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> About 15% of the world's population lives with some form of disability [2011 world report of the \World
Health Organization]

Over Agemg Population

‘ed global population aged 60 yea

BILLION 3.1 bilion

people globally

. . . . . . experience 2.1 billion
> Disabled population is on the rise due to mainly aging ety - _
& 0.5 billion
i ﬁlb 1

2100 =

1 in 7 people Pop e @LTMEEGOALS

The first word is Genericity
Human is highly variable and changing, robustness, adaption of any device is mandatory

The second word is Measure
What can | measure? How can | measure (precision, repeatability)? To end with?

The third thing is Think different
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A Careful: working / Integrating a Human in the loop is challenging and (often) dangerous

Q-

AutoNomad Mobility

4 different examples:

1. Robust Observer-Based Tracking Control Design for Power-Assisted Wheelchairs
Personal assistance? User’s intention?

2. Discrete Reference Tracking Control to Swing-Up an Electric Wheelchair
Passing obstacles, safety? Robustness?

3. Stabilizing unstable biomechanical model to understand sitting stability for persons
with spinal cord injury : modelling and observation problems (unmeasurable ZODIAC
variables) AEROSPACE

4. Cable-driven orthosis
Control and observation problems (unmeasurable variables)
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[Mohammad, Guerra 2015 Int. Patents]
* Power-assisted wheelchairs (PAWs)

PAW: NOMAD & DUO conversion kits that
transform a manual wheelchair to an

electric wheelchair

AvtoNomad Mobility Brushless Battery & Control box with or
Motors electronics without joystick
housing

* Advantages:
— Reduce overuse injuries compared to manual wheelchairs
— Suitable physical exercise for users compared to fully electrical wheelchairs

— Human propulsion and electrical motor propulsion
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[Mohammad, Guerra 2015 Int. Patents]
Electric assistance kit for wheelchair @

Disturbances

Controls (‘\)) l
Output, speed
o O Controller |——{| Actuators =®=> System

AutoNomad Mobility actions

Noise

measurement
Sensors ||«

Control “without” sensor
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Robust Observer-Based Tracking Control Design for Power-
Assisted Wheelchairs

%{ Université . . .
Polytechnique ~ ®  Guoxi Feng, Thierry Marie Guerra, Anh-Tu Nguyen

HAUTS-DE-FRANCE
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Lucian Bu§oniu

e  Sami Mohammad

Autoqu Mobility

[Feng, Busoniu, Guerra, Mohammad (2019) IEEE T. Industrial Electronics]
[Feng, Guerra, Busoniu, Nguyen, Mohammad (2021) IFAC Int J CEP]
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Human-applied torque
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* Torque sensor: Cost-increasing and

Via an

inexpensive

hardware design complexity

sensor Estimated human-

applied torque

60kg 55kg 80kg 70kg 85kg

e Different wheelchair and user’s mass

* Time-varying ground profile

e  Human intentions¢ Environment issues?
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*  Human-in-the-loop and good manoeuvrability for users + friendly

Assistive
system

Assistance Measured / estimated
Human perception\ R variables
l Human torque Wheelchair >
Human | >
t |
I
! I
I | State vector
I Human perception
e J

How to define the references?
Avoid being contra-intuitive...

Think different: transform the problem with an Automatic Control, point of view > estimation, robustness

N
R I ®»
CAR OT

] ‘ ARTS Hauts-de-France




L{ Université

heelchair: “stupid” model N Palytechnioue

HAUTS-DE-FRANCE

\_ LAMIH

e

UMR CNRS 8201

,

Battery Control unit

Wireless receiver Data display

v

Wheelchair

Electric motor + Wireless
encoders (black) Transmitter
Torque sensor Hand-rim

(grey)

AutoNomad Mobility
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Two-wheeled PAW dynamics: Shibata et Murakami 2008 r :
Tsai et Hsueh 2012 [
Left wheel
QQR +BHL _TRh+ TRm_KHR d z .E _________ _}X
C(HL + ﬁHR = TLh + TLm KHL
[ ] Right wheel
[
Velocity w and rotation ¢ of the centre of gravity c: \l} 6,

Wheel radius [m]
I Distance between two wheels [m]

r . .
w = — (HR + HL) Trp, Ty p: User torques
2 centre of gravity of the wheelchair with
the human

TRm, T} : Assistive torques
O, 0, : Velocity of the right/left wheel

" — (A — € m mass of wheelchair including the human
@ d (HR HL) a, f : Inertial parameters k]
K Viscous friction coefficient [N.m.s]
Inertia of the wheelchair with respect to
Remarks: the verti(;al aﬁizthroughﬁ [I\Il.m.s] e
I Inertia of each driving wheel around the
Casters dynamics are not taken into account. wheel axis [kg.m?] )

Non-modelled dynamics and uncertainties change the behaviour of the wheelchair.

Is two-wheeled model enough to capture the main behaviour for motion control designs? U(—
B INSTITUT
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Wheelchair: robustness
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Descriptor form model:

E@)x+ = A(@x+ B@]}um

Unknown parameters Unknown signal

Non time varying M <M <M time varying (road conditions) K < K < K

Sector Non Linear approach:

%{ Université
Polytechnique
HAUTS-DE-FRANCE

Tanaka et Wang 2001, Taniguchi et al. 1999 (m, X) (m, %)
@ ®
Zé“,— (m)E;x" = ZZQ— (m) & (K)A;x+B(u, +u,)
j=1 i=1 . (m’ :7()
el gefol], X g(m=1 X S'o(mg(k)-1 4 !

(m %)
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10
|

20 1 1 L
0 20 40 60

UIO Pl-like observer: (1— Z_l)nIO u,, (k) =0

[Guan et al. 1991, Ichalal et al. 2011]

B INSTI T T
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l Unknown input observer
¢.7.7/%

Wheelchair
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e e— - User’s “intention”

= = reference without delay

10 20 30 40 50 60

(Uref and (pref Time (seconds) um

Velocity (m/s)

—
o
N
o
W
o
N
o
[o)]
o
Yaw rotation (rad/s)
o

Wheelchair

v

Reference
generation

Unknown input

observer

@ and @

tr\-{
BINSTITUT .
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Wrer AN Prey Robust Pl-lik U
' opus e Wheelchair

v

v

controller

A A

Reference

generation Unknown input

observer

w and @
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[Daafouz, J. et al., Mdrquez, R. 2014]

2 2
Lyapunov function: V (XC) =X, ZZ P X =X_'P.X

j=1 h=1

;

Parameter-dependent

.« . . . + X ' _PC 02”x X
Variation (inequality constraint): AV(XC):V(XC )—V(XC):{X +} 0 o+ {X +}<O
2n C C

C X
Finsler’s lemma sufficient condition: [Mdrquez, R. 2014]

-P. 0,,

c

; }[ﬂ(m,lC)+ B.L.M ™ _EC]+(*){02n P;}o

X c

_Xci,- (*)

i
AM.+BL X, -E.M, —(ECjMC)
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BINSTITUT .

LS T T (
Hauts-de-France -

‘ ARTS




° L_ . L,
Illustration Xf dniversite

[ HAUTS-DE-FRANCE

Q-

AutoNomad Mobility

ULAMH

UMR CNRS 8201

3 International Patents

rsmey’
U aln au rLreSlS

Région
Hauts-de-France

V< ®




%{ Université
Polytechnique
HAUTS-DE-FRANCE

ULAMH

UMR CNRS 8201

Discrete Reference Tracking Control to Swing-Up an Electric
Wheelchair

%{ Université
Polytechnique

HAUTS-DE-FRANCE

* Michael Gray, Thierry Marie Guerra, Sébastien Delprat

*  Sami Mohammad 0@

AutoNomad Mobility

[Gray, Guerra, Delprat, Mohammad(2020) IFAC Paper-on-Line]

N
[Gray, Guerra, Delprat, Mohammad (2023) Asian Journal of Control 25 (5), 3369-3383] U 6
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Drivers
&
Battery

Control
Box

Burshless
Motor

/ ] 2/um
M, +2M,, + ZJZW m os(y) @_ 2
r

0
‘ 2 ’Ac(l//’l/]):
os(w) m +J, (1)

Modelling: simplest

Unknown, unmeasured

2,

0

N
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Control
BOX urk ' er uk T X

“feasible” trajectory

Brushless
, Motor
Drivers
&
Battery /<}: . —:®i
“Simple” ideas:
. . . E, O]/ X 0 || x 0
* follow a “feasible” trajectory (nominal system) { r M “k*l}z{ ABF_l H “k}{ }uk
0 Ev € A\IW_EVE ArBF A\/w € B
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C niversité
Control: robustness S Bolgtechtnique@
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Control
T, F
B OX u rk er

( ]7
> T
U X,
Drivers “feasible” trajectory
& Robust Control
Battery Brushless
Motor
Anti Tilt /<}: ¢

“Simple” ideas:
0 || x

* follow a “feasible” trajectory (nominal system) Er = Merk”}:{pw_?é% A?JKW}{S}UK

* compensate the errors with a robust control u =[F() G(-)]H(f){);rk}
Feedforward + Feedback

N
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Hy —H(+ Ry ) ° )

PN U ] CORIC I 0]’<->—<*>+8 v ol () (3
A, —EE Ag A, B 0 E 0 0 0 <0

0 Iy iy O

_ Q,-YE'A, Q,]H, -[0 1,]3, 0 -S|

+ some performances: decay rate, smoothness, “low” gains / Comfort

a0 [F() 6]
{FT(.)} b <0, AP>1
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Lancer:
https: / /pod.uphf.fr /video /2956-continuous-swing-up-optimal-trajectories-demo /
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A Careful: working / Integrating a Human in the loop is challenging and (often) dangerous

Q-

AutoNomad Mobility

4 different examples:

1. Robust Observer-Based Tracking Control Design for Power-Assisted Wheelchairs
Personal assistance? User’s intention?

2. Discrete Reference Tracking Control to Swing-Up an Electric Wheelchair
Passing obstacles, safety? Robustness?

3. Stabilizing unstable biomechanical model to understand sitting stability for persons
with spinal cord injury : modelling and observation problems (unmeasurable ZODIAC
variables) AEROSPACE

4. Cable-driven orthosis
Control and observation problems (unmeasurable variables)

CA R T =
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Stabilizing unstable biomechanical model to
understand sitting stability for persons with spinal
cord injury

Thierry Marie Guerra, Mathias Blandeau, Anh-Tu Nguyen, Hajer Srihi, Antoine Dequidt L( Université
A Polytechnique

D G CR/R Université f'”'l HAUTS-DE-FRANCE
any Lsagnon - ewewwere  de Montréal
du ::U:'letfg::'p:ér t[?: palitain

[Blandeau, Estrada-Manzo, Guerra, Pudlo, Gabrielli (2018) IFAC Eng Appl Artificial Intell 67, 381-389]
[Srihi, Guerra, Nguyen, Pudlo, Dequidt (2021) Frontiers in Control Eng 2, 710271] ﬁ

[Blandeau, Guerra, Dequidt, Pudlo, Gagnon (2024) Asian Journal of Control 26 (3), 1134-1150]
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-> Reaching Target exercise

-> Human is highly variable and changing

-> Movements : Symmetric / Assymetric - 2D and 3D
-> High risk of fall [Boswell-Ruys 2010]

-> Postural regulation by the upper body [Nelson et al. 2010]

- Reduced seated stability in seated position

Goal: estimate unknown torques (inputs) for SCI people with guarantee of state error convergence under
assumption of “slow” (human compatible) varying input torques, possible results on recorded data

T NATION BINSTITUT 26
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Problems
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Goal: estimate unknown torques (inputs) for SCI people with guarantee of state error convergence under
assumption of “slow” (human compatible) varying input torgques, possible results on recorded data

Active torques

Human

u(t)

Passive moment (trunk)

Unknown inputs

Observer??? |«

LR(1), (1)

Measurement (angles)

Torques are unmeasurable (except using invasive methods = ethically prohibited)

INSTITUT NATIONAL ' B NSTITUT
DES SCIENCES CARNOT
‘ [ARTS |
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Classical Models are unsuitable for stability of SCI people, [Reeves et al, 2009, Tanaka et al, 2010]

Goal: step 1 = biomechanical model BUT unstable open-loop + transmission delays + low stability region...

Human

Active torques

uf(t
| “Internal” control (1)
law

A
v

—

Passive moment (trunk)

Unknown inputs

Out-of-scope for this talk
—> Focus on observer part

TUT NATIONAL B NSTIT
S

INSA
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HAUT!
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Head-2-Arms-Trunk” (H2AT) with 2 Degrees-of-Freedom

F(t—7)=m,%, —m, 0l —%ézmH 2X,, +m, gsin(6)

0=0(1g, +mld +1g, +myl? +myx,?)=my | %, +0m, 2%, %, —(my b +melg )gsin(6)+m, gx, cos(6)

Seated-3-segments” (S3S) model involving 3 DoF

M, =, ( lyo — 2(m1IOIG1 + mzloll)cos(ql)— 2m |l cos(q, +0,)+ 2m,l 1. cos(qz))+ oA (Iql —(mllolel + mzloll)cos(ql)— mlols, cos(q, + ql))

+0, ( 2 = M,lle, cos(q, +0,)+m,ll, cos(q, )) +4,° ((mllol(31 + mzloll)sin () +mylgls, sin(q, + ql))
+q,° (mzlolGz sin(g, +q,)—m,kl. sin(q, )) + 24,4, ((mllolsl + mzloll)sin () +mylols, sin(a, + ql))
+2q0q2 (mzlole2 sin (qZ + Q1) - m2|1|<32 sin (qz )) + 2q1q2 (mz|0|<32 sin (Q2 + ql) - mzllle2 sin (qz )) _(mogleo + mlglo + nglo )Sin (qo)

+(mlglel + ngll)sin (0, +0o)+ m,glg, sin (a,+0,+0)

M. =¢, ( I +2myl 1, cos(a,)- (mllolGl + mzloll)cos(ql) —m,lol, cos(a, + ql)) +0, ( I +2m,Ll. cos(a, )) +4, (qu +m,ll., cos(da, ))

4.2 ((mllolGl + mzloll)sin () +mylols, sin(q, + ql)) —d,’m,ll sin(a,)
~2G,4,M, 1, sin (a,)- 2G,d,m, k1 sin (a,)+ (mlglGl + ngll)sin (0, +0,)+ m,glg, sin (a,+0,+0)

M. =¢, ( Iy, =M, lolg, cos(a, +q; ) +mylls, cos(qz))+ ql(lqz +m,l e cos(qz))+ b1

+,2 (m2|1|Gz sin (g, ) —m,lglg, sin(g, + ql)) +0,’myllg sin(a,)+2G,6,m,klg, sin(a,)+m,glg sin(g,+q, +d,)
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Human

Tools

Active torques

u(t)

—

Passive moment (trunk)

Unknown inputs

Observer???

A

A

V(1) T(0)

Extended model

{Ee (y)xt(t)=A° (xe (t))xe ()

y(t)=C*x*(t)

oy

«——

K{( Université
Polytechnique
HAUTS-DE-FRANCE

Unknown input observer or Pl-observer

Assumption: Human movements are slower enough
to be captured by a cascade of p integrators

INSA“\\STWUTNAT!ONAL ' B NSTITUT 30
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 LAMIH Polytopic representation & more problems @ RE e e
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Non-linear descriptor Form: {Ee (y)x(t)= Ae(xe (t)) X (t)

y(t)=C*x*(t) 5<0,<5  |g,]<29
Q, ={-20< gy <60, 6] <57
~10<q,s <45 |65 <57

f(x(1))

Sector nonlinearity approach

[Ohtake et al. 2001, Tanaka et Wang 2001]

Polytopic representation in a descriptor form:

Zr: h (Y)E X (t)= Zr: h (x) AX® (t) [Taniguchi et al. 2001]:
i=1 i=1

Build an observer: _
Not available
;

> (YE ()= ()AL (1)+K" (v.2)(y-9)

i=1

Convergence of the error to 0? Mismatch due to:

£ (y)6(t) = (A" (R(1)) - K (1(1))C° e (t) + (A" (x(1)) - A°(X(1)) x(1)



U LAMH Complexity: previous works @ RO U e
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To give an idea of complexity, in discrete:

AP (H(qk)Aie_KiCe)T

1<0, ie{L2,...,128}.
H (g )A -KC® P—H(q)E ~(H(a)E)

A“e E_e ERlZXlZ

/

S3S Seated-3-Arms 3 DoF (Blandeau, 2018)

H(q,)=H  Solver compatibility = No solution 128 LMI, 4830 variables, R****

128

H ()= 2 h (a)H, Solver incompatibility 8256 LMI, 32092 variables, R*** - I:> Close to solver limits

i=1

H(a)=|H, H, Hy; ] Solver compatibility = solution 128 LMI, 18510 variables, R
Hlyh c R12x3, H2 c ]R12><3, H3’h c RleG B

INSTITUT NATIONAL B NSTITUT
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Simulation protocol Torques at left and right shoulder and elbow level by T2A observers

—_ - -M1 L simulated ||

6 — — —-M, Rsimulated | 1 4 F
M1 R estimated

M1 L estimated

Internal control law

I 2 -
7 - T
U= _FlR I Ty FZL] = Z 4 M
. . . -2 I
Passive joint [,
. 4L
2 4 6 8 10 2 4 6 8 10
t (s) t(s)
. 67 ' ' T
4t — — —-M, R simulated — — —-M, L simulated
m M, R estimated . o M, L estimated
3 )k ]
= 2]
a(t) -
0 [
i T2A Cascade . Py
Disturbance R —>X(t), 2
Observers U h
2 4 6 8 10
t(s)
INSTITUT NATIONAL B NSTITUT 33
DES SCIENCES CARNOT
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PI-Observer

A
( A\

1. Start Acquisition 2. User “stable” 4. End of user’s stabilization 5. Stop Acquisition
|

L

. . 3. “boom” disturbance .
Instructions: raise arms Instructions: lower the arms

%%‘%%%

2 . (PN
o(t) —— —
N ( ) T2A Observers 6’(’[),1“ U Q

CARNOT
ARTS Hauts-de-France
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 LAMIH Lumbar torque estimation (symmetric movements) @ s Fochr
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S1 & S2 : Low movement strategy 2 conditions
S3 & 5S4 : High fix strategy 6 trials / conditions

M ¢ (N.mrkg)

"M (N.mrkg)

Basse Mobile

M T (N.mv/kg)

Haute Fixe
M (N.mrkg)

p < 0,001

INSTITUT NATIONAL B NSTITUT
DES SCIENCES CARNOT

APPLIQUEES
HAUTS-DE-FRANCE ARTS
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Q LAMH Experimental Validation (asymmetric)
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Estimated active torques (Shoulder and Elbow)

cnrs

L( Université
Polytechnique

HAUTS-DE-FRANCE

15 ! ! | \ ! ! | \ | !
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

INSA

INSTITUT NATIONAL
DES SCIENCES
APPLIQUEES
HAUTS-DE-FRANCE W

B NSTITUT
CARNOT

‘ ARTS

37



_— O . i
“&'—F}MR!HH The Judge @ ~ i

The “controlled” Judge

Active torques

| “Internal” control u(t)
law F(t)

A
v

Passive moment (trunk) —

THY LA

Experimentally

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
: known inputs
I
—(2)

Perturbation

T2A Cascade
i i i Observers

INSA

INSTITUT NAT B NSTITUT 38
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Summary

A Careful: working / Integrating a Human in the loop is challenging and (often) dangerous

Q-

AutoNomad Mobility

4 different examples:

1. Robust Observer-Based Tracking Control Design for Power-Assisted Wheelchairs

Personal assistance? User’s intention?

2. Discrete Reference Tracking Control to Swing-Up an Electric Wheelchair
Passing obstacles, safety? Robustness?

3. Stabilizing unstable biomechanical model to understand sitting stability for persons

with spinal cord injury : modelling and observation problems (unmeasurable ZODIAC W
AEROSPACE &

variables)

4. Cable-driven orthosis
Control and observation problems (unmeasurable variables)
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Assistance Orthosis... cable-driven
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One DoF (the knee) = but control and observation thought generic

(from the start)




Assistance Orthosis... cable-driven
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Descriptor form:

R LR IR KR N I

G(Q)=§COS(7(Q))(1—LM} n(a)=sin(7(a)). b(g)=1/h(q)

Il
1
O O
—~
—+ —t
N N
L 1

w(q)
w(q)=\/|_2 + L2 —2LL, cos(¢, —q(t)), cos(y(q))= K _ZLEV:(:;V)Z(Q)
a1(q):G| Sinof(J)’ az(q,Q)=ng(q)h(q)Q+Bmh2 (q)+ B,, e(q):Jmhz (q)+J|

+ robust control + UIO observer...
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“The truth is rarely pure and never simple.”
Oscar Wilde

Definition of stupid: knowing the Truth, seeing the

Truth, but still believing the lies (Unknown) ﬁ(—
H:éﬁts-de-France .




