir
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The MPC_tunner package: A use-case

UL yg
\9
z
Y
y = —uysin@ + pjup cos @
Z=uwcosB+ piupsinf — 1
0 = poun
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The MPC_tunner package: A use-case

UL yg
\9
z
Y
y = —uysin@ + pjup cos @

Z=uwcosB+ piupsinf — 1

0= poun

x:=(y,z,0,y,z, 9)

x4 = (q1,92,0,...,0)

£:= |Ix = xqll% + Il — uallZ
V= prllx — xdll@

~ :=0.98,

u € [-50, +50]?

6] <1land |0] <7

7 = 0.02

Mazen Alamir
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The MPC_tunner package: A use-case

Ul yg Design in-val 1
P) N_pred 5 25
K 1 10
z s 1 103
rho_cstr 10° 107
max_iter 5 20
Y —_ .
Definition of ' boundaries.
y = —uysin@ + pjup cos @

Z=uwcosB+ piupsinf — 1

0= poun

x:=(y,z,0,y,z, 9)

x4 = (q1,92,0,...,0)

£:= |Ix = xqll% + Il — uallZ
V= prllx — xdll@

~ :=0.98,

u € [-50, +50]?

6] <1land |0] <7

7 = 0.02

Mazen Alamir
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The MPC_tunner package: A use-case

UL ygp Design in-val I
'\9 N_pred 5 25
K 1 10
z s 1 103
rho_cstr 10° 107
max_iter 5 20
Yy

—uy sin @ + pyup cos 6

Z=uwcosB+ piupsinf — 1

0= poun

(v,2,0,y,2,0)
x4 = (q1,92,0,...,0)

= |Ix = xallp + llu — uall}

V= prllx — xdll@
v :=0.98,

u € [-50, +50]?
6] <1land |0] <7
7 = 0.02

Mazen Alamir

Definition of ' boundaries.

import numpy as np
from casadi import vertcat

class Container
def __init_ (self
pass

pvtol = Container(

pvtol.nx, pvtol.nu

pvtol.n_p, pvtol.n_q = 2, 4

pvtol.u_min = np.array([-Sel, -5el

pvtol.u_max = np.array([+5el, +5el

pvtol.x_min = np.array([-2, -0.8 * np.pi
-0.1, -0.1, -0.1

pvtol.x_max = -pvtol.x_min

pvtol.q_min = [-1, -1, 1, np.pi

pvtol.q_max = [+1, +1, 1, np.pi

pvtol.p_nom = pvtol.p

pvtol.p_std, pvtol.tau, pvtol.nc = 0.1, .62

The user-defined file (part 1)

SAGIP / CT-CPNL Scientific Day, November 16th 2023, Valence, France.

\

4

PR

def p_vtol(x, u, p
xdot = vertcatl(
return xdot

PR

def constraints(x, u, p, q)
d_theta_dt_max, theta_max = q[2], ql3]
c = vertcat(x[5]/d_theta_dt_max-1,..
return ¢

U

def stage_cost(x, u, p, q):

return ell
PU
def final_penalty(x, p, q):
ef =0
for i in range(6
ef += qxflil * (x[i] - xd[i]) 2
return ef

#-
def generate_cloud (nSamples=None)
X_min, x_max = pvtol.x_min, pvtol.x_max

A_sc = Container
A_sc.x®, A_sc.p, A_sc.q =X, P,
return A_sc
pvtol.ode = p_vtol
pvtol.constraints = constraints
pvtol. final_penalty = final_penalty
pvtol.stage_cost = stage_cost
pvtol.generate_cloud = generate_cloud

The user-defined file (part 2)
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The MPC_tunner package: A use-case

s 7
e #ommme
. X [ def p_vtol(x, u, p
from user_defined_pvtol import pvtol xdot = vertcat(...)
from pyMPC import Design_MPC, Sigma, generate_A, OptimPar kmff“’" Rt
def constraints(x, u, p, q)
# Generate the set of scenarios — d_theta_dt_max, thetamax = q[2], q[3]
c = vertcat(x[5]/d_theta_dt_max-1,..
nb, nsb = 30, 10 return ¢
= ( #———
A = generate_A(pvtol, nb, nsb) 57 SO, W By QO
# Generate the set of candidate sigma's L retrmett
N_trials = 100 def final_penalty(x, p, q):
S = [Sigma() for _ in range(N_trials)] a0
for i in range(6
i . = oo i e )
# Set the Design meta—-parameters and run the Design retom o LG T
optim_par = OptimPar(gam=0.98, c_max=0.1, —
- - def generate_cloud(nSamples=None)
dev_acc=1.0, T=0.5) X_min, x_max = pvtol.x_min, pvtol.x_max
: : : A_sc = Container(
R_design_log = Design_MPC(pvtol, S, A, optim_par)] e, Ao, AeE S 5 B G
return A_sc
\ —
pvtol.ode = p_vtol
I\ J pvtol.constraints = constraints
~v :=0.98, z":z{ q—"';" 5 :i : i ”Z'P“‘ pvtol.final_penalty = final_penalty
vtoL.q_max oW np-pL tol. st t = st t
2 pvtol.p_nom = pvtol.p puto . stage-cos o TEE7CUS
u € [—50, +50] pvtol.p_std, pvtol.tau, pvtol.nc = 0.1, 0.62, 4 CHELCAEER AT S GREERAnT
[0 <land |6 <= The user-defined file (part 1) The user-defined file (part 2)
7 =0.02
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Results: Admissible design settings

History of the number of discarded Configurations during the certification

dev_acc = 1 -- -- -- -- ——- -

kappa N_pred n steps n_ctr tho_cstr  rho_final tau tau.u max_iter cost alpha 95
) 7 3 8 96468220:06 178800537 002 018 11 7850.487689 0.750 %
s s 2 4 91029110i08 24250781 002 008 16 4404438416 0625
2 2 5 2 2 7972120406 124389 002 004 8 2437847089 0250
R 7 5 2 1250875006 2951172 002 016 18 3401306977 0500
PR 6 77 91701230406 8804688 002 018 6 3755852208 0500

dev_acc = 2

kappa Nprod nsteps nctr  hoostr  rhofinal tau tauu max ter costalpha — inital number of config
o 7w 4 12 8409123006 16608375 002 0.4 5 3210086159 0250 . m = 2 > 0
e 7 3 8 96468220006 178800537 002 018 11 7850487689 0750 Number of visited subsets
2 s 2 2 19 84091230406 82051021 002 0.8 8 3768654430 0250
s 6w 3 16 61261120006 37781 002 012 5 384618189 0375
4« a 6 2 4 91020110:06 24250781 002 008 16 4404438416 0625
5 9 s 8 4 625075005 2051172 002 018 18 3126166301 0500
s 8 2 11 75150000404 1054930 002 016 17 2691563007 0375
T 7 9 S 2 2442120008 15507363 002 014 19 3583870784 0625
8 9 s 8 6 9350676006 3821650 002 018 18 4611172807 0625
s 2 2 2 B8425TeN08 1146503 002 004 7 aieseiz 0375
© s 6 6 2 528010005 1146503 002 012 18 3355846137 0375
"o 2 13 35361800406 125875000 002 0.8 12 3250814430 0.125
7 s 1 2 2 74%28006 2051172 002 012 14 3360845813 0125

Results of two different runs of the Design MPC for two targeted
device dev_acc=1 and dev._acc
Both use 100 sampled candidate design settings.

card(\A) = 270 > Negification (n = 005, 8 = 1073) = 264
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Results: Admissible design settings

dev acc = 1 Design parameter min-value  max-value
N_pred 5 25

kappa N_pred n_steps n_ctr tho_estr  rho final tau tauu max_iter cost alpha K 1 10
0 9 7 3 o oowseds a0 002 016 11 7asdsres 0750 of 1 108
14 6 2 4 9u2Mes 2425781 002 008 16 40443816 0625 Tho_cstr 103 107
2 2 5 2 2 7e2e0s 12069 02 004 8 2497847089 0250 ;
3 8 7 5 2 12508756406 2951172 002 0.16 18 3401.306977 0.500 max_iter 5 20
4 9 6 7 7 omoizie0s s 002 018 6 37ses208 0500

dev_acc = 2 Small portion of configurations is eligible

Kappa Nprod nstops nctr  rhocstr thofinal tau tauu max for cont_apna
0 7 W 4 12 sdewseds 16a0ews 002 014 5 3210056159 0250
197 3 o opieze0s VERGSW 002 018 11 7859487699 0750 5% -
2 s w2 1 samwieds mosm o o1 8 deesi 0z 0 dev.acc
3 6 W 3 16 eneteds NG 002 012 5 R4S 0375 13% dev_acc=2
4 4 6 2 4 oimne0s 2425781 002 008 16 AOLAIIE 0625
§ 9 5 8 4 coseds 2051172 002 018 18 312615801 0500
6 8 2 11 7S04 1056039 002 016 17 2691569007 0375
77 9 5 2 2406 1550 002 014 19 ISEIETIEA 0625
8 9 5 5 6 930Ne0s 250 002 018 18 4611172897 0625
9 2 2 2 ohSeds 1IN0 002 008 7 MOBSNZ 037
0 6 6 6 2 5zmi0e0s 11460 002 012 18 58I 037
M9 8 2 13 35361006 12587500 002 018 12 325080 0125
126 19 2 2 740zme0s 2051172 002 012 14 3608415 0125

Results of two different runs of the Design MPC for two targeted
device dev._. 1 and dev.. .
Both use 100 sampled candidate design settings.

card(A) = 270 > Negrification (n = 0.05, 6 = 1073) = 264
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Results: Admissible design setting

dev_acc = 1 Design parameter  min-value  max-value
N_pred
Nappa Npred nsteps notr  mocstr hofial tau tuu maxhr  cost sphe " 1 10
0 8 7 38 ociemzes messw oz o018 11 Tasedsrem 0750 3
of 1 10
14 6 2 4 oimstecs ez 0 008 16 4046 0825
rho_cstr 103 107
2 2 s 2 2 7emzaece 1206 002 004 8 24374Tom 0250 ;
max_iter 5 20
3 8 7 5 2 1asowmes 2061172 002 016 18 Q40LI0GETT 0500
4 9 6 7 7ovowmecs ssess oz 018 6 arsssese 00
dev_acc = 2 High values of pf lead to unfeasibility
lapps Nored nstwps not  moosr mofsl tau tau maxHe  cost sphe
0 7 1 4 12 sdoomee tesoss 002 014 5 210056189 0250 Recall that random sampling of
187 3 o commzece TSNS 002 018 11 7850487689 0750
2 9 20 2 10 doiNes w012 002 018 8 Q766654430 0250
pr € [1,1000]
s & w3 16 e 37 02 012 5 Qmesisie 0ars
4 4 6 2 4 oimemews 2ezsre o 008 16 sssete 0825 . .
T is applied but only rather small values appear
6 8 12 2 11 75150308404 1.054939 002 0.16 17 2891563097 0.375 H H H H H
in the resulting admissible settings.
T 7 8 5 2 2ucieds oS o o1 19 dsesrores 0825
8 5 5 8 6 oaoreds Waises0 0@ ot 18 deriimaser e
o 2 2 2 ameseds iuexm om 004 7 aMesedsz 0375
T & s 6 2 sameieds e @ 012 18 sssierdr 07
W9 18 2 13 351000 126875000 002 018 12 32808140 0125
' 6 19 2 2 7awcsecs 25172 002 012 14 60845813 0125

Results of two different runs of the Design MPC for two targeted
1 and de
Both use 100 sampled candidate deslgn settings.

device dev

card(A) = 270 > N,

certification (1 = 0.05, 6 = 1073) = 264
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Results: Admissible design setting

dev_acc = 1 Design parameter  min-value  max-value
N_pred 5 25
Nappa Npred nsteps notr  mocstr hofial tau tuu maxhr  cost sphe " 1 10
0 8 7 38 ociemzes messw oz o018 11 Tasedsrem 0750 3
of 1 10
14 6 2 4 oimereds ez 002 008 16 4d0sssits 0e2s
© rho_cstr 103 107
2 2 s 2 2 7emzaece 1206 002 004 8 24374Tom 0250 ;
max_iter 5 20
3 8 7 s 2 1oesecs 2872 0oz 016 18 3401306877 0500
4 9 6 7 7ovowmecs ssess oz 018 6 arsssese 00
dev_acc = 2 High values of pf lead to unfeasibility
lapps Nored nstwps not  moosr mofsl tau tau maxHe  cost sphe
0 7 1 4 12 sdoomee tesoss 002 014 5 210056189 0250 Recall that random sampling of
187 3 o commzece TSNS 002 018 11 7850487689 0750
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Design of NMPC setting: A Relevant problem!

Any of the discarded settings can be an intuitive choice of someone!

The freely available MPC_tuner is a first step!

Any comment or suggestion is more than welcome!

Extension 1: Include fast-gradient option.

Extension 2: Include other solvers inside CasADi
The current implementation uses exclusively IPOPT

Extension 3: Include time varying weighting and
penalties on the state excursion.

Extension 4: Accelerate the heuristic using ML!
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Any comment or suggestion is more than welcome!

ot na v' Extension 1: Include fast-gradient option.
MPC_tuner

V' Extension 2: Include other solvers inside CasADi

Citation

The current implementation uses exclusively IPOPT

V' Extension 3: Include time varying weighting and
penalties on the state excursion.

v' Extension 4: Accelerate the heuristic using ML!

Each example needed & 1hr under MacBook Pro,2.4GHz intel Corei9
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