N

N

Space-based nonlinear dynamic inversion control for
aircraft continuous descent approach

Hakim Bouadi, Felix Mora-Camino

» To cite this version:

Hakim Bouadi, Felix Mora-Camino. Space-based nonlinear dynamic inversion control for aircraft
continuous descent approach. EAIS 2012, IEEE Conference on Evolving and Adaptive Intelligent
Systems, May 2012, Madrid, Spain. pp 164-169, 10.1109/EAIS.2012.6232823 . hal-00938791

HAL Id: hal-00938791
https://enac.hal.science/hal-00938791

Submitted on 19 Jun 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://enac.hal.science/hal-00938791
https://hal.archives-ouvertes.fr

Space-Based Nonlinear Dynamic Inversion Control
for Aircraft Continuous Descent Approach

Hakim Bouadi
MAIAA, Automation Research Group &
Air Transportation Department
National Civil Aviation Institute
07, Avenue Edouard Belin, 31400 Toulouse, France
Email: Hakim.Bouadi @enac.fr

Abstract—With the growth of civil aviation traffic, enhanced
accuracy performances are required from guidance systems to
maintain efficiency and safety in flight operations. This communi-
cation proposes a new representation of aircraft flight dynamics
at approach for landing and a space-based nonlinear dynamic
inversion control for a transportation aircraft. The main novelty
is that the adopted independent variable is the distance to land.
This new representation of flight dynamics should support the
development of improved aircraft guidance systems.

I. INTRODUCTION

With the growth of civil aviation traffic capacity, safety and
environmental considerations urge today for the development
of guidance systems with improved accuracy for spatial tra-
jectory tracking. This should induce increased capacity by
allowing safe operations at minimum seperation standards
while trajectory dispersion resulting in extended noise impacts
on surrounding communities should be reduced.

Current civil aviation guidance systems operate by real time
corrective actions to maintain the aircraft trajectory as close
as possible to the planned trajectory [5,6]. Wind is one of
the main causes of guidance errors [8,7,11]. These guidance
errors are detected by navigation systems whose accuracy have
known large improvements with the hybridization of inertial
units with sattelite information. However, until today vertical
guidance remains problematic [13,15] and covariance errors
[12] are still large considering the time-based control laws
which are applied [9,11].

In this communication, we propose a representation of
aircraft flight dynamics where the independent variable, the
distance to land, is considered to be available on line. Based on
a spatial representation of a transportation aircraft longitudinal
flight dynamics, nonlinear dynamic inversion control is applied
where the modelling of wind and wind effects on the flight
dynamics is particularly considered.

Once the space based flight equations are established and a
wind model is adopted, simulations are performed in the case
of a continuous descent approach (CDA) where the guidance
law allows to pursue a reference altitude for each distance to
land as well as a reference airspeed. Simulation results display
the effectiveness of the new approach.
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II. SPACE REFERENCED VERTICAL GUIDANCE DYNAMICS

The motion of an approach/descent transportation aircraft
along a landing trajectory will be referenced with respect to
a RRF (Runway Reference Frame) where its origin is located
at the runway entrance as shown in Fig. 1.

The vertical plane components of the inertial speed are such
as:

T = —Vyir cos Yair + Wg (1a)
z= Vair sin Yair + Wz (]b)
and inversely:
Viir = \/(IL‘ —wg)?+ (2 —w,)? (2a)
Yair = — arctan (z we ) (2b)
T — Wy

where x and z are the vertical plane coordinates of the
aircraft center of gravity in the runway reference system, V;,
is the airspeed modulus, ~,;, is the airspeed path angle, w,
and w, are the wind components in the RRF.

Adopting classical assumptions such as the RRF being an
inertial frame, local flatness of the Earth, constant aircraft
mass. The translational acceleration equations can be written



as:
mi = —T cos 0 + D(z, Vyir, &) cOS Yair (3a)

+L(2, Vair, @) SIn Yair
mz =Tsinf — D(z, Vg, @) SIN Vg4 — Mg (3b)

+L(Z7 Vai'r’a CV) COS Yair

T, D and L are respectively the thrust, drag and lift forces.
The lift and drag forces are given by:

L= 5p(:)V2,SCs (4
D= % p(2)VZ2, SCx (4b)

where p(z), S, Cz and Cx represent the air density with
respect to the altitude, the wing surface area, the lift and drag
coefficients, respectively.

Cy; = OZO +0Za04
Cx =Cy+Cia+ 02042

(52)
(5b)

According to the polar model, the aerodynamic parameters
Cop, Cq and C5 are such as:

Co=Cx, + kC%O (6a)
Cy = 2kCz,Cz, (6b)
Cy = kC%, (6¢)

Assuming first order dynamics with time constant 7 for the
engines, we get between commanded thrust 7> and effective
thrust 7" the following relation:

1

T = —(Tc = T) (7)

Under the above assumptions, the pitch rate is given by:
b=1q ®)
Equations (3a) and (3b) can be rewritten in the aircraft
airspeed frame such as:

. 1
Viir = — [T cosa — D(z, Vgir, @) — mg sin ygr
m

+m (’wm COS Yair — wz sin ’7air>:| (98.)

Yair
mVair

1
= — {T sina + L(z, Vair, ) — mg coS Yair

—m (wl sin Yair + wz COs 7air>:| (9b)
where « denotes the angle of attack with:
a=0- Yair (10)

Considering that during an approach/descent without hold-
ing manoeuvers of an aircraft z(¢) is invertible and that the
ground speed at position z is given by:

Y

_Vair COS Yair + wy

it is possible to express during these manoeuvers all the flight
variables with respect to = and its derivatives.

Here the following notation is adopted: gl—ﬁ = «[* and the
guidance dynamics can be written as:

2[1] o dz - dz dt o Vair Sin')/ai’r + w,

T ddr Vo (2

ol :T ViG ) (12b)

T = iTG (12¢)

Va[lli _ 1 [T cosa — D(z, Vgir, @) — mg sin ygr

mVa

+m (w$ COS Yqir — W, SIN %m«) (12d)

W= e [Tsina + L Vi) — mg cos i
mVairVa
-m (wx Sin Vg4 + W, COS 7,m~> (12e)

IIT. WIND MODELLING

Wind has a major role in aircraft guidance errors [1,2] and
thus cannot be ignored in this study. Here a realistic wind
model is introduced. It is considered that the wind components
in the vertical plane of the runway are such as:

Wy = Wy(z, 2,t) (13a)
w, = W,(x,2,1) (13b)
then, it is possible to write:
with:
W o W Dz War = 5 (15)
and
with:
6Wz aWz 6Wz
WZ.L 8(E sz 82 Wzt 815 ( 7)

In this study, for the aircraft longitudinal dynamics, the wind
is considered as follows:

Wx(g;, Z, f,) = Ww(Z) + 69:(Vaira Z, t)
W, (z,2,t) = 0,(Vair, 2, 1)

(18a)
(18b)

where W, (z) and 6 ,(Vair, 2, t) represent the deterministic
and stochastic components of the considered wind, respec-
tively.

The deterministic wind speed component is expressed as a
logarithmic increasing and turning function of the altitude z
as shown below:

Wi (z) = Wo(z) ln<zz) (19a)
0
Wo(z) = W§ cos(wz + ¢o) (19b)



where w and Wy denote the circular frequency and the
magnitude of the considered wind.

The stochastic wind component is given by its spectrum. A
commonly used spectrum for wind turbulence modelling is the
Dryden spectrum [4]. Then, considering that o, and o, are the
turbulence standard deviations of independent processes and
as an indicator for the atmospheric conditions it is possible
to take the wind speed at 20ft above the ground (Wa).
For moderate conditions, W5y = 15.4m/s is selected. The
turbulence standard deviation o, is then given as follows:

0, = 0.1W20 (20)

while o, is assumed to be function of o, and the altitude z.
e For z < 305m:
Oz

(0.177 + 0.00272)0-4

21

Op —

e For z > 305m:
(22)

Oy = 04

The turbulence components can be generated from unitary
white noise processes applied to the linear filters of the
following transfer functions:

for 8, (Vair, 2, 1):

2L 1
Hw (s) =0, _— 23
Wr( ) Vair 1+ arg"S 23)
and for 6, (Vi 2,1):
L.. 1+V3{=s
Hw.(s) = 02y 7 ————= (24)

2
(1 + v:; s)

where the turbulence lenghts L., and L, are function of the
altitude:

e For z < 305m:
z

Lyw = 25
(0177 + 0.00272)1-2 (252)
L..== (25b)

o For z > 305m:
Luw = L.. = 305m (26)

IV. VERTICAL TRAJECTORY TRACKING CONTROL
OBIJECTIVES

The independent inputs to the above flight dynamics are g,
Tc, w, and w,, where wind components w, and w, operate
as external disturbances while g is the result of pitch control
and T¢ is the engine thrust setting.

Note that, the space-based state equation related to the inner-
loop pitch control is such as:

dt dl‘ VG Iy Va

27)

where M, I, denote respectively the pitch moment and inertia
moment according to the aircraft lateral axis where:

M= ; (= )vairs(;(c 4 vt O, =22
with ¢ and ¢, represent the aerodynamic mean chord line and
elevator deflection, respectively.

Our main control objective is to make the aircraft follow
with accuracy a trajectory zq(x) with x € [x0,0] while its
airspeed is to remain in a safe domain by following a speed
profile. Let Vg, (z) with « € [zg, 0] be the desired airspeed
profile.

Here V,;,,(x) should be chosen to warrantee a sufficient
margin with respect to the stall speed but also to provide a final
ground speed compatible with the flare and landing manoeu-
vers. In addition, one of the main airworthiness requirements
to be met is the maximum operating speed V0.

Let V,.(x) be the reference ground speed profile. The desired
airspeed profile is chosen to guarantee:

o For low speeds, a minimum margin with respect to the
stall speed:

Vairg () = Mam{Vs(zd(a?)) + AViin, Ve (z) — wm(x)j
(29)
where Vg, AV, and 1, are the stall speed, the minimum

margin speed and the estimate of the horizontal wind speed,
respectively.

o For high speeds, an airspeed less than the maximum
operating speed:

Vairg () = Mm{VMO(,zd(gv))7 Vi(z) — wx(x)} (30)
o In all other cases:

Vairy () = Vi(x) — 0y (x) 31

V. SPACE-BASED NLI TRACKING CONTROL

In this section a nonlinear inverse control technique will
be applied to the spatial dynamics of the aircraft which will
be such as its tracking errors follow decoupled linear spatial
dynamics such as:

(32)

()

where y is either z(z) or Vg;-(x) and yq is the corresponding
desired profile. [k] denotes the k*" space derivative of the
considered output y(z) and (K — 1) is equal to the relative
degree [14] of the output y.

The trajectory output variables equations can be written



under an affine form with respect to the inputs ¢ and T¢:

v ‘}GQ _Av(z, @, Vair, T, W) + By, (2, @, Vair, T, W)q
+By, (2, a, Vair, T, W)TC- (33a)

2B = vl(g -Az(z, &, Vair, T, W) + B, (z,_a, Vair, T, W)gq
+B., (2,0, Vair, T, W)Tc_ (33b)

where W represent the parameters w,, w,, W, W, and wW,,
W, which can be expressed successively according to (14) and
(16).

The components Ay, By, , By, and A, B, , B.,. are given
by:

1 T ’
Ay = —| == cosa + Tair sina — p(2) Vair Vair SCx

1
( )Vazrs(cl;yair + QCQf.}/aira) —+ sz (l’ COS Yair

- i"{/air Sin 'Yai'r) + sz (Z COS Yair — Z.’.YaiT Sin 'Yair)

- Wzr (.’E SiIl ’}/air + 'j;;)/air COS ’Yair) - sz (Z Sin ’Yair
+ Z.j/air Ccos ’Yai'r) + Wxt COS Vair — Wa:tﬁ/air sin Yair
d o . . Vair
- 2t SN Yaiqr — Wzt’Yair COS Yair —
Va

X (_Vair COS Yair + Vairﬁ/air sin Yair + sz(E

+ WIZZ + Wzt) - mg’)/az'r COS 7@i7':|

(34a)
1 . 1 2 2
By, = - —T'sina — 5,0( 2)ViSC1 — p(2) V5, SCaa
(34b)
1
By, = —cosa (34¢)
mr
and
1
A, = 2 [Av(wz Sin Yair + W, €08 Yair) + F (2, 0, Vo, T, W)
G
X {Va%-,, + Vair (Wg, €OS Yqir — w, sin ’yair)}
+ Y (2, @, Vair, T, W)V2
(35)

with Y(z, a, Voirr, T, W) and F(z, v, Vi, T, W) are such as:

1 .
T = V |: 2Va7,rVazr'7a7,r + 2Vazr7azr('wz COS Yair — Wz S A/air)
G
- Vazr;ygir(wr sin Yair + w, COS fYair) -

+ w:v Sil’l FYair) + Wy (szx + szé + Wzt)

VaiT (wz COS Yair
—w, (Wi

+ szz + Wzt) - _Vair COS Yair + Vairj/air sin Yair

7G(
+ wr) X {Va2ir;yai7’ -

+ Vair;)/air X (wr COs Yair + Wy SiIl '-Yair) + Vair(wr Sin Yair
— W, €08 Vair) + We(Wea® + Weo2 + Wit) + w, (W @

+ Wy + Wzt)H

Vair(wz COS Vair + wz Sin ’Yair)

(36)

F =

1 T .
{— sin o — Tgir cos @ + p(2)Vair Vair SCz
mVyir T

- 5(2)

+ Wz Yair COS Vair + w; cos Yair —

a@rSCZ 'Vazr + mg’}/azr sin Yair — (ww sin Yair
ww;}/air Sin ’YaiT)

Vair (szx

MYai - :
- el {_Va%'r’}/air s ’Yair + Vairwz -
Ve

+ Was2 + Wzt)H
37

and

1
q_VGz

1 1
R O

1
B, [ (wg SIN Ygir + W, COSYair) X (—T sin a

2
X { Vaw + Vair (Wy €08 Yqir — w, sin ’y,m,)}

x | Tcosa+ p )Vfi,ﬂSCzaﬂ

(38a)

sin o

B.. 1 [cos o

:7710‘8111 ir 1 W, COS ir) + —————
VCQ; m ( x Yair z ’YCL“”) mVairT

W, SIn 'Yair)

(38b)

{ Vazw + Vazr (wac COS Yair —

In the above equations @ and « with w €
{z, 2, Yair, Vair, Wz, w, } denote quantities:

o= uVg

i = uPWe? + WV

(39a)
(39b)

Now, it can be shown that in standard flight conditions

matrix ¥ given by:
B B
U= % - 40
<Bvq BVT) ( )



is invertible. This property allows through dynamic inversion
to get control law to perform trajectory tracking with expo-
nential convergence [3,14].

The desired vertical trajectory z4(z) is expressed according
to some constraints as a smooth polynomial function of the
distance to touchdown z:

n
za(x) = Zai_lxi_l 41)
i=1
where the a; are real valued parameters.
Now, let &, (x) and &y 4 () be the tracking errors related to

the desired altitude z4(z) and desired airspeed profile V%" (z),
respectively:

§(z) = 2(z) — 2a(2)
§vin () = Vair (%) — Vairy ()

Then, based on the nonlinear dynamic inversion technique,
the control laws ¢ and T are expressed in the space frame
such as:

) (43)
with:

Dy, (2) = VI (@) + krogl)

D.(x) = 25 (@) + k1:6P(2) + kool (@) + ksoba (@)
(44b)

(42a)
(42b)

g\ _ (B., B.\ [ VZD.(x)-A.
Tc) = \Bv, Bv;) \ViDv,,(z)-Av
(@) 4 kavly,,, (z)  (44a)

where ki, koy, k12, ko, and k3, are real parameters such as
the roots of p? + ky,p + kg, and p> + kq.p% + ky.p + k3. pro-
duce adequate tracking error dynamics (convergence without
oscillation over a given space segment) where p denotes the
Laplace variable.

VI. SIMULATION STUDY

The control laws synthesis is completed by the following
rate limits and saturations for the elevator deflection . and
the throttle setting T, respectively [4]:

—15%7"&0[/8 <6, < 1517rﬁrad/s (45a)
—251%0md <6 < 101%7%1 (45b)
—1.6177@7%16[/8 <Te < 1.6%7"0“1/5 (45¢)
0.5%7% <Te < 10%7% (45d)

while the minimum allowable speed is 1.23 X Vi, with
Vsitat = 51.8m/s and the angle of attack is limited to the
interval [—11.5°,18°] where agqy = 18°.

The previous modelling approach is applied to the Research
Civil Aircraft Model (RCAM) which has the characteristics
of a wide body transportation aircraft [4]. The chosen ref-
erence trajectory is a CDA (Continuous Descent Approach)
profile which is known to reduce noise nuisance and fuel
consumption. The main constraint is that the desired altitude
trajectory joins the ILS (Instrument Landing System) glide
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Fig. 3. Desired airspeed tracking and airspeed tracking error, respectively

path at 1000m with an airspeed equal to 85m/s and a glide
slope equal to —3°.

Figure. 2 displays the tracking performance with respect
to altitude. There the average guidance error remains quite
constant around a mean value of 0.3m even close to the
touchdown point. The desired airspeed profile, is such that
at z4(x) = 3000m, the desired airspeed V#"(z) is equal to
140m/s and at the touchdown point V" () is equal to 80m.
Simulation results shown in Fig. 3 display a good tracking
performance of desired airspeed profile. Figure. 4 displays
respectively the resulting elevator deflection d. and the throttle
setting T where the Fig. 5 shows the wind components
history.

VII. CONCLUSION

In this communication a new representation of aircraft
flight dynamics has been proposed. The main objective here
is to promote space accuracy in trajectory tracking since
this representation allows the development of new nonlinear
guidance control laws.
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Then optimal trajectories with respect to fuel, or time

of landing, or both of them computed by the FMS (Flight
Management System) will be performed more accurately.
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Also, spatial dispersion will be diminuished with direct
effects on safe separation between controlled aircraft (ATC)
and on noise impact for airport surrounding population.

It appears also that many other types of vehicles have
dynamics which, when written with respect to space, present
the dynamic inversion property. So this approach can be also
useful for other vehicles where accurate trajectory tracking is
essential for their operations.
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