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Advanced Flight
Control design
problem

Control Flight Nonlinear Nonlinear
Saturation Constraints measurement dynamics
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Examples of flight constraints R
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Stall protection Flexible aircraft & load limitations Structural stress
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Modern Anti-windup
Synthesis

Controf Augmentation for Actuator Saturation

Luca Zaccarian and
Andrew R. Teel
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In many control applications, a common problem is to enforce bounds
on specific outputs. In aerospace applications, this is required to de-
sign protection laws to keep the angle-of-attack in a safe region.

Problem formulation

___________

— Determine an "anti-windup compatible” input transformation
u = "T'(v) such that a given output = = Cx + Du € |z, Z|.

ENGINEERING

(From J-M. Biannic et al., 2017) 8



! Output to Input Saturation Transformation R
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Casel: D#0 — 2z=Cz+ Du

Cx+Du |—> z¢c[z,z]

u= D" (sat(Cz + Dv) — Cz) = z=sat(Cz + Dv) € [z, Z]

Moreover :
G Buclz =f =y — )
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‘ Output to Input Saturation Transformation R
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Case 2: D=0 — z2=Cuz, z=CAxr + CBu (with CB # 0)

2=0
Az . : \ Z
z>{};<0 7T20,z2—2<7172<Z—2
S v
I t -

From (1), it readily follows that :
72+z=C(I+17A)r+7CBu€ |z, zZ]| = z € [z, Z|
= back to Case 1 with : C'«-C(I +7A) and D «+ 7CB

Remark : if CB =0 ...

... the above procedure can be applied recursively until CA"B # 0.

Burlion o
Research (From J-M. Biannic et al., 2017) 10

Group



@ Nonlinear case R
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From Burlion,
Med 2012

zeRYyelR &= f(z)+g(z)u; y= h(z)

Relative degree 1

Ymin 'E: ’y(ﬂ} E‘ Ymax
- Ymin < Y < Ymax
—a(y — ymin] < L,fh(I} + Lgh(I]u < —.-:r[:y - ymax:]

Relative degree r (by recursion)
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From Burlion,
Med 2012
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p Example 1 — Load alleviation of a combat aircraft R
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The longitudinal dynamics of the combat aircraft is written

a = q+ k(Mach)N;(Mach, a) cos(a)
q W (Mach, a, q) + B(Mach, a, q)u

When the full state is available, our design leads to

u e [hl, hz]
where :
o 9Nz 82N, -
h]_ — Kl,z(Nmin_Nz)_K2Nz— Jox W—mﬂdz
. 2
KI,Z(Nmax—Nz)—szz—aaﬁz W—a -"‘dézd!2
chzB
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Example 2- Vision based automatic landing R
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Nonlinear

measurement

A,

o= 4

‘ﬂ"y

Yy = =
Burlion
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p Example 2- Vision based automatic landing R
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From Burlion et al.,

ICRA 2013 Wy = :—2 & Wy 1= :—;
1 1
. . . sat S(lfhl)( / ( Jp_*-zJulq)
* Field of view constraints p = [M,(2)]! 5 hi(z) U]
(IS(lt LVEz\- S”fh alz) (—1 31)-}.( lv’l‘-{.—p; wo )(1)
T h3 (x) U1
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p Example 2- Vision based automatic landing R
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From Burlion et a I "y Applymg nominal flight control laws
ICRA 2013
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Applying saturated flight control laws
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Links between OIST and CBFs R
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reRYyelR = f(z) + g(z)u; y= h(z)

Key observation:

CBF framework:

C = {z: b(z) > 0}
b(.) is a CBF if 3 a class K function « s.t

supyeu Lb(z) + Lob(z)u + a(b(z)) = 0,Vz e C
OIST framework: C = Cpin NCrnax = {z : h(x) + Ymin = 0} N {z : —h(x) + Ymax = 0}

Ymix I[:‘I]‘] € (' Ymax
z(t) eC,t >0
Li(—h(z)) + Ly(—h(z))u + a(—(h(z) + Ymax)) = 0
_ L¢h(z) + Lgh(z)u + a(h(z) — Ymin) = 0
-‘ g:zlezrr::h 16
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g Links between OIST and CBFs R
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reRYyeR T = f(z)+glx)u; y= h(z)
Conclusion:
OIST(u)=  min  (u°—u)?
:t

Li(~h(z)) +Lo(~h(@))u+ a(~(h(z) + Yumax)) > 0
Lih(z)  +Lgh(@)u + a(h(z) — Yumn) > 0

Note that this observation generalizes to higher degrees (HOCBFs)
See (Burlion 2012) for a higher degree version of OIST.
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A few technical results
OIST and bounds overlapping
Anti-windup designs
OIST robustness using interval methods (OISTer)
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Overlap
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Saturation bounds overlap R
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Following [Chambon et al, 2016] i & = Ax + Byu + Bgd
G) 4 "
(G) |y = xT + Dad
[K]; T = A.K‘;'ﬂ;{—FBKHH
a = Cay | v« = Ckzx +Dxug
= Capxz+ C,Dad
= C,z+D_,d
u(t) = m[ak (t) — Cal¥z(t) + 10, . ﬂ|Da|ma;-:(|d (t‘ ‘df‘ﬂ(t;D
s +Z-:u.¢an:z. |'!3.:,“;",;?’—1]3ﬂ1|11'1}:!1:.&#:(|f:.’..l (k— ;:r} t]‘ ,|d_L (k— J} ﬂD}
ult) = goai-im, |o(t) — CaAlaz(t) - XL, n|Dﬂ|m"”‘(|d (t‘ ‘d{mft]')

—Z«;=1,.1f;eﬂ Zj:i,— |C&AJ_ Bd| nax (|u ﬂ‘ ? |dt = ﬂ‘”
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Saturation bounds overlap R

ENGINEERING

Proposed Solution: 1. Increase coefficients defining OIST (Rule of Thumb)

(From Chambon et al. 2018)

2. Design time-varying coefficients (Our contribution)

u
gl U+ Ko (8)x —*’/

w OlSat(u)
™ w — Koise(£)x .

|

|
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Stability and anti-windup design R
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(From Chambon et al. 2018)

|
u(t)
] K(S) @ % v @ U G(s) y= 2+ Dee
TK Q(t) o J T
:
Ko (1) K, w(t) F—o
Burlion
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Stability and anti-windup design R
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(From Chambon et al. 2018)

f— R

u(t) —
— K(S) @ {/7 v @ U G(s) y—w4+D.e

TK u(t)

Koist (t) Koist(t)

Koist (t) —’®

Yo =g Ga(s) Ug

&
Guaranteed closed-loop stability for a minimum phase constrained output

Research
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Stability and anti-windup design R

Consider the Combat Aircraft example (Freire & Nicotra)

F-16 Pitch Dynamics
X = le 9 Qw (Sc (‘)f]
3= I(Sl-,f (Sf,cl
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Analysis

Dimension 7 after we applied a LQ-I controller
Constrained output: the angle of attack
Relative degree: 2

1 constraint & 2 control inputs: we only used the second input

24
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@ Stability and anti-windup design

ENGINEERING

Combat Aircraft example With anti-windup

I I
Without anti-windup
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OISTer (extension for robustness) R
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Class of systems:

z(t) = A(0)z(t)+ Byu(t) + Ba(6)d(t)
y(t) = C(8)z(t)+D,(0)u(t)+Dg(0)d(t)
a(t) = Cuz(t)
zk(t) = Axzx(t)+Bky(l)
yk(t) = Ckzx(t)+ Dxy(t)
Constraint: at) € Qa(t) = [a(t), a(t)], Vi e Ry
-'» ggzs;legrr::h 26
Group




OISTer (extension for robustness) R
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General case: z=Cx;z™ = CA"x + CA""'Bu

N e’

#0

OIST

u w OlSat(u)
—> IR G E N — / md W Kpist(D)x  |pmund

Burlion + 2r inequalities : Lyis x(0) <1
-‘> Research 27
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é OISTer (extension for robustness) R
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OlSat(u)

+ 2r inequalities : Lyster x(0) < 1 g




OISTer (extension for robustness)

K(s)

g 9

u
Sl oisTeR |

OISat(u)

d

& &
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Il — Aerospace applications of OISTer R
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Aerospace applications
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Flexible Launcher

Collision avoidance of UAV obstacle avoidance using a Load control of a flexible large scale S ]
multiple UAVs monocular camera airliner model GNC with po n SO rS bl

constrained angle of

attack EURDPEAN
DEFENCE
AGENCY

}22)\
& \ C|e<:‘n,5kg n

Eurorean CoMMISSION

\J

Upset recovery of a UAV Nonlinear control of a satellite with fuel | Soft Lunar landing using

slosh optic flow sensors

cnes

CENTRE NATIONAL
D'ETUDES SPATIALES

@ AIRBUS

DEFENCE & SPACE

e The *Avice Jsune” UAV

Agence Nationale de la Recherche
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@ 1- Launcher

From E. Chambon (Ph.D dissertation, 2018).
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where y = [q'b

Y

Unmeasured constrained output:

(G) §

\

Yy

0 1 0
145 0 :%5 :Bl
ar 0 a2
1 0 | .4
[uu i
1 0 {}-:.::1
010

o=+

] is the measurements vector and z = [

z—d
V

3
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& 1- Launcher R
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Technical difficulties

z—d
V

The constrained output is unmeasured: @ = 1 + > Use interval methods

_ K(s+2z) (s — 22) _
It is NMP: Ts 5 =
is Bal(s) (5 —p1) (5 — pa) (5 — pa) > Use an approximated output
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Results
5 5r
5
&
-10 L I I I I
0 100 200 300 400 500
0.5 -5 L L L 1‘)‘ L i
0 100 200 300 400 500

(b) In plain (resp. dashed) blue line: constrained out-
put & simulation results w/ (resp. w/o) OISTeR in the
loop. Bounds on & are represented in red as provided
by the interval observer.

) | ! | | | 9
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50
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é‘i
-50
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(a) State simulation results w/ (resp. w/o) OISTeR (c) .In pla.in (resp. dashed) blue line: control.input
in the loop in plain (resp. dashed) blue. The reduced- % simulation results w/ (resp. w/o) O_ISTGR_ 1n‘the
order interval observer on x3 output is represented in loop. In the OISTeR case, the control input is given

black lines. by 8 =—-Kz +wv.
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2-Longitudinal Manoeuvre Load Control of a Flexible Aircraft R
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Cleansky JTI project (2011 — 2013) (From Buriion et al., IFAC WC 2014)

Large-scale generic aircraft model (H)

o T

w(t)
Natural

Ature en, (t)
e e [ WRM“”]
; HTPx(t)
aircraft
(g —

" ™)

Uelevator () Nominal flight |
Ugileron (t) controller (K) |

Luaci fc:un-
| troller (S)

o A
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2-Longitudinal Manoeuvre Load Control of a Flexible Aircraft R
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Technical difficulties

This is a high-dimensional model > Use “OIST”

The constrained output is NMP > Use an approximated output

Burlion
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2-Longitudinal Manoeuvre Load Control of a Flexible Aircraft
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Numerical results of a maneuver vertical stretched

Bode Diagram

Load factor tracking
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Bode Diagram

x16° HRMX

C. Poussot-Vassal & L. Burlion
ONERA DCSD

Closed-loop stable

Gain over (0.1 100]Hz:

T =T 954701 %

H.. attenuation: v =1.6236

Controller with:

* n. =10 poles (0 unstable)
* n, =3 input(s)

* n, =2 output(s)

Control actuation

x 10" From: wind To: HRMx 6l = = = Without load saturation
B al ——— With load saturation
2 L
o
_\2 L
A
m— Aileron (outer
g EIevalaE :
: -0.5 ~r
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(From Burlion et al., IFAC WC 2014)
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3- Satellite attitude tracking R
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From L. Burlion, J.M Biannic and T. Ahmed-Ali, "Attitude tracking of a flexible spacecraft under angular
velocity constraints", International Journal of Control, 2018.

1
de = EE (‘]e)a)e

Jmb@e = —N(@, We, Z, @°) + u+ d + C,z, + Do, — Jy@”

: . b
Z. = Az, + Bl,zﬂ)e + Bz,zﬂ),—

(Error Model from Di Gennaro 2002)
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3- Satellite attitude tracking R
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. - : « Angular velocity constraints
Technical difficulties * Nonlinear model (gyroscopic term, quaternion usage)
* Unmeasured torque disturbance
* Unmeasured flexible modes

Solution Interval observer Nonlinear controller+OISTer+Anti-windup
WWWW = Tt (Sat- 80779 (@ + k(t)w) — k(t)w
on — Jmb k(f)Q-FEy
040 2lo 4‘0 eo eo u;o 120 + N(Cz), a), 2, 0) - Czé - Dzm
e, (2) (deg/s?)
5 ' . 1 1 T . be
da = EE(qa)wa = EE(Qa)R(Qe)R(qg) w,

Jmp@% = (N(& + 0!, &, Z, ®?) — N(@, @, 2, @°))
+C,z, + Dza)f;’“3

+ OlISat(u,, + u,) — u,

: b
z“ — AzZﬂ + Blsza)ae
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@ 3- Satellite attitude tracking
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* From L. Burlion, .M Biannic and T. Ahmed-Ali, "Attitude tracking of a flexible spacecraft under angular
velocity constraints", International Journal of Control, 2018.

Angular velocity w(1) (deg/s)
T

10 T T T

[legee || limitations
using OISTeR
using OISTeR 5 H~ T e reference
using the nominal law \-\ — — using the nominal law
using Barrier function ".I Y ™\ — using barrier function
0 e N N ~ e ——
I'\_I / A o
N
5+ -
‘/_\'\
\Vi \ N — ‘ ‘ 10 I L L | |
40 0 a0 100 120 0 20 40 60 80 100 120
[ Angular velocity «(2) (deg/s)
20 T T T T T
of 7N . ]
{ 1! / A
I I\ I,"I --H"\ JEE—
0 Y ‘e 1 —— o
[ \ \. -
[ A‘AAA AA A‘ AAA A A A A0 \ K/ -\____,/ _
oA TR ‘| ¥ ."I' . -'I ;'I"..' Al A -I&= A ' ‘ I \ A. A =20 _\/ 1
A R'RAGA SN YA YA AN YA ALY A
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\Ii ..-'/ \\\ / ™,
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Thank you for your attention!
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