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Context

Flight control law design generally requires :
» an accurate model of the aerospace system,
» a design method coping with large operating domains,

> a validation strategy for the designed controllers ensuring parametric
robustness, ... = lterations are often required !

This process is generally time consuming ! )

© How to ensure automatic scheduling ?
© How to cope with parametric variations and uncertainties ?
© How to reduce design time ?
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Control design on large operating domains

LTI controllers generally fail to cope with large operating domains.
= Design vs several parameters :

» Airspeed, Altitude, Mach, ...

» Center of gravity location, Mass, Configuration, ...

Flight envelope

Attitude, 1000 ft
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Control design on large operating domains

Several techniques have been developed over the past decades :
» Gain scheduling,
> LPV design

» Input/Output Linearization

20 we

K(s)
2K, Wi,

o(t)
) Figure: LPV : LFT Approach
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Figure: LPV : Polytopic approach
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Control design on large operating domains

Here we focus on dynamic inversion, which enables :
» to cover a large class of nonlinear systems,
» to adapt the control system to the flight point,
> to work with generic models.

Coupled with robust H., control techniques, interesting methodologies
have been explored in the 1990's...

. But :

» the Brunovsky generic form is not always well suited,

» the actuators dynamics are not explicitly taken into account ,
> robustness vs parametric uncertainties is often poor !

= How can we take parametric uncertainties into account and
evaluate their impact ?

<
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On parametric uncertainties and validation

The effects of time-invariant parametric uncertainties on LTI systems are
well understood and quantified today, thanks to ;i-analysis tools. In
most cases, these efficiently enable to:

> evaluate accurately the robustness margin by structured singular
values (p) computations,

> evaluate & extract worst cases (which can be used in the design
process !),

> to alleviate and improve Monte-Carlo simulations.
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Outline of the talk

@ Generalized NDI-based Design
m A general framework for NDI-based control design
m Robustness Analysis & Multi-Models Design

© Application to Aircraft Landing
m Longitudinal Aircraft Control
m Aircraft Landing
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A general framework for NDI-based control design

Given a nonlinear and parametrically-dependent system:

{ f = f(§0p) +G(Op)u (1)
u = LA(UC)
with: FE6.8) = fo+AE—5)+2;
x ()
G6,) = BAG,)+A
and using the linearizing control law (with det(A) # 0) :
ue = A(0p) ™ (v = () +uo (3)

one obtains (assuming that 6, is slowly varying) the following LTI model,
with the new control input v and estimated perturbation w:

&t =Ax+ BLA(v)+w (4)
o/ 2



Introduction Aircraft Landing

000000 [e]e]e]e]e]e]

Q@000

A general framework for NDI-based control design

» The perturbation w can be partly removed by an optimal choice of (.
» The new control input v reads :

v=K(s) | we (5)

where w, denotes the target, y the measurements, and 0 the estimations
of the remaining perturbations.

The controller K(s) is computed such that :
» a good tracking is ensured,
» the control activity remains reasonable to avoid saturations,

> the (possibly partly) estimated perturbations w are rejected to
enlarge the controller operating domain.
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A general framework for NDI-based control design

The controller can be computed as the (possibly structured) solution of a
multi-objective H.o design problem:

K(s) = argmin || T, -2, (5)]|oo (6)
K(s)eK
Wlth N { |‘7:Uc_>zu (S)”(X’ S Yu (7)
[ Tw—2p (8)]loo <
w A -
2y,
Wu(s)
""" Nl ~ %(s)
L S K(s) e Ea(sf
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NDI-based controller analysis

Three approximations have been introduced in the design model. Their
impact on closed-loop stability must then be evaluated.

» Modeling uncertainties & parametric variations :
§=1[0...0) e R

& =A(0)x + B(6)La(v) +w (8)
= Ay EAN = {diag(éllkl,. .. ,51[]“),51‘ S R}

» Actuators Uncertainties : Commutativity of L4(.) and A(#)~! has
been assumed. This is only true for slow variations
= a nonlinear bounded operator I'(.) is introduced.

» Uncertainties on measured perturbations : the nonlinear
perturbations w are estimated :
= 1 is replaced by (I + Ay)w.
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LTI robustness analysis

Ay
An augmented linear model P(s) is ) Ap
obtained using LFT modeling tools [‘;‘r’] = [’ﬁ,“r’}
(GSST Library) = v
=P,

» Assuming that A = diag (Ay,, Ar. A, ) is a normalized LTI
operator, p-analysis can be used (SMART Library)
» If ia < 1, the system remains stable w.r.t. uncertainties.

» Otherwise, a destabilizing uncertainty A* s.t. (A*) <1 can be
found.

A worst-case model ¥*(s) can be generated and used in an iterative
multi-models 7., design process:

%(s) « {%(s), 2" (s)}
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Multi-Models Design

Initialisation Step | | Compute Nor

K(s)=K(©) ’ ‘ Closed-Loop GSS Model ’
Compute p

upper & lower bounds

reduce conservatism

=
<

1

Extract a worst—case A*
generate Efs)
update the bank of models

!

Compute f(i(s) |
by multi-model H ,design ’
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Longitudinal Aircraft Control during Approach & Landing

Accurate tracking of:

» the calibrated airspeed V,

» the vertical speed V, of flightpath angle ~
despite winds and parametric variations :
mass € [120¢, 180¢]

V. € [60m/s,90m/s]
Teg € [15%, 40%]
+30% on aerodynamic coefficients.

v

vV VvV VY
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Longitudinal Aircraft Control during Approach & Landing

Initial Step

» Rewrite longitudinal aircraft short-term (4*" order) equations in a
compatible format with equations (1) and (2)

» Choose an appropriate trim point (£o = [V, Y0, g0, 6o]’) and
generate model (4):

&= Ax+ BLA(v) +w (9)

> Select a reference model (s), tune the weighting functions W,(s),
Wp(s) and solve a first H, design problem — Ko(s).

R(s) = dis 1 0.1225
B 65511 (2s+ 1)(s2+ 055+ 0.225)
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Longitudinal Aircraft Control during Approach & Landing

Multi-Models Iterations

p-analysis
Method used to compute jia | p, | fia

Ko(s) (D,G)-based LMI characterization | 1.4610 | 1.5110

Controller

. (D,G)-based LMI characterization | 0.8957 | 1.0780
Branch-&-bound 0.8999 | 0.9449
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Longitudinal Aircraft Control during Approach & Landing

V, tracking, without uncertainties

(c) be(t) (d) 6:n(t) (c) be(t) (d) 6 (t)
Figure: Nominal Controller Ko(s) Figure: Multi-Models Controller K (s)
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Longitudinal Aircraft Control during Approach & Landing

~ tracking, without uncertainties

/ i
/ [
(a) v(t) (b) Va(t) (a) v(t) (b) Va(t)

(c) de(t) (d) e (2) (c) de(t) (d) 0en(t)
Figure: Nominal Controller Ko(s) Figure: Multi-Models Controller K (s)
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Longitudinal Aircraft Control during Approach & Landing

~ tracking, with uncertainties

‘ ‘5 1‘0 1‘5 éO 2‘5 0 ‘5 1‘0 1‘5 éO 2‘5
Time (s) Time (s)
(a) Nominal Controller Ko(s) (b) Multi-Models Controller K (s)
The multi-models controller successfully stabilizes the aircraft and
maintains a good performance level despite large uncertainties.
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Aircraft Landing

Objectives

» ILS path tracking with constant airspeed during approach,
» Flare & Decrab before touchdown,

> Robustness vs modeling uncertainties, wind & various configurations.

e RoNwAY.

Figure: ILS : Glide signal Figure: ILS : Loc signal
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Aircraft Landing

» Longitudinal and lateral flight controllers are designed by the
proposed iterative NDI approach,

» The guidance loops compensate the ILS deviations dY and dZ, via
P1/PID controllers on V,, 7., ¢. and S,

» Flare and Decrab are activated at 50 ft and 30 ft respectively.

LON CONTROL

@
vee TS
| dTH dE|

GLD OUTERLOGP 7 [
B dTHIE

LOC OUTER-LOOP

o 4

e phic

LAT CONTROL
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Aircraft Landing: Time-domain simulations
— with lateral wind & uncertainties
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Aircraft Landing: Monte-Carlo Simulations
— variations on mass, @4, uncertainties & wind profiles
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Figure: Longitudinal requirements Figure: Lateral requirements
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Conclusions & Perspectives

» The proposed control strategy has permitted to rapidly obtain a
robust flight control system for the challenging landing phase of an
aircraft despite uncertainties and perturbations.

» This methodology remains however not easily attainable to
non-expert users. Further work is then needed for further
automating this design process and generating appropriate tools (to
be included in a future release of teh SMAC design libraries).
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