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Aircraft Longitudinal Guidance Based on a Spatial Reference

H. Bouadi?, D. Choukroun? and F. Mora-Camino®

Abstract In this study, instead of using time as the indejeah variable to describe the guidance
dynamics of an aircraft, distance to land, which ba considered today to be available online with
acceptable accuracy and availability, is adoptedné\w representation of aircraft longitudinal
guidance dynamics is developed according to thaiapvariable. Then a nonlinear inverse control
law based-on this new representation of guidanocamhcs is established to make the aircraft follow
accurately a vertical profile and a desired airdp@de desired airspeed can be regulated to make th
aircraft overfly different waypoints according to manned time-table. Simulations results with
different wind conditions for a transportation aaft performing a descent approach for landing unde
this new guidance scheme are displayed.

1 Introduction

World air transportation traffic has known a susta increase over the last decades leading to
airspace near saturation in large areas of devel@mel emerging countries. For example, up to
27,000 flights cross European airspace every dayewvthe number of passengers is expected to
double by 2020. The available infrastructure ofent ATM (Air Traffic Management) will no longer
be able to stand this growing demand unless breakgh improvements are made. In the air traffic
management environment defined by SESAR and Next@ejects, two main objectives are
targeted, strategic data link services for shaohigiformation and negotiation of planning consttai
between ATC (Air Traffic Control) and the aircraft order to ensure planning consistency and the
use of the 4D aircraft trajectory information iretfight management system for ATC operations [1],
[2] and [3]. This means that in addition to followgi the trajectory cleared by ATC, aircraft will
progress in four dimensions, sharing accurate amidbpredictions with the ground systems, and being
able to meet time constraints at specific waypoinith high precision when the traffic density
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requires it [4], [5], [6] and [7]. This will allovbetter separation and sequencing of traffic flovislev
green climb/descent trajectories will be feasibléeirminal areas.

Current civil aviation guidance systems operatd\wétal time corrective actions to maintain the
aircraft trajectory as close as possible to thewma trajectory or to follow timely ATC tactical
demands based either on spatial or temporal camasides [8] and [9]. While wind remains one of the
main causes of guidance errors [10], [11] and [fi#se new solicitations by ATC are attended with
relative efficiency by current airborne guidanceteyns. However, these guidance errors are detected
for correction by navigation systems whose accutaay known large improvements in the last
decade with the hybridization of inertial units kvisatellite information. Nevertheless, until today
vertical guidance remains problematic, [13] and],[Bhd corresponding covariance errors [15] are
still large considering the time-based control lawsch are applied by flight guidance systems [16].

In this paper, we consider the problem of desigrimgw longitudinal guidance control laws for
an auto guidance system so that more accuratealemacking and overfly time are insured. There,
instead of using time as the independent variabtescribe the guidance dynamics of the aircradt, w
adopt distance to land, which can be considerealyttal be available online with acceptable accuracy
and availability. A new representation of aircradtrtical guidance dynamics is developed according
to this spatial variable. Then a nonlinear invecsatrol law based-on this new proposed spatial
representation of guidance dynamics is establisbedake the aircraft follow accurately a vertical
profile and a desired airspeed [17] and [18]. Their¢d airspeed is then regulated to meet two main
constraints related to the stall speed and the maxi operating speed and to make the aircraft
overfly different waypoints according to a planride-table.

Simulation experiments with different wind condit®are performed for a transportation aircraft
performing a general descent approach for landingppears that with this new guidance scheme,
vertical 2D+Time guidance can be achieved with escy

2 Horizontal Distanceto Land as an I ndependent Variable

The motion of an approach/descent transportati@nadt along a landing trajectory will be referedce
with respect to a RRF (Runway Reference Frame) wloogin is located at the runway entrance as
shown in Figure 1.

The vertical plane components of the inertial sparedsuch as:

X ==V, COSy 4 + W, o)
Z=Vy, sinyg, +W, 2)
Then we can write:
5 . 2
Vair :\/(X_Wx)2+(z_wz) (3)
Z—W.
Vair = _arCtg( 5 ZJ
X— Wy @)

wherex andz are the vertical plane coordinates of the airaefitre of gravity in the RRR/,;, is the
airspeed modulusy,;, is the airspeed path angle, andw, are the wind components in the RRF.
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. Runway

Fig. 1 Runway reference frame with air craft forces and angles.

Supposing that during an approach/descent manogwdistance-to-land time functicx(t) is

invertible it is possible to express all the flightriables with respect ta and its derivatives instead
of using time. Then for any time variabhlewe have:

dv/dx = (dv/dt)(dt/dx) =v/V, (5)
where the ground spe&f} at positionx is given here by:
VG =X= _Vair COSy,, + W, 6) (

Then the following notation is adopted for successlerivatives with respect 0

= lK] @)

3 Space Referenced Longitudinal Flight Dynamics
The aircraft longitudinal guidance dynamics camthe rewritten as:

2[1] :E :EE :Vajr Sin?’ajr W,

8
dx dt dx Vg ®
oM =q/v, ©)
Vi = L [T cosa — D(z,V,, ,&)-mgsiny,, +m(\W, cosy,, —V,siny,, )] (10)
G
1 ) L. .
75[;[2 = mV V [T Sina + I-(Zivair ,0!)— ITQ COS}/air - nq(Wx Slr]7/air + Wz COS}/air )] (11)
air VG

whereT, D andL are respectively the thrust, drag and lift forcBse lift and drag forces are
classically given by:
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L= paNiSC (@) (12)
D =2 pl2NESCo(@) 13]

wherep(z),S , C_and C,, represent the air density with respect to theualé, the wing surface
area, the lift and drag coefficients, respectivariyl wherex denotes the angle of attack with here :

a=0-yq (14)

Assuming first order dynamics with time constantfor the engines, we get between
commanded thrust. and effective thrusT the following relation:

T _Tc =T f15
zVG
then, with respect tal? we get:
Z[Z] = V_lz [(Va[|lr] Sin}/air +Vair7/z[xlli]r Cosyair + \NE])VG _( air Sin}/air + Wz)VG[l]] (16)
G

Here g and T can be taken as independent control inputs toatieve guidance dynamics
while w, andw, are perturbation inputs. Equivalent contepls the result of pitch control on a very
short time scale performed by the autopilot:

g=M/1, 17)

wherel , denote the inertia moment and M is the pitch mdménch can be approximated by affine
expressions such as:

1 - c
M = 5 N2 s{cmo +Cp, @ +Cp, a . Cn,, 56} (18)

airr

with ¢ and J, represent the mean chord line and the elevatteaiein, respectively.

4 Longitudinal Trajectory Tracking Objectives
Here the considered guidance objectives consigthirircraft first in following accurately a space
referenced vertical profilg, (x) defined in accordance with economic and envirortel@onstraints,

and second in matching a desired time tap[ex) during the approach manoeuver according to air
traffic control directives. Of course, speed caaistis must be satisfied during the manoeuver.

Trying to meet directly the second objective ingemece of wind can lead to hazardous situations
with respect to airspeed limits. So this objectiseexpressed through the on-line definition of a
desired airspeed to be followed (it is supposedt dnéine estimates of wind speed components are
available). From a desired smooth time tajp(&), we get a desired ground spy@g(x):

Ve, (x) = 1/(dt, (x) / dx) 119
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then, tacking into account an estimate of the hljal component of wind speed, a space-
referenced desired airspe¥q, (x) can be defined for low speeds by introducing aimmim margin

with respect to the stall speed at the currentreledevel:
Vajr ( MaxNS Zd + Avmln ’VGd (X)_ WX(X)} (20)

whereVg, AV,,;,and W, are respectively the stall speed, the minimum imasgeed and the estimate

of the horizontal wind speed. For high speeds,imp@ed less than the maximum operating speed at
the current desired level:

Vi, () = Min ¥y (24 (x)). Ve, (X)W ()} (21)
whereV,o denotes the maximum operating speed.

In all other cases the desired airspeed is chassgnas:

Vai, (X)=Va, (%)= (x) (22)

5 Space-Based NL | Tracking Control

In this section the space-based nonlinear invesgra technique introduced in [18] to perform
aircraft trajectory tracking is displayed. The tele degrees of output variablég;, andz can be
determined from the following equations which affena with respect tog andT,

vl =V—12[A, z,a,\Vy, TW)+B, (z.a,V,, . TW)a+B, (z.a.V,, ,T,W)TC] (23)
G

1
ra =7 - [A(zaV, TW)+B 2.2V, TW)g+B, (z,2,V,, TWTL] e
G
where W represents the wind parametesg, w,, W, , W, and w, and v, . The rather
complex expressions of scalarg, , By, » By, and A, , qu , B, in (17) and (18) are detailed in
[17].
The B, terms are in general different from zero and thetial relative degree of,;, and z are

respectivelyry = 1 andr, = 2. Then ifV,, and zare chosen as tracked variables, there will be no
internal dynamics to worry about. Now, since imslard flight conditions the control matrgiven

by:
B B
B=| < 7 25
(Bvq BJ !

is invertible, it is possible to perform a diregtndmic inversion to get effective trajectory trauki
control laws, [22]So we get:

a) (B, B.)' [ V2D,00-A
= a 26
[TCJ (Bvq BVTJ {veovax) A (20)
with:
D, (x) = 28(x)+ ke () + iy () 1 ki, ) (27)
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Dy, (x)=VI (x)+ k&l (0)+knsy, (%) (28)

where with,(x) and &, (x) are the tracking errors related to the desirditlidét z,(x)and desired
airspeed profil¥/,, (x):

£,(¥)=2x)-2(x) (29)
&y (9)=Vaar (¥) =V, (%) 130
Then the tracking error variables follow the lindgnamics:
(04 k& () +ka iy, (¥)=0 (31)
&0+ kP 0)+ K £ () 4+ ki, ()= 0 (32)

wherek,,, ks, , ki, , k,, andk;, are real parameters which must be chosen sucheasbts of

% + ky, S+ ko, and s® + k8% + k,,5+ ks, produce adequate tracking error dynamics (stgbilitd
reduced oscillations). Here denotes the Laplace variable.

Observe here that while the successive spatiavateres of desired outputg, (x) andVy, (x)

can be directly computed, the computation of trezessive spatial derivatives of actual outpx(us)
andV,, (x) includes the wind parameters which have been ceglay their estimates.

Then we get a new two level control structure whheefirst layer corresponds to a fast control
loop for the pitch rate (autopilot) and the thr(ettothrottle) on a time scale basis, while theordc
control layer, operating on a space scale basisegmonds to a slow control loop of groundspeed and
height.

6 Simulation Results

The proposed guidance approach is illustrated ufiegResearch Civil Aircraft Model (RCAM)
which has the characteristics of a wide body trartgtion aircraft, see again [23], with a maximum
allowable landing mass of about 125 tons with ainaiManding speed of 68m/s. There, the control
signals are submitted to rate limits and saturatiasfollows:

~15-" rad/s< 8, <15-—rad/s (33)
18C 18C

- 252 rad< 5, <10-"—rad (34)
18C 18C

— 16" rad/s< T, < 16——rad/s (35)
18C 18C

05— rad< T <10-— rad (36)
18C 18C

While the minimum allowable speed 123V, with V4, = 518n/s and the angle of attack is
limited to the domair{— 115 18°J whereag,, =18
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6.1 Simulation Resultsin No-Wind Condition

In a no wind condition, Figure 2 displays altitutacking performances resulting from a space NLI
guidance scheme, while Figure 3 provides closenwief altitude and tracking performance during
initial transients. Figure 4 displays airspeed kiag performances of a space NLI guidance scheme
when the aircraft is initially late according taethlanned time table. It appears clearly that theradt
increases its airspeed to the maximum operatingdsgaring 12000m until it catches up its delay.

Figures 5 and 6 display respectively the evolubbmespectively the angle of attack, the flight
path angle, the elevator deflection and the theatitting during the whole manoeuvre. Since the
angle of attack remains in a safe domain and thesidered longitudinal inputs remain by far
unsaturated this demonstrates the feasibility eftfanoeuvre.

Figure 7 and Figure 8 show respectively airspeetiteme tracking performances in two cases.
The first one considers a delay situation for anoraft according to a reference time table wheee th
aircraft maintains its airspeed ¥}, until it compensates the initial delay. In theast situation the

aircraft is initially in advance with respect toetlplanned time table and in this case the speed
controller sets its airspeed to the minimum alloapeed until the time tracking error is elimirmtate

6.2 Simulation Resultsin the Presence of Wind

Here a tailwind with a mean value of 12m/s has bamsidered. Figure 9 provides an example of
realization of such wind.

Since in this study the problem of the online eation of the wind components has not been
tackled, it has been supposed merely that the wstichator will be similar to a first order filterithv a
space constant equal to 28m in the other caseddypllcguidance). Then the filtered values of these
wind components have been fed to the space NLlagiel control law.

Figure 10 and Figure 11 display altitude, airspesd time tracking performances in the
presence of the wind when the actual time tablatis and in advance situations according to the
reference time table, respectively.

7 Conclusion

In this communication a new longitudinal guidanateime for transportation aircraft has been
proposed.

The main objective here has been to improve thakitng accuracy performance of the guidance
along a desired longitudinal trajectory referenaged spatial frame. This has led to the development
of a new representation of longitudinal flight dymas where the independent variable is ground
distance to a reference point. The nonlinear irevemmtrol technique has been applied in this cantex
so that tracking errors follow independent and gstptically stable spatial dynamics around the
desired trajectories. It has been shown also thsitndlar tracking objective expressed in the time
frame cannot be equivalent when the desired aicspkanges as it is generally the case along climb
and approach for landing.

Tracking performances obtained from this spatiall ijuidance scheme have been analyzed
through a simulation study considering the descmateuver of a transportation aircraft in wind and
no wind conditions.

To get applicability this new guidance approachi stiould overcome important challenges
related mainly with navigation and online wind estion performances. Then an improved
integration of on board flight path optimizatiomfiions including the consideration of neighbouring
traffic and the guidance function will become pbksi
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