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Introduction

* Since 2023 at PUCPR
* 2025-2027 ERC/CNPq project

* Prior positions:
ZF (Germany), Embraer,

IBM Research, PUC-Rio

* Research interests:
system identification,
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ERC/CNPq Project Goals

Hybrid system identification for approximate MPC

Stage 02: multimodal
hybrid modeling

Stage 01: hybrid modeling

Stage 03: approximate Stage 04: higher-level
MPC command interface
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CONTROL

System ldentification
(SYSID)

2222222



What is system identification?

|dentification is the task of using input-output data to build a
model: a mathematical abstraction of the process [2]

INPUT

OUTPUT . e

MODEL .

(ANALYSIS TOOL)
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— IDENTIFICATION [+

[2] Arun K Tangirala.
Principles of system identification: Theory and practice.

2/16/26 CRC Press, 2014.



Example 01: a 2WIP mobile ro

Figure 1. Overview (left and center) and main components (right) of the robot prototype on the test bench.
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Figure 7. Speed control validation. The plot compares the motor’s response (RPM Measured) with the step reference

(RPM Reference). The control signal (PWM Feedback) is also included to assess the system’s actuation effort.
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Time (s) ' Figure 8. Closed-loop response to a sinusoidal trajectory. The left axis is motor speed (RPM); the right axis is the control

signal (PWM). This dual-axis plot enables a direct comparison between system output and control effort.

Figure 4. Step input of PWM and open-loop motor speed (RPM) responses.
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Paradigms in SYSID

'//—* System

White-box modeling | - - | | Black-box modeling
(first principles)

Light grey
Analysis tool

* What's the best modeling approach?

* Prof. Ljung: "Our acceptance of models should be guided by usefulness
rather than truth"
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State-space

Difference

equation

Typical discrete-time model structures

LINEAR NONLINEAR
{x[kJr 1] = Az[k] + Bulk] zlk + 1] = f(z[k], u[k], 0)
y[k] = Cxlk] + Dulk] ylk] = g(x[k], ulk], 6)
na n ylkl = F(ylk —1],...,y[k — ny]
Ykl + D _aiylk =i = > bjulk —j] alk — 10, ulk — 4], 0)

Following standardized model structures allows using model-based control approaches

2/16/26 10



Hybrid modeling paradigms
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Mukherjee and Zavala, Physics-constrained machine learning for chemical engineering. Current

2/16/26 Opinion in Chemical Engineering 2026, 51:101228



SYSID course online

2/16/26
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SYSTEM IDENTIFICATION

Q Search * |+ K

Welcome

Linear Systems
Practical aspects
NARMAX

Grey-box system
identification

Artificial neural networks
Case Studies

Updating This Jupyter Book
Site

Welcome — SYSID
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Welcome

Welcome Running the notebooks

Reporting Errors or Issues

Welcome! This repository hosts the class notes for an introduction to the fundamental
concepts of system identification.

To foster a hands-on learning experience, these notes include adaptable Python scripts.
You're encouraged to build upon this starter code.

By the end of each script the reader will find activities to enhance learning experience. They
use real-world data, detailed in the Case Studies section of this page, allowing you to explore
both the potentialities and limitations of the techniques discussed.

Originally developed in MATLAB and R, the scripts have been translated to Python (with
assistance from LLMs) so they are more accessible and readily available online within these
notes.

Running the notebooks

Students can easily navigate the material and click the [Eal e L) to start
experimenting directly in their browser.

Thoy ~can ha run anlina icing anaala infractructr r lacalls ucing dackar

[«
(=}
[

https://helonayala.github.io/sysid/
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Prior work
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Mechanical Systems and Signal Processing 186 (2023) 109815

Contents lists available at ScienceDirect s
Mechanical Systems and Signal Processing =
journal homepage: www.elsevier.com/locate/ymssp =
()
Nonlinear ensemble gray and black-box system identification of Y

friction induced vibrations in slender rotating structures
Ingrid Pires *,|Helon Vicente Hultmann Ayala, Hans Ingo Weber

Department of Mechanical Engineering, Pontifical Catholic University, Marques de Sao Vicente, 225-Gavea, Rio de
Janeiro, 22541-041, RJ, Brazil

Goals:
* Build physics-based and black-box models

* Improve results by merging approaches

2/16/26 14



Rotating structure subject to friction

A torque is produced by the electric motor

Velocities are measured in order to
build the dynamical model based
on data

(and some prior knowledge)

Resistive torque is controlled
(manually) to induce oscilations
in the structure — unknown for
modeling purposes

Fig. 2. Experimental test rig.

2/16/26 15



Physical model

0 1 -1 b 0 0 T
X= —k/Jd —(C+Cd)/Jd C/Jd B.d + —I/Jd 0 [Tf]
k/J, c/J, —(c+c,y)/In |0, 0 /7, "

[ 5
ym=10 1 0]|6,[;

O

The interest of the present analysis is to estimate the mechanical parameters of the test rig, shaft stiffness and damping, and
friction parameters. These unknown parameters are organized in the vector g as follows:

pi=[k ¢ cg cn Tc|, o=k ¢ ¢4 cn Tc Ts Vs,

ﬂ3 = [k C Cq Cm TC 0'0] , ﬂ4 = [k Cc Cq Cm TC TS a a2] ’

subscripts 1, 2, 3 and 4 correspond to the optimization problems with the four friction models: Coulomb, Stribeck, Dahl, and Stefanski

et al. respectively. For the optimization problem, lower and upper bounds for the unknown parameters were defined by physical
restrictions.

2/16/26 16



Proposed approach

gray-box black-box

7\

~

v, (k) = £(x(k), ulk)) + glelk = 1), ..., e(k — n,),u(k — 1), ... ,u(k — n,))

First principles” model Complementary model (black-box) to model

remaining dynamics in the data

Step-by-step
1- adjust gray-box model

2- analyse residual properties (are they random?)
3- build black-box model

2/16/26

17



Results: gray-box model

Measured Estimated

wy (rad/s)

0.0

(©) ] (d)

1500 1502 1504  150.6 1508  151.0 1500  150.2 1504  150.6  150.8  151.0
time (s) time (s)

Fig. 5. Comparison of measured and predicted disc angular velocity using gray-box model based on (9), one stick phase interval: (a) Coulomb; (b) Stribeck; (c)
Dahl; (d) Stefanski et al.
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Results: hybrid model

Measured Estimated

(a) (b)

150.0 1502 1504  150.6  150.8  151.0  150.0 1502 1504  150.6 1508  151.0

time (s) time (s)

Fig. 7. Comparison of measured and predicted disc angular velocity using ensemble model based on (9), (8) and (14), one stick phase interval: (a) Coulomb;

(b) Stribeck; (c) Dahl; (d) Stefanski et al.

2/16/26 19
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Mechanical Systems and Signal Processing 200 (2023) 110405

Contents lists available at ScienceDirect 2
Mechanical Systems and Signal Processing =
journal homepage: www.elsevier.com/locate/ymssp e ——
Hybrid gray and black-box nonlinear system identification of an

elastomer joint flexible robotic manipulator

Daniel H. Braz de Sousa ", Felipe R. Lopes, Antonio W.C. do Lago, Marco

A. Meggiolaro, Helon V. Hultmann Ayala

Pontificia Universidade Catdlica do Rio de Janeiro, 225 Marqués de Sdo Vicente Street, Gdvea, Rio de Janeiro, RJ, Brazil

Goals:
* Build physics-based and black-box models
* Improve results by merging approaches

20



Flexible-joint manipulator

(a) Assembly exploded view [40] (b) Assembly detail [40]

(c) Elastomer based elastic joint 55A (d) Assembled eSEA

Fig. 1. eSEA assembly including CAD model, a detailed picture of the elastomer-based compliant element and the assembled system.

2/16/26
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Physical models
R

Ffviscous = fva

_F

)i

o
0

=f,0+ [fc + (fs — fc) e_(5/58)2] sign (5)

f Coulomb

FfDahl = 002

O'Oz

FfLuGre = 0'Oz+012+f05

2—5’1 7 sien (5)] [ fo 4 (fy = ) e GIBY

Cc
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Hybrid model: grey and black-box model

&)

T Grey-box 0 Neural e
1 model Network

Fig. 6. Block diagram of the proposed hybrid model.

e =Fle@t-1),....,6(t—ng),t(t=1),...,t(t—n,),
O0@—1),...,0(t—ny)l

OdD=0+¢é
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Results — hybrid enhaces prediction

Table 5

Model metrics comparison (Identification).

Model MSE R? M SE reduction
Linear 3.3253 0.8989

0,
Hybrid model (Linear) 0.5018 0.9847 84.91%
Coulomb with Stribeck 4.5041 0.8630 89,420
Hybrid model (Coulomb) 0.4765 0.9855 e
Dahl 4.1782 0.8729

0,
Hybrid model (Dahl) 2.2018 0.9330 47.30%
LuGre 1.7023 0.9482

60.95%

Hybrid model (LuGre) 0.6648 0.9798 ’

2/16/26
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Heterogeneous data sources

Available online at www.sciencedirect.com

ScienceDirect I FA Paﬁr?és

CONFERENCE PAPER ARCHIVE

IFAC PapersOnLine 58-15 (2024) 514-519

Identification of the friction model of a
single elastic robot actuator from video

Antonio Weiller Corréa do Lago *
Daniel Henrique Braz de Sousa ** Lu Lu ***
Helon Vicente Hultmann Ayala *»****

* Pontificia Universidade Catélica do Rio de Janeiro, RJ, Brasil,
(e-mail: tottilago@gmail.com,).
** Instituto Militar de Engenharia, RJ, Brasil, (e-mail:

braz.daniel@ime.eb.br).

*** Department of Statistics and Data Science, Yale University, New

Haven, CT 06511, USA, (e-mail: lu.lu@yale.edu,).

**** Pontificia Universidade Catdlica do Parand, PR, Brasil, (e-mail:

helonayala@gmail.com).

T

6,0
Encoders

2024 IFAC SYSID - BOSTON, USA )
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Hybrid models and Heterogeneous data

SOUrces

Identification

/ Black-box Gray-box \

[ T
Customize the top Layer Torque

[ of the Pre-trained CNN ] VGG19

| MobileNet | Q

Data
augmentation
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Evaluation

_________________
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> Y
Estimated Angular Position E.,> ODE Layer 01
— — _@ ———————————————— Friction
Parameter

o

¢> Estimated N Estimation
Angular Velocity
and Acceleration \—//
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Takeaways
* Hybrid architecture varies greatly throughout examples

* It is necessary to establish which approaches are better

* Simulation performance
* Model-based control

* Multimodal modeling seems to be difficult

2/16/26
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Future/ongoing work

2222222



Case study

* Abeam that rotates commanded by a DC motor on a cam follower

Cam follower detail

Schematic

Angular position ‘ (
(output) Il

2/16/26 29



Motivation

* Nonlinear phenomena
« Came geometry, friction and
dead-band

e Establish a benchmark for
multimodal SYSID

« Comparison!

* Classic control example, easy
to grasp

* Enables testing concepts for
scaling

https://github.com/helonayala/bab datasets
2/16/26 30
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Dataset 1-2: multisine (2x)

Input

2.5 1

Output

2/16/26

Data: 05_multisine_01.mat

— Input (u)

10 20 30 40 50 60

0.0 -

—— Output (y)
——— Reference (y_ref)

g ¥ Ml : 4 - WWWﬁ
50 60

10 20 30 40
Time (s)
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Dataset 3-6: random-steps (4x)

Data: 03_random_steps 03.mat
10 A 1
—— Input (u)
a o
=
—10 h Ll 1 Ll T T
0 10 20 30 40 50 60
5 -
—— Output (y)
» —— Reference (y_ref)
- .
o 0
= P‘w p..—
(o]
-5 1
0 10 20 30 40 50 60
Time (s)
2/16/26
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Dataset 7: swept-sine

Input

-10 -

2/16/26

10 -

Data: 04_swept_sine.mat

.......

—— Input (u)

i

e

20

————aaa

[ .Output (y)
——— Reference (y_ref)

10

20

T

30
Time (s)
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ERC/CNPq Project Goals

Hybrid system identification for approximate MPC

Stage 02: multimodal
hybrid modeling

Stage 01: hybrid modeling

Stage 03: approximate Stage 04: higher-level
MPC command interface

2/16/26
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Stage 01: hybrid modeling

* Goal: u
* improve hybrid modeling wrt.
prior work
, Physical
model

architectures

* establish novel hybrid

* improve model-based control

2/16/26



Stage 01: models tested

. Li N
Inear Q.TQ — JLO (Tou(t) — Ro.’]}Q — KO(xl + 50))

£i71:$2

* Nonlinear s Jio (Tou(t) — Ko(z1 + 8p) — [FC + (Fs — Fc)e_(|x2|/vs)2 4 01'2])

—

f .

. i 1 = X9
BlaCk bOX <\i.2 — NN(:L'l,CBQ,U(t);Hnet)

/ -
r1 = T2
. . 1
* Hybrid 9= (Tou(t) — Rowa — Ko(z1 + do)) + NN(z1, 22, u(t); Onet)
\ Phbjsrical Residual

2/16/26 %



Stage 01: models tested

* Mini-batches are built from K-step rollouts
* Full-simulation vs. 1-step ahead

e Loss function

* erroris calculated only for position (measured data)
* velocity (estimated) is used only for IC

2/16/26
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Stage 01: preliminary results

Model/R2
Linear
Stribeck
Black-box
Hybrid-Joint

i ms_05 ms_06 irs_01

! 0.8511 0.8404 :0.7439
' 0.8578 0.8480 '0.7540
' 0.8794 0.6762 '0.7686
' 0.9467 0.9643 '0.5601

Hybrid-Frozen | 0.9821 0.9316 |0.5677

Protocol 1

* Train
e Multisine

e Test

rs 02 rs_03 rs_04 i swept
0.6846 0.5800 0.3755, 0.8637
0.7161 0.6381 0.4907 ; 0.8801
0.7068 0.6915 0.5986 , 0.8055
0.5110 0.4078 0.4406 , 0.8984
0.4854 0.3235 0.4899, 0.8914

* Broadband signals: hybrid is better
* Random-steps present poor results

* Random steps & Swept-sine

2/16/26

Signals used for training have different
properties than those used for testing

38



Stage 01: preliminary results

Model/R2
Linear
Stribeck
Black-box

ms_05 ms_06 rs_01

0.4025 0.6423 0.7822
0.5382 0.4376 0.4586
-3.9730 -1.9576 0.5234

rs 02 rs_ 03 rs_04 swept
0.7475 0.5875 0.5626 0.8679
0.4344 0.2880 0.2520 0.6116
0.5843 _0.4914 _0.6467__0.8299

0.6004 0.5082 0.6440 0.5814

Hybrid-Frozen

Protocol 2

* Train
* 50% of multisine
and random-steps
* Test

* 50% of multisine
and random-steps

* Sine-sweep

2/16/26

0.7983 0.6804 0.7266

Hybrid is better
Joint-estimated parameters perform better

39



Stage 01: take-aways / future work

* Run hyperparameter extensive search

* Reiterate physical model
* Deadband / backlash; cam follower geometry

* Information contained in the datasets
* |Is it possible to generate a good model looking solely at the data?

2/16/26
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Stage 02: multimodal hybrid modeling

e Goal: * Impact:
* Build hybrid models with video * allow predicting using video
* simulations outputimages

N — Kinematic
info

0,w,a
Hybrid model

learning

2/16/26 41



Stage 02: video sync

u/y (20.00s window) i u/y (20.00s window)

1 y A A = . | A

,,,,,, v P s \ . / \\ L /\ - [ \\ ,.,’/ \l\ ‘/ \\‘ A I“ I\ / X] 7.5 y ! ; a f A | e ﬁ ;‘1 i ;: j‘ 591 \*} i il i
2 A ’}/,{.\ WA e /M\‘y/ ' \ ’_H L ‘\.‘ \ 1 { I}" { ‘ /;‘.‘ ,l { /{. e ] \ 5.0 n N “g}; “‘.3,,, "‘;‘./\ f il " }, { ‘, .‘“‘ - :“ j i ‘5 ’\ : " f f»_\
. /,/ \\w.\\\l / // \\ f \ \\\ /‘ \ / ;I ‘1\ ;‘/“!\j‘ij~=\;"!':\} == 1A ( ,’ ‘ «\1%‘ ﬁ\ i f\\jﬁ\ /\'l[\ur”(\\'[\’p\l\\}}‘\,ﬂ‘[‘!(‘
i [ W W W W ne fHF AUV AV VAV VA (T
- N e '— TRA LA W ‘Ki K i H’ W
—a N \\.J/ \/ \" ‘\,l \ “J ] Vv Ty ?; 1 |

g -7.5 4 ;
o0 2's s’o 75 10.0 125 15.0 17.5 20.0 o.0 2's so 7.5 10.0 12.5 1s.0 17.5 20.0
time (s) time (s)
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Stage 03: approximate MPC

e Goal: * Impact:
* Run MPC online using hybrid * If hybrid is more accurate, MPC
models improves
k+N-—1 k+N-—1
In(Urpen—1)= Y lzi—alln+ DY [Aw|d
1=k i=k+1

% .
Ug g+ N—1 = argmin N (Uk e+ N-1),

Uy = NNo(2k, @k k+N—-1)

Ortega and Camacho, Mobile robot navigation in a partially structured static environment,
using neural predictive control, Control Engineering Practice, 4(12), pp. 1669-1679, 1996.

. Hose, Weisgerber and Trimpe, The Mini Wheelbot: A Testbed for Learning-based Balancing, 4
Flips, and Articulated Driving, ICRA, 2025.



Stage 04: higher-lever command interface

* Goal: * Impact:
* Implement MPC with image- * Allow human-like interfacing
based prediction model with low-level hardware

gy Multimodal MPC
reference control

output

2/16/26 44
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