Robust output/state feedback
controllers design for uncertain
systems described by interval state-
space models

Journée MEA-GDRMACS (9-10 August 2017), Nancy, France

Directed by:
Mounir HAMMOUCHE

IINSTITUT DE RECHERCHE

-
T
<
—
-

Supervised by:
Dr. Micky RAKOTONDRABE
Pr. Philippe LUTZ

ferrjg,'t@'-st B

sciences & tech'ologies de:la rachiercho puy
fondamentale

B INSTITUT au partenariat
CARNOT industriel | \

. a .J"?-"
w ‘ FEMTO-Innovation www.femto-st.fr




® Context and motivations

® Basic Concepts on intervals
®Problem Formulation
®Interval linear approaches
® Experimental validation

® Other propositions

® Conclusion and Perspectives

femto-st

HE N NSCIENCES &
TECHNOLOGIES



1- Context and Motivations

Introduction
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1- Context and Motivations

b Smart materials are subjected to various uncertainties and contains serval nonlinearities.

*Sensitive to the environment - Hysteresis - creep (dérive)

- Temperature ...etc. - vibrations ...etc.
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b Modeling and control of such systems are difficult.

h Robust control techniques are required to ensure the specified performances.
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1- Context and Motivations

Robust methods: H-2, H-inf, p-synthesis 2 - Complex controllers
X - Difficult to implement

* Objectives

Seek for simple methods to control systems ensuring the stability and performances.

+» Solution

“Control Systems Using Intervals theory”
0 Simple methods to describe the parameters uncertainties just by bounding the parameters.
O Provide low order controllers.
O Reliable computation.
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2- Basic Concepts on intervals

% Operations on intervals

Interval operations

Given two intervals [x] = [x,X] and [y] =[y,¥]. The result of an operation { € {+,—,-,/} between the two
intervals is an interval that contains all possible solution:

[x]Oly] = {xQy | x € [x].¥ € [¥]} (1)

Definition of interval matrix

An interval matrix is defined as a family of matrices:

A:=[AA]={AcR™" A< A<A} (2)

The midpoint and the radius of A are denoted respectively by:

(A-A) (3)
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2- Basic Concepts on intervals

* Interval systems

Interval transfer function

An interval system denoted [G](s.[p].[q])is a system where [p] and [q] are two boxes of interval numbers:

m o
¥ [q]¢
Jj=0

n

[G1(s: [p). [a]) =

(4)

X [pls
i=0

where [g;] € [a; . q;'] and [pi] € [P, P}']

»

Interval state-space

Interval uncertain system described by the state-space equation:

{x(r) = [A]x(t) +[B]u(t)

y(t) = [C]x(t) + [D]u(t) (5)

where x € R", ue R™, y € RP, [A] € IR"*7, [B] € IR"™*™ [C] € IRP*", and [D] € IRP*™
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3-Problem Formulation W

~ > Linear Interval approximation

7

+* Interval State-space representation

{s«(r) = [A]lx(t) +[B]u(t)
y(£) = [Clx(t) +[D]u(t)

+* Interval Transfer function representation

Microsystems sensitivities
. -
to the environment q £ g1
[G(s, [p). [a]) = 52—
+ f‘_}‘o Ll

] . Approximated
Nonlinearities

» Nonlinear interval approximation
i‘lg(i; + L'lg(i,' + 6,‘ = dp,'br,' - h,‘ + C,'((.-'rj._ h;)
Jfli = dpijlbwi'ﬁ'ri - Bbwi |I:"':' J!l:' - me'{;'ri |h‘f|

< Theory of control Interval theory >
Interval controller;D

Robust control
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3-Problem Formulation W

State-of-the-Art

1- Linear interval approaches

. : he stability and th
a-Interval Transfer function representation &K Ensure he sabity and he
-PID controller,H= with interval techniques, RST-structured controller [E,Walter-1994, C.T.Chen-1997, Xy Notwell adag;‘;‘t’etrgsmu'“"a”ab'e
Rakotondrabe-2009, Khadraoui-2012,-2014].
—
b- Interval State-space representation Well adapted to
multivariable control
% Interval State-feedback —
- Arithmetic intervals [Smagina-1997 , -2000,-2002], [Dugarova-1989], [Wei-1994].
} Non-fragile design [Marcia-2005]. g A Address only the State-feedback
- Analytical design [ Patre-2010 ] L No performances was discussed
—
** Robust and Optimal control —_—
- Quadratic stability and LMIs [Mao- 2003,-2002], [Zhang-2006] and [Guang-2006]. p— Ou r
- Optimal Guaranteed Cost Control [Min-2009, Li-1999 ]. o o _ _
- Optimal Guaranteed Cost Control with input constraints [Li-2005]. X D'ff'cu“égr';“rﬁgg:gr;g";gr a lot of Focus
- Optimal Guaranteed Cost Control with Actuator Failures [Min-2008]

2. Nonlinear interval approaches

- Interval-Based Sliding Mode Control [Rauh-2012,-2013,-2017]. £ Good performances
- Nonlinear Model Predictive Control via interval arithmetic [Lydoire-2005].
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4- Interval linear Approaches D

L

“Robust Output-feedback with regional pole aSSiQan
~ esired region

| Closed

—s@r 18] fo> T J2~{1a o

{s«(r) = [A]x(t) + [B]u(t)
y(£) = [Clx(t)+ [D]u(t)

y Rl o | | |
-1100 <1980 L -800 -600 -400 -200 0 200 400

Figl. Output-Feedback with Integral Compensator. .
Desired performances

- without overshoot
settling time <2ms

¢ Interval Eigenvalue Computation

=  Symmetric matrix (Rohn,2005) T e o -
= Non-Symmetric matrix (Hladik, 2011) : ' : :
= \ertex approach (Hussein,2011) v ' 3
= ) w 1
Hladik formula (H.'acf:}(, 2011) ‘ Vertex approach (Hussein,2011)
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4- Interval linear Approaches ® .5

Robust Output-feedback

No conclusion .
No solution

The proposed recursive SIVIA-based algorithm
for solving a set-inversion problem:

Step 1 Iteration i : - Calculate e[g[[.ﬁ.._‘_d]]
Step 2 -If eEg“A"'_d”t' DD Then [kis] = (kiU [K] Go to step 6
Step3 | I eig([Ayyy )1 2Des=2  Then [kl =[kynrJU[K] Go to step 6
Step 4 -if [K]<e  Then [kewe]=[kem]U[K] Go tostep 6
Step 5 -Else bisect |K] and stack the two resulting boxes.
Step 6 - If stuck =& end; else go inte [K](i+1).
s
-SIVIA: Set Inversion Via Interval Analysis [Jaulin 1993]. Solutions Intial Box
SIVIA Algorith . .
PR o~ A Desired region
4000 | ~ . . : T Closed-Loop Step Response
v ) - - - | 25 : ‘ .
e i B " 1000 515 -
— : = 1 510
‘ 2 o inf(A),inf(B),inf(C),inf(D)
> ; 1000 £ 5 mid(A),mid(B),mid(C),mid(D)
. E 2 sup(A),sup(B),sup(C),sup(D)
set solutions e [ S
-3000 ™ [=] 0r
[K] 00 ;. s Before pole
55 > -12|o ’-mnv -800 R -5 B
5 T 42 P assignment 0.05 0.1 0.15
4 0 2 > 4.4 Time (Seconds)
x10 e
K1 5 4.6 IK,] After pole

assighment
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4- Interval linear Approaches

a- Encountered problems and propositions

Eigenvalue Region for A Im

If the interval system can not be stabilized with the observer -
output-feedback? :

¢ Proposition

“Robust state-feedback with interval observer”

4 Interval Luenberger observer. _ _ _

O Regional eigenvalue assignment for both controller Eigenvalue Region

and Observer_ fogr) the Controller
_-com,-r‘uue.( = Nwn

KX Advantages 'Qcontroller > 5 * 'Qobserver

Find easily the robust gains for the feedback controller
also the robust gains for the observer in the presence

of system uncertainties.

femto-st 02

MO ENSCIENCES &
TECHNOLOGIES



4- Interval linear Approaches

Robust observer-based state feedback

«» Controller
z(t) = Ax(t) — BKz(t) + BNE(t)
u(t) = —Kz + NE(t)

s Interval Observer

(2(t) = Ad(t) + Bu(t) + L(y — 9)
= Az(t) + B(—Ky + N&(t) + Ly — 9)
= (A - LC - BK)i(t) + BNE(t) + Ly

*» Interval augmented State-space model

-

[Ad] [Ba]

x(t)
y(t)=(C o 0)(?«&))
— \ &(1)
[Ce]

x(t) A —BK BN x(t) 0

()’((t)):( 0 A—-LC—-—BK BN)()?(I’))+(O

E(1) —-C 0 0 &(t) /
——

| =(A-LC - BK)i(t) + BNE(t) + LCx

) r(t)

r(t) +

i
. 0
Loop
é = K , +8 u_’
Y

-
| S ——————————— R ——
— K |

LT PR SRR EEEEEEEEEEEEEIEIEEEEEEIEEL SRR SR TR TR AnTE

Fig.2. State-feedback with observer schema

Eigenvalue Region for A Im

tha

observer
Observer = TWp

Eigenvalue Region

for the Controller
Qeontrollet = Nwn

éontroller > 5 * 'Qobserver
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4- Interval linear Approaches D

Robust observer-based state feedback

s Separation principal
Similarity transformation

[Acl] — T[Acl]T_l ﬁ )\(@) — )\([Acl])

If we consider that the system matrices that used to synthesis the controller and the
observer are the same and belong to the interval system (A; B; C). We get,

oo A —BK BN 100\ / A_BK BN —BK
[Aa] = 00171 0 A-LC-BK BN 001 = ( -C 0 0 )
I-10 -C 0 0 I-10 0 0 A-LC

s Problem Formulation Eigenvalue Region for A Im

thﬁ observer
Observer = MWy
SI-A4+BK -BN BK
det([A4]) = c SI 0
0 0 SI-A+LC gy :
- il v
= det ( C S ) det(ST = A+ LC) HOH ‘|||\|||\III| >

. SI—A+BK —-BN
€tg ' 97 g !?Desﬁ‘ed region—controller . .
(21) Eigenvalue Region
for the Controller
] Own rollet — n
€lg [(SI — A+ LC}] E Q.De.sir'ed region—oberever {22} trollet = NW

'Qcontroller > 5 * 'Qobserver
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5-Experimental Validation @

5DoF precise positioner

MATLAB
SIMULINK

dSPACE board

computer

|

sensors

single-beams

_><__

cross-beams

piezostack

Fig.3. 3D CAD model of a 5DLL micro-positioner based on a monolithic
passive structures

s Proposed Model for a 3-DoF movement

Gzz(s) 0 G.z(s)
G(s) = 0 Gyy(s) G:xy(s)
U [;' Gzz (S:}

Fig.5. Simulation results showing the deformation of the structure in response to load force
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6-Control synthesis framework

Identification

E‘:r \'I [ttt Ux——p-(a) )(
GII(S) [} Gz;l: (S) g s \ " Ml I\M |
G(s) = 0 Gyy(s) Gzy(s) ol L[ 1] 7
U [} GZZ(S:} %o o.08 o R oz 8 [ET] o4
. . e =i :
Box-Jenkins technique (System Identification Matlab = \n; )
Toolbox) g:: .,: Uy—Y
_ 25.84843.93e05
Gzz(s) = 1 126603 +3.471e06 _ -
= ()
_ 21.43s541.806€05 | Uy—>2Z
Gyy(s) = 22 41666a+1.568:06 2 z
_ —9.862s41.548e04 e e
G:z(s) = 824 578.954+1.2005 - (e)
_ 1.20354+969.7 £
Gaz(s) = 8<4300.654-4.153e05 L S S i o S l:lz“ ]
G {S] _ 12.263—5347 .
zy = 2215.587c—085+8.606e05 Fig. 5. Open-loop step response for G,z (s), Gyy(s), Gzz(s), G.x(s), and

Gzyl(s).
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6-Control synthesis framework

Interval model

we propose to consider each parameter as center and adding a

radius of 10%. We therefore obtain:

ala

Gzz(5) = 2[f='11]5"'[l5'12|
s*+[a11]s+[a12] i(t) = Ax(t) + Bu(t) 25)
Gyy(s) = —piozilstlba] (t) = Cz(t)
vy sz—l—[agl]s—l—[azz]
where
bay]s+[baa]
Gzs(s) = 3 (24) A.. 0 A
s®+[agi]s+[agz] A~ [ H Aﬁ’” iu ]
¥ __ [ba1]s+[baz] =
Gzaz(s) = s2+[aq1]s+[as2]
0 1 0 0 0 1
G.y(s) = [b51]s+[bs2] [ —[ai2] —[a1i] 0 0 —las2]  —[aai] ]
2y s24[as1]s+[asz2] A= 0 0 0 1 0 1
=] o 0 —[ass] —[az1] —[as2] —[aa1] |
where [ 0 0 0 0 0 1
0 0 0 0 —[as2] —[asi]
[b11] = [23.2560, 28.4241] . [a11] = [2.4020, 2.9360] * e + 03; o100 0 01t c 0 C
[bi2] = [3.5369,4.3231] x e+ 05 : [a12] = [3.1238, 3.8182] * e + 06; _ O — - =
B=|0 0010 0/|;:;Cc=| 0 @<, C.
[b21] = [19.2870, 23.5731] i [az21] = [1.4993, 1.8327] * e + 03; 01 0 1 0 1 0 0 C::
[baa] = [1.6253, 1.9867] * e + 05 ; [azz] = [1.4111, 1.7249] * e + 06;
[ba1] = [—10.8483, —8.8757] ;. [asi] = [521.0099, 636.7901] Caz = [ [b12] — [a12][br0] [b11] — [a11][b10]
[baa] = [1.3931,1.7020] x e + 04 ; [a3a] = [1.1609, 1.4191] % e + 05: Cyy = | [b12] — [a12][bro]  [b11] — [a11][bro]
[b11] = [1.1636, 1.4224] : [aqi] = [359.6399, 439.5601] Caz = [ [b22] — [az2]lb20]  [b21] — [a21]b20] :
[by2] = [0.8727, 1.0667] * e + 03 i [a42] = [3.7376, 4.5684] * e 4 05; C.y = | [b32] — [asz2][bso] [b31] — [a31][bao] |;
[bs1] = [11.0340, 13.4861] ;. [asi] = [0.5028, 0.6146] % e — OT; Coo = | [baz] — [as2][bso] [baz] — [aar][bao] ]:
[bsg] = [ 3. 1018, —4. (]922] * e 4 03; [a-,g] = [7' 8263, 9.565 7] w e + 05;

femto-st 14/22

MO ENSCIENCES &
TECHNOLOGIES



7))
=
qv)
(@)]
| -
@
[e
S
)
c
O
O

'
| —
®)
=
(D)
&
©
S
[
0
7p]
()]
L
)
C
>
7p]
IS
| —
o
C
@)
Q
O

NMOOM\IUOO
q
hs.
B
[ va 5 m n
m&f4££
S
5 23
<<
<
o .
o _yOOFwsO
<
d
n
<
]
R 5

SI - A+ BK —-BN
C ST

det (

)

S1

SI _ Azz T Bzszz BzzNz
_sz

SI - Ay, — B, K,, By,N,
o7 ) det( “c, 9] det

SI - Amm - ersz B:EHJNE
_C:m:

det (

)

ST

SI-A+BK —BN
C

det (

100

-100

-0.4

VL L)) o
VLD, =

2000 -
Fig.5. Resulting solution gains for the controller.
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6-Control synthesis framework

Observer gains

SI _ Ama: - L:I::::Cm:z: 0 AZ$ _ Lzmczm _ Lzzcz:ﬂ
det(SI-A+LC) = 0 sr-A,,-1L,C,, A.,-L.C, —L..C.,
0 0 SI - Azz _ Lzzczz

det(SI — A+ LC) =det ( SI — Azz = L3;Cyp ) det ( ST — A,y — Ly, Cyy )det (SI—A..—L..C..)

10

10

i 5

0

(Ll
[Lyy2]

0

5 5

10
-10
O Ay O W W 0 500 400 300 200 00 0 100 200 300 400 500

(L] Lyl

Fig.7. Resulting solution gains for the Observer.
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6-Control synthesis framework

Simulation Validation using Monte-Carlo technique

We Select Randomly from the solution boxes he gains of the controller and the observer as:
Controller: [Kxx; Nx] = [1; 0:05; 1200], [Kyy; Nyy] = [1; 0:05; 1200], [Kz; Nz] = [0:2; -10; 800],
Observer: L, = [50; 5], L,, = [50; 5], L,, = [0:2; 100]

)
+* Results for the observer +* Results for the Observer-based controller
10 —c
a T Rororonce,
005 1 = ey
= o g - =
= I|I > .?:r- 2
RV 50| pRya— -
1™ ™
m m 20 .01 .02 0.03 .04 .05 .06 0.07 .08 .09 0.1
-ﬂ.ﬂﬁ '1 ’ ) . . Tir|:|e(s} ) . ’ ) )
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
-3
_ 0.1 _.__._1 =10 10 7:
2\ ¥ g e
[ | — = 0 = Reference.
2 2 g
w w B 2
0.1 -1 s S
1] 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
10.1 _20 0.01 0.02 0.03 .04 0.05 0.06 0.07 0.08 0.09 0.1
0.2 * Time(s)
g =)
5 u \__ "] n _ 10
| — - . — f—
£ 2 5 -3
w w % s - Reference
0.2 -1 2 a4 ooreneey
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 g . =
Time(s) Time(s) =

0 e

Fig.8. The error between the real states and the

: : i Fig.9: Closed-oop step™responses (simulation;”
estimated ones (Simulation). 9 p stepresp ( )
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6-Control synthesis framework

Exprimental Validation

Magnitude (dB) Magnitude (dB)

Magnitude (dB)

Gy
—aaf G Open_loop

-=af [—— G closed_loop

Tt ' o I 0t 108

Frequency (rad/s)

10! 1 1w 10 10

Frequency (radls)

Frequency (rad/s)

.
—
g .
'-' —ao|
-
£ .
[
o T o
F-J—
[

GZX

TEREEE]
gogoopad

Magnitude (dB)

Iy
§ 0

f

Frequency (rad/s)

[ T T A |

Frequency (rad/s)

Fig.10. Frequency responses (experimentation)

Displacement(um) Displacement(ym)

Displacement(ym

& - I,-" Reference

—F

o [ B Y o.08 o.12 o116 .z

o 0.04 0.08 o1z 016 0.2
Time (s)

o [ E Y o.08 o.12 o016 oa.z

Fig.11. Closed_loop step response (experimentation)
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6-Control synthesis framework

Exprimental Validation

2pm)
o =N w @

X{gsm) 2
. ¥(um) + = ! X{pam)
g 1 ity Ih\\i“ |k u‘,“"ly;._l,fﬂi, Lk, .,li'l’l,, i ) e L ! al |J ﬁ ‘
: n‘hM'"'*un'- O AW Nt S E ge2 i ""'h\.fﬂ-‘l."' b "'”'-\.VJﬂ,’*U’““"""""l""“'LJ e =
. , , == ,.-:;q[,.-n-pl'uih‘v'wnla,W; AT l}‘"'lﬁ f»H.'f-.'r”?

8

a5l L . L . L L L a o
1] 0.5 1 15 2 25 3 35 4 Time (s)

Fig.12. Complex trajectory tests (experimentation)
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7- Other propositions 0

a- Encountered problems and propositions

SIVIA Algorithm

How to choose the optimal solution from the set
solutions [K] that minimize the inputs/outputs energy
and ensures the best behaviors ?

" set solutions | ¥

“Robust and Optimal output-feedback design” 0 ‘
d The Linear Quadratic (LQ) tracker design. B Y
O Particle Swarm Optimization (PSO) technique.

/XTQX—H;TRH, +3eTVe =—n{PS) E?{
0

% Advantages

Robustly ensure the desired performances and, in addition to that, minimize
the inputs/outputs energy described by a linear quadratic cost function.

0 = [AT][P] + [P][A + [C)]" KT RK[C] +

S=X XL =ABrglBTAT,

.' é'.' 'E?N'C?CZE 20/22

TECHNOLOGIES



7- Other propositions 0

a- Encountered problems and propositions

All actuators are usually subjected to input -
constraints. How to find the range of robust
gains that satisfy the input constrains? Uy oy

U,

Robust and guaranteed output-feedback control

4 Interval computation of input control.
{ w'=(+K'D*)"'K* (Ct B.) (-AI'B.r)

u"([A], [B], [C],[D], [K]) = [u, 7] C [U, U]

s Advantages

Provides the robust set solutions [K] that ensures
that the magnitude of the applied control inputs are

Included inside the physical limitations of the
actuator.
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8-Conclusion and perspectives ® e

+» Conclusion

% State-of-the-art for linear and nonlinear control design using interval analysis were
presented.

*» The algorithm based on Set Inversion Via Interval Analysis (SIVIA) was adapted to

synthesis a robust output-feedback and an observer based state-feedback
controllers.

* Interval LQ tracker and input constraints syntheses were combined with the
proposed SIVIA-Based algorithm to find the optimal and guaranteed gains.

* A simulation (using Monte-Carlo methods) and experiment tests were carried out to
validate the proposed algorithm.

s Perspectives

** The use of the nonlinear interval approaches to enhance the control
of Micro/nano systems Under high-speed conditions
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