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Abstract

The optimizaotion procedure is based on the repre-
sentation of time dependent command inputs by ana-
lyticol functions. The coefficients of these func-
tions are iterated by a static search olgorithm to
values optimizing the behavior of the process.

The longitudinal motion in heavy tail wind shear
of the Airbus A 300 aircroft is described by a
system of nonlinear equations of 4th order bounded
by numerous design, scofety ond comfort constraints.
The quality criterion is defined in o way to maxi-
mize the minimal distance between aircraft and
ground as well as the area between flight path and
ground. For these studies o very simple optimiza-
tion prograom has been used which allows to consider
boundaries ond which comprises less than 100
FORTRAN-statements.

The optimal input functions and other interesting
variables are shown and discussed for the par-
ticular case that full power is available and for
half power.

List of simbols

o minimal distance to ground during o go-around
A area between fligh path and ground
coefficients to be optimized

%) drag coefficient

C, 1lift coefficients

drag

quality criterion
gravity acceleration

altitude

number of coefficients to be optimized
lift

mass of the aircraoft

load factor

weighting factor

impoct pressure

range above which the arec A is computed
reference wing crea

time

thrust

Tschebyscheff-polynomials

Cv—l—lt"‘(n(ﬂ.Q'ODBI"NT(QTIU

range above which the controls may be maoni-
puloted

Vg oairspeed

Vg flight-path velocity (see fig. 4)
Vy horizontal wind velocity

W  weight of the aircraft

X distance

o angle of attack
flight-poth angle
¥, cerodynamic flight-path ongle (see fig. 4)

6 flap deflection
¢ otmospheric density

time constont

8 pitch angle

I. Introduction

In recent years severol aircraft accidents have
been known which occured during(%cn?ing approaches
under heavy wind shear effects . Taking the
Airbus A 300 aircraft as an exomple and using a
very simple ond generally applicable numerical
optimization procedure it will be shown in this
paper what should be the optimal longitudinal
open-loop time dependent controls to be opplied to
an aircraft for introducing go-around maneuvers
under different wind shear and engine power condi-
tions.

For the computation of optimal trajectories
numerous analytical and numerical methods ore
availaoble. Computer aided optimization concepts are
advantageous if rother complex problems have to be
solved. Such problems with highly nonlinear and
bounded systems of differential equaotions are known
to be quite %omW?n in the field of aerospace
activities .

General findings aond directions to be con der?d
during e landing opprooch con be found in 2-17
where also the effects of wind shears and the pos-
sibilities of their portial compensation are de-
monstroted. Concerning the application of optimi-
zation techniques during landing procedures it con
be referred also to the ?ptlmc} design of closed-
loop control structures 18-20) Optimal closed-
loop control laws for londln?s ?ffected especially
by wind shears are shown in

However, if the londing process has to be cborted
(e.g. foilure of on engine under the simultaneous
influence of wind shear, and lack of automatic
londing control devices) then a go-around maneuver
hos to be introduced. In this case the question is
of interest how this go-around maneuver should be
performed to obtain the sofest trajectory, assuming
that the possible cdverse StTospheric and power
conditions are known. this question is
treated in connection w1th several onalytical and
numerical optimizotion methods and o simple linea-
rized mathematical model of on aircraft flying in
an undisturbed atmosphere.

The study presented here for the determination of
optimal go-around moneuvers is based on the use of
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o very simple and generally copplicable optimization
procedure together with o more realistic nonlinear
model bounded by numerous constraints.

In the next section the optimization method is
described. Afterwards the four independent program
parts which are required for implementing the pro-
posed optimizotion procedure are presented:

- the quality criterion associated with a go-around
maneuver,

- the mathematical models allowing the simulation
of an aircraft flying through a heavy tail wind
shear,

- the structure of the control inputs, the coeffi-
cients of which hove to be iterated to optimal
values and

- the search algorithm used in this study.

In the last section the results of the investiga-
tion on optimal controls for introducing o go-
around under wind shear will be explained. The
optimal evolutions of the command inputs and other
interesting variables are shown and discussed for
the cose that full power is availoble and for the
circumstance that it is possible to operate only
with half power in case of an engine failure. The
contribution closes with o conclusion on the
presented study.

II. The optimizaotion method

The aim of every optimization task is to deter-
mine the free and manipulable inputs or parameters
of the system to be optimized such that the optimum
of the quality criterion adjoined to the system is
achieved. Depending upon the type of the optimi-
zation problem these inputs may be represented by a
vector point with constant coefficients (static
system), by a time dependent multidimensional
trajectory (dynomic system) or even by a hypersur-
face as a function of time and space (dynamic
system with distributed parameters).

¢; [Prructuretu(e.,t) Imath.Models L F
of the Quality
Control e Xor :£>Criterion
Inputs o-Around

Static
Optimization
Algorithm
Fig. 1 The optimization procedure

The computer aided optimizotion procedure (24)
applied in this study is neither elegant nor rigo-
rous, but it is easy to use. The originally com-
plicated dynomic optimizotion problem (even possi-
bly based on a system with distributed parameters)
is transformed to a easily solvable static pora-
meter optimization task by expressing the time de-
pendent {distributed) evolutions of the control in-
puts ulc;,t} by o suitable system of functions
(fig.1). The coefficients c; of these functions are
then iterated by a static search algorithm to
values which optimize a performance index F asso-
cioted with the process.
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The following progrom parts are used for imple-
menting the optimization procedure:

- With the progrom of the "quality criterion” it
is possible to adjoin to every go-around a
performance index F. The following criteria were
considered: maoximising the minimal distance
during the flight between circraft and ground,
moximising the area between flight path and
ground or a combination of both preceding
criteria.

- The progrom part with the "mothematical models”
allows the simulation of on aircroft go-oround
maneuver under the influence of wind shear. The
longitudinal motion of the Airbus A 300 is des-
cribed by o nonlinear system of 4th order boun-
ded by numerous desing-, safety and comfort con-
straints. The highly nonlinear and time-varying
dynamic response of the CF6 - 50C - engines is
also computed fairly precisely by a description
in the bounded phase plane. For the simulation
of the wind shear it was assumed that a heavy
tail wind sheor octs on the motion of the air-
craft.

- In the program part named “structure of the con-
trol inputs” the coefficients c; delivered by
the search algorithm are associated with either
a Tschebyscheff polynomial system or with o
Spline function system ulc;,t} which represent
the time dependent control for the flaop setting
and the pitch angle. Thus it is assumed thot the
pilot or an cutomatic system is able to adjust
a desired pitch angle by a suitoble action on
the elevator. It is supposed moreover that the
throttle will be pushed to its maximum position
as soon as the decision for a go-around is
given.

- The program part with the “optimization algo-
rithm” con consist of any search procedure which
determines the coefficients c¢; iteratively in o

way to find the optimal value F of the quality

criterion. For the described study o very

simple optimization program has been used, which

allows also to consider boundaries and which

comprises less than 100 FORTRAN-statements (24).

The main odvantage of the described optimizotion
strategy consists in its simple and flexible appli-
cation. The method can be easily used because the
originally dynamic optimization problem is solved
by a given stotic search algorithm which needs not
to be adapted to the task considered. The method is
very flexible because the different program parts
are independent from eoch other. This means that
the mathematical model or the quality criterion or
the structure of the input commands may be changed
without the obligation to modify accordingly the
other progrom ports, os it is often the cose when
using more difficult optimization methods.

111. Definition of optimal go-around
maneuvers

The aim for defining a quality criterion is to
get o scalar value F representing the performance
of the system to be optimized in relation to the
set of coefficients c. applied to the system’s
model by the search cigorithm (fig. 1).



As a first attempt the minimal distance during
the flight between aircraft and ground was chosen
to define the performonce of the go-around maneuver:

!
—» Max.

F1 = %in (n

But this first performance index 1 = 9%in' %min
representing the minimal distance between aircraft
ond ground during o go-around maneuver, turned out
to be useless. This was due to the remainder of
the flight ofter reaching the minimal distance to
ground, which did not have any influence on the

value of the criterion.

To guarantee best possible circumstances during
the whole maneuver the following second criterion
was defined,

|
F2=A—'>mcx. (2},
expressing that the area A between flight-path and
ground has to be moximized by the optimization
algorithm. In general this quality criterion
yielded reasonable results. However, in the case
of go-around flights in undisturbed atmosphere
with only half power available this criterion
produced also useless outcomes. It showed up that
in view to moximise the area defined above the
aircraft had to absorb during the first part of
the go-around supplementary kinetic energy to
reach as soon as possible the best climb velocity.
Because of the reduced power this was done by
accelerating the sinking flight until crash at the
ground, which certainly cannot be considered as an
optimal go-around.

So as a third and last criterion the formula

|
Fy = Gpnin * P * A—max. (3),
describing a combination of the criteria (1) ond
(2), was finaly used to optimize also the go-
around under the particular conditions mentioned
above. Here Fj is the value to be driven by the
search algorithm to a maximum, Unin Fepresents the
minimal distance to ground and A is the area
between flight-path and ground. The weighting
paraometer p has to be chosen in a way that moinly
the minimal distance to ground is maximized.

IV. Mothemotical models

To obtain the performance index F adjoined to o
certain set of coefficients c; delivered by the
optimization clgorithm a simulotion model of the
considered Airbus A 300 aircraft flying through a
wind shear must be build up.

a) Mathematical model of a typical heavy
toil wind shear

For the simulatian of go around maneuvers under
adverse conditions the following mathematical
model of o dangerous wind shear will be described.
The wind profile of the fig. 2 illustrotes the
?Rpg?ximcte and ideclized meteorologicel situation

=%/ during a londing approach of a Boeing-727-
aircraft in June 1975 in direction to the Kennedy
Airport, New York, which lead to the crash of the
aircraft.

him]
head wind
80
J flight direction
of the aircraft
20 tail wind
—_ —>
-18 6 Vy [mis]

Fig. 2

Typical dangerous tail wind shear

For simplification purposes and in view to better
understand the results of the study it wos assumed
that the wind shear appears only in function of
altitude and that no vertical wind influences the
motion of the aircraft.

With regard to fig. 2 the wind shear gradient

dvy 0.4 m/s
“dh m

(4}

delivers the horizontal wind velocity as noted be-
low, depending upon the altitude:

Vy = - 18 m/s for h > 80 m
vy = 14 m/s-{0.4 h)/s for 80m € hs< 20m > (5)
Vy = 6mls for h< 20m

b) Mathematical model of the Airbus A 300 aircraft

Considering the fact that only the longitudinal
motion of the aircraft affected by o horizontal
wind shear had to be simuloted the following 4th
order nonlinear system of equations was chosen:

v

n

(T.cosw~ D)/m - g-siny, - Vw-cosxo

%a =[(L + Tosina }/m - g-cosxollv + Vw-sinxclv > (6)

Te
i

Vesiny,

X
it

V-cosxO + Vw

where, with the wind shear defined in (4),

. dV .
oo VW dh . 0.4 ;. _0.4

= = - =22 . V. siny,

=__", < (7).
w dh dt s s
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xy

D =Drag
L = Lift

T = Thrust
W= Weight

Fig. 3 Forces affecting the motion of the aircraft

With regard to fig. 3 ond to fig. 4 the varicbles
in the equations of motion (4) have the following
meaning:

airspeed, velocity along the airpath
axis

acerodynamic flight-path angle
(see fig.4)

= vertical geogrophical speed

= horizontal geographical speed
angle of attack

= 9.81 m/s?, gravity acceleration

= 130 000 kg, max. admissible mass of the
Airbus A 300 aircraft in landing confi-
guration.

geographic axis

aerodynamic,
airpath axis

-
Xk

flightpath axis

Fig. 4. Velocity vectors under wind

The forces L = Lift and D = Drag are given in
terms of the lift ond drag coefficients € ond Cy

and the parameters ond variobles indicated below:
L=¢C + q+ Sm
{8)
D:CD-q~S/m
where g = 9¢° vi2- , impact pressure (%)
and = 1.225 kg/m*, atmospheric density
S =

260 m? , reference wing area

The coefficients C; and Cp are obtained from
functions fitted to test data, as represented on
fig.5, where the drag coefficient has to be augmen-
ted by ACp = 0,021 if the undercarriage is extended.

With the cbove equations all state and output
variables of the aircraft necessary for the evalua-
tion of the performance index may be computed, e.g.
with a 4th order Runge-Kutta-Gill integration
routine as used for the simulated go-around ma-
neuvers presented here.
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Fig. 5

10 15 al9]
Lift and drog coefficients in function
of the angle of ottock and the flap
deflection

The control variacbles in equations (6) to (9),
whose optimal time dependent values have to be
determined, are the thrust T applied to the air-
craft via the throttle angle and the mathematical
model of the engines as described below, the pitch

angle B offecting the angle of attack a through
the equation

@ =8 -yq (10)

and the flap angle 8¢ having an influence on 1lift
and drog as indicated on fig. 5.

During a simulated go-around maneuver the follo-
wing constraints have to be observed:

Design constraints:

®oox = 20° {ongle of attack)
0% 8 s 25° (flop deflection)
25% € T/T o, € 100%  (thrust range,

Toax = 366 000 N)

Safety ond comfort constraints:

% max =']2° {(angle of attack)

n = 1+h/g € 1.15 (load factor)

O = 20° (pitch angle)

émox = 8°/s (pitch angle variation)
h >0 (flight dbove ground)

For some investigations other limits had to be
introduced (e.g. Apax = 15° for go-arounds under
wind shear with only holf power available) or
supplementary boundaries have been considered {e.g.
R > 0 at the end of the go-around maneuver).

c) Moathematical model of the GE CF6-50C-engines

For introducing go-oround maneuvers it was
assumed that the throttle is pushed by the pilot to
its moximum position. As shown on fig.é it taokes
approximately 7 seconds until the thrust has
reached its moximal value if initicl conditions
were set to 25% (apparent high order dynamical
behavior of the engines due to internal



flow restrictions). On the other hand, if a step-
input from 60% to 70% is introduced in throttle
position, then the development of thrust is similar
to a first order lag chaoracteristic.

7
5 Jstep response from step
] 60 to 70% response
50 25 t0 1006

0 1 2 3 4 5 6 7 8 8 10

Fig. 6 Dynomical behavior of a CFé-50C-engine

For the dynamic simulation of this rgt?er complica-
ted behavior a method described in (23) yas used.
This method is based on the representation of the
thrust evolution in the bounded phase plane as
shown in fig. 7. In principle the time varying de-
velopment of thrust is computed numerically by an
iteraotion routine

t .
T(t) = Tg+ J T(T,AT) dt (11,
0

where T is the actual thrust ond AT beeing the dif-
ference between desired ond actual trust.

i[°ﬁﬂl| y
20 /)
/]
10' /
/]
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20] 40 60 | 80 100 T[%]
|
_104 / I
I
-20 )
|
-30- /

Fig. 7 Thrust behavior in the bounded phase
plane

The time dependent derivative T to be integrated
may be computed with regard to the fig. 6 and 7 in
the following manner,

T(t) =1Tgegired t) = Toctual(t)/Te = AT(E) /T, (12),

where the time constant 1. can be determined from
fig.6 (accelerating time constaont T, = 1.25s, de~
celerating time constant T4 = 2.255?. If the

computed value of T is located inside the bounded
phase plane of fig.7, then this value is subject of

integration. If on the contrary this value is found
to be outside these boundaries, then the admissible

value T on the limit corresponding to the actual
thrust T has to be taken.

By this method presented in (23), with the intro-
duction of maximal permitted thrust varictions to
consider the internal flow restrictions in the
engine, it is possible to simulate the highly
nonlinear and time varying dynomical behavior of
high order by a simple time constant of first
order.

In this way only little efforts in programming

and in computer time are required and the accuracy
of the simulation is pretty good.

V. Structures of the control inputs

As a connecting link between search algorithm ond
mothematical model a structure for the time depen-
dent control inputs has to be defined (fig.1). Two
different types of structures - Tschebyscheff-Poly-
nomials and Spline function systems -~ have been
used in the study for representing the evolutions
of the flop deflections 8 ond the pitch angle 8
{the thrust T is given by the step response of the
engines). In principle the open-loop controls may
be expressed in function of time or depending upon
the distance to the runway. For illustration
purposes these controls have been expressed here in
function of distance to the aim point ot the
beginning of the runway (see fig. 8).

a) Approximation with Tschebyscheff-polynomials

Because of their convergence properties
Tschebyscheff-polynomials were applied:

6,:()() = Ci0° To(x) tene T',(X) + oeee

(13)
8{x) = c20‘T0(X) + €91 ‘T](X) + eee

with Tg 15Ty =2(x - xo)/(xb - xa) -1

Th=2-T “Ta1 = T2
the distance xp = X, being the interval over which

the control functions are defined.

In the frame of the presented study Tschebyscheff-
polynomials up to the éth degree were used deman-
ding 7 coefficients for each input variable. One
coefficient however can be safed , respectively,
because the initial value of each function at the
beginning of the go-around maneuver is given os a
known command setting for the stationary londing
approach flight.

b} Approximation with Spline function systems

Beside the above mentioned Tschebyscheff-polyno-
mials also Spline function systems have been
applied for the representation of the control in-
puts. These functions are characterized by the fact
that between given points of support, which need
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not to be located acequidistantly, o polynomial of
3rd degree is fitted. This is done in a way so that
neighboring polynomials have at the common point of
support the same function value, the some deri-
vative and the same curvature.

For the go-around maneuvers considered between 7
ond 9 points of support have been selected. The
amplitudes (function values) at these points were
delivered by the static optimization algorithm,
with exception of the initial volues known a-
priori by the adjustment of the commands before the
go-cround. In total the search algorithm had to
manipulate up to 16 coefficients to find the
optimol evolutions of the two interesting input
varicbles 6 and 6.

VI. The search algorithm used (24)

There are numerous sophisticated algorithms for
the determination of o local extremum of a multi-
variable function. Their usefulness however is some-
what reduced by the fact that they are often diffi-
cult to learn ond to opply. The program “EXTREM”
employed for this study on the contrary haos been
developed particularly with regard to a simple
aopplicotion, also when constraints have to be con-~
sidered. The program is easy to use and has a small
size (less FE%? 100 FORTRAN-statements, list of the
program in ), it requires little storage
{working space depending upon the number K of vari-
obles to be optimized is 7 * K), the evaluation of
the function derivatives is not necessary aond it is
possible to consider o variety of boundaries.

In principle the algorithm performs the following
tasks during an optimization staoge comprising
successive approximate searches for an extremum
along K directions: choosing a search direction,
determining the extremum along a line, defining the
step sizes and considering the involved constraints.

Choice of search directions: The algorithm
discerns two types of search directions, nomely one
main search direction approximately along the
gradient of the function whose extremum has to be
found and K-1 secondary search directions which are
orthogonal to the main search direction and to
themselves. A main search direction is given by the
line going through the best point of the last stage
and the best point of the preceding stage.

Determination of the optimum along a line:
Starting from the best point aottained in the mean-
time the algorithm performs along the considered
direction o search step forward and backward and
determines the optimum along this line by fitting a
parabola through the 3 evaluated function values
and by computing the extremum of this hypothetic
parabola.

Definition of step sizes: If during any parabolic
interpolotion the distonce between the new point
and the old is smaller than one quarter of the
current step size, then this step size is devided
by 4. If an extrapoloted point lies more than 20
times the current step size away from the old
point, then the step size will be multiplied by 2.

Consideration of boundaries: The program given
by the user to evoluate the performance index
checkes if the set of coefficients delivered by the

search algorithm violates any possibly given boun-
dary. If this is the case the signal flow is returned
to the search algorithm whi¢h delivers another set

of coefficients computed in a particular way that
satisfies the constraints,

The optimization procedure stops if during the
lost stage the variotions of the function volue or
of the argument vector are smaller thon chosen
values or if the number of stages equals a pre-
defined number.

VII. Computation of optimal go-around
maneuvers under different conditions

After the programs for the definition of the
quality criterion, for the simulation of the go-
around maneuvers and for representing the input
variables by a structure of functions with unknown
coefficients have been explained the results of the
optimization investigotions will be discussed.

a) Assumptions considered for the maneuvers

Before initiating the simulated go-around it is
assumed that the circraoft moves in on undisturbed
atmosphere or in a head wind situation cbove the
wind shear zone in a normal landing configuration
{undercarriage and flops extended)} in an altitude of
h = 100 m ond at a distance of xg = -2 km before the
aim point (see fig. 8).

go-around
-2000m 0 3000m  x[m]
Y
Runway
Fig. 8 Landing approach with go-around

The aircraoft progresses with on airspeed of
Vo = 135 kn = 250 km/h = 70 m/s and o flight-path
angle Yy = -3° to the aim point.

The decision to perform a go-around maneuver is
taken ot o distonce of xp = -1500m, thot is oppro-
ximately 2 seconds after reaching the possible wind
shear zone. This response delay of 2 s for deciding
a go-around ofter encountering o wind s?g r is very
much too optimistic. With reference to the
reaction time of o pilot may vary between 3 aond 10 s.
For simplification purposes it is further assumed
that the undercarriage is retracted 3 seconds after
the decision for o go-around.

For the computation of the orea between flight-
path and ground {quality criterions (2) and (3) in
section 3) the domain between xg = -2 km and
xg= +3 km (end of the runway) has been considered
(see fig. 8). Sometimes this distance of s = 5 km
was prologed to s = 10 km ond s = 30 km, thot is up
to xg = 8 km and xp = 28 km.
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b) Go-around maneuver in undisturbed atmosphere

with full power

It is assumed that the pilot or the automatic
guidance device is ocllowed to manipulate the inputs
only in the range of u = 1.5 km between xp = -1.5km
and x=0 (approximate beginning of the runway, see
fig.9). Over this range Spline function systems
with 7 cequidistaont points of support have been
defined to represent the input variables of the
flap deflection 8p(x) and the pitch angle 8(x). The
search algorithm computes iterotively the
K=2"* 6= 12 omplitudes of the input variables at
the free support points (number 1 to 6 on fig. 9)
so that the arec between flight-path and ground
(criterion (2) in section 3) in the range s = 5 km

between xg = - 2 km and xg = 3 km (end of the
runway) is moximized.
Yalkn b/
§ 2xa8l] /h TH0kNI A Br/°
30
n /R SY i
s LN
a5t~
q&1
20 200
Vo o
271
_.._._—._/

i/z N 100
z L

—

0 =7 S

o 1 k3 4 5 k Runway .
-2000  Xp  -1000 500 2000 1x/m
—e
' 4=1500m i
Xo 5:5000m Xé
Fig. 9 Go-around in undisturbed otmosphere with

full power above s = 5 km

The resulting flight-path is exhibited in fig. ¢
with the trajectory of the aircraft given by the
altitude h and h on two different scales. In view
to maximize the mentioned area the following
actions have to be undertoken on the command
inputs: as soon as a go-around is decided at a
distance of xp = -1.5 km before the runway the
throttle has to be pushed to its moximum position,
the resulting step response of the thrust T is
shown also on fig. 9. The input command of the
pitch angle 8 is increased continously in a way not
to violote the maximum allowed load factor of n =
n = 1.15, as indicated on the figure. Surprisingly
the flaop deflection originclly in o position of
6 = 25° does not diminish noteworthy during the
go-around maneuver. It seems that in view to a low
Cp/Cp-ratio (see fig. 5) the angle of attack «
should be increased and the flap deflection &
decreased.

But the fig. 10 exhibits thaot if a very high lift
coefficient C is required, e.g. C = 2.0, then a
higher 8 and a lower « is faovorable for o desired
low drag coefficient Cp. In this ond the following
figures also the evolutions of the cerodynamic air-
speed V, and the cerodynamic flight-path angle ¥,
are presented.

The next fig. 11 shows what are the input con-
trols aond the resulting state variables for a
go-around maneuver over the range of s = 30 km,
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with a domain of v = 7.5 km where the input vori-
obles moy be manipulated. Again Spline function
systems were used to represent the evolutions of
the controls, but the number of the now non aequi-
distont points of support was increased (numbers

0 to 8 on the abszissa of the figure) so that
K=2* 8 = 16 coefficients had to be optimized by
the seorch algorithm.

0.5
Co

fo

0.3 250 b

02 -
(N »16
\:\""“*—\0—-—-—.

M e
|

0.1

0 5 10 15 20
—-a {9
Fig. 10 Lift and drog coefficients
Now the range over which the arec has to be
computed for the performance index (2) is very much

larger ond it is worth to increcse the airspeed Vg
up to the velocity of best climbing.
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Fig. 11 Go-around in undisturbed atmosphere

with full power above s = 30 km

(trajectory represented only up to
x = 8 km)

Because the required lift coefficient diminishes
with the airspeed the flaps are retracted ac-
cordingly to fig. 10, as to be expected with regard
to a low Cp/C -ratio.

¢) Go-around maneuver in undisturbed atmosphere
with half power

For this circumstances the quality criterion (3),
simultaneous maximizotion of the minimal distonce
to ground and moximizotion of the area between
flight path and ground, had to be applied. The
input varicbles represented by Spline-functions



may be manipulated again over o range of u = 7.5 km.
In o first flight part the aircroft is pitched up
in a way to meet the constraints of 8 s 8°s and
Qhax = 12°. Then the aircraft moves on during a
second flight part in o constant altitude until it
reaches nearly the best climb airspeed. During the
third and lost part of the flight the climb is
introduced in view to maximise the area under the
flight-path. This is done by tronsforming partiolly
the kinetic energy of the aircraft into potential
energy. Obviously the first part of the flight is
performed in a woy to maximize the minimal distance
to ground and the second and third parts of the
trajectory are due to the maximization of the area
between flight-path and ground.
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Fig. 12 Go-around in undisturbed atmosphere with

half power above s 10 km

d)

Go-around maneuver under wind shear with

full-power

The following fig. 13 and 14 shall demonstrote
that two different structures of input functions
deliver similar results if the other remaining
conditions are the same.

The trajectories of the fig. 13 were obtained
using a Spline-Structure for the control inputs
with K = 2 * 6 = 12 coefficients to be optimized.
It is visible that over the range of u 1.5 km,
where the commands of the aircraft may be manipu~
lated, the load factor is nearly at its maximum
possible value of n 1.15. This is mainly ochieved
by increasing the pitch angle B more or less conti-
nuously until the maximum admissible value of
B 0x = 20°.

m

In fig. 14 the results are shown for the same
conditions but with a Tschebyscheff-structure with
again K = 2 * 6 = 12 coefficients for the input-
varicbles. The results are similar with exception
of the mentioned load factor. This difference is
due to the fact that the Tschebyscheff-polynomial
system may exhibit o jump in the evolution of its
derivative between the stationary flight conditions
and the range where the controls can be manipu-
lated, that is at the points xp = =1.5 km and
x 0. (In the Spline function system the derivo-
tives of 8 and 8¢ are forced to be zero at the
indicated points whaot improves the comfort for the
passengers.) So with the Tschebyscheff polynomials
more “mobility” is given to the search algorithm.
Advantage is token of it, whot yields o more abrupt
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pulling out of the circraft when the wind shear is
reached (the maximum load factor is attained sooner

in fig. 14 than in fig. 13). As to be expected, the
quality criterion (2) used here, nomely the maximi-
zation of the area between flight-path and ground,
yields o slightly better vaolue with the Tschebyscheff-
structure than with the Spline-functions (see table

at the end of this contribution).
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Fig. 13  Go-around under wind sheor with full
power over s = 5 km (Spline-structure)
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The effect of the wind shear is cleorly visible
on both fig. 13 ond 14 with the evolutions of the
variables ¥ ., V_ ond n, especially near the point
xp = 1.5 km where the go-around is decided, this in
comparision to the fig. 9 where no wind shear was
assumed to occur.

Go-around maneuver under wind shear with half
power

e)

In this particular dangerous ond difficult situ-
ation for the pilot the maximum admissible value
for the angle of attack wos allowed to increase up
to the rate of ® e 15°, thot is 3° more than
usually admitted but still opproximately 5° owoy
from the angle of ottack with maximum lift coefficient.

With the fig. 15 on optimal go-around maneuver
under heavy tail wind shear and only half power
available shell be explained. The input controls
were allowed to be manipulated by a Spline-structure



along a distance of u = 7.5 km (position of the
points of support see fig. 12) and the range over
which the area had to be computed for the quality
criterion (2) was chosen to be s = 10 km.
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Fig. 15 Go-around under wind shear with half

power over s = 10 km

Again the whole trajectory con be characterized
by three different flight sections:

- Although merely the simple quality criterion (2)
has been foreseen for this go-around {only maxi-
mizing of the area between flight-path and ground,
no maximizing of the minimal distance to ground),
the search algorithm has found out that during a
first very short flight part the aircraft must be
pulled out as quickly as possible from the wind
sheor zone. While during the go-around of fig. 8
(only half power available but no wind shear) the
aircraft was simply leveled off in a way to reach a
horizontal motion, here, under the effect of the
considered tail wind shear, the seorch algorithm
drives the inputs to values so that the circraoft
leaves with the maximum possible load factor of

n = Ny = 1.15 the adverse disturbance.

- As soon as the altitude of h = 80 m is reached
(beginning of the wind shear zone, see fig. 2),
this altitude is hold and the aircraft is accele~
rated during o longer second flight period in a
horizontal motion to gain kinetic energy in view to
a better climb speed.

-~ When o more favorable velocity for climb has
been reached, the climbout traojectory is initioted
by increasing the pitch angle. During the progress
of this third and last flight section for o go-
around maneuver the cirspeed diminishes again with
regard to a growth of altitude {decrease of kinetic
energy to the odvantage of potential energy).

Note that the flop deflection angle 8¢ shows
during the whole go-around maneuver rather high
values. At the last part of the considered flight
e.g., where the input varicbles remain constant, a
1ift coefficient C; slightly above 2.0 is required
(value delivered by the printouts of the optimi-
zation runs). Considering fig. 10 it turns out that
the search olgorithm has found, in view to a low
Cp/ € -ratio, the best combination of flap setting
and angle of attack with 6gp= 15.6° and o= 14°
(resulting by o pitch angle of B= x+y,=15.1°).

The last fig. 16 shows a similar go-around
maneuver under wind shear, but with an extended
range s = 30 km over which the area is computed
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Fig. 16

for the performance index. Again the aircraft is
pulled out of the wind shear zone during a short
first flight part with o moximum admissible load
foctor of n, . = 1.15 until it reaches the appro-
ximate altitude of h = 80 m where the wind shear
begins. Since the total flight is now very much
longer it is worth to increase in a second flight
section with horizontal motion {here much longer
than in fig. 15) the airspeed nearly up to the
velocity of best climb. Towards the end of the
trajectory {not visible on th figure) the required
lift coefficient is only about C # 1.0 becouse of
the higher airspeed of the aircraft. The resulting
flap setting 6pg = 0.1 and the angle of ottack

®e = 9° at the end of the flight at xp = 28 km
{see table) are closely reloted to the minimum drag
value of fig. 10 under the considered condition.
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Go-around under wind shear with haolf
power over s = 30 km (trajectory repre~
sented only up to x = 8 km)

Observation

For some go-ground maneuvers the additional
constraint of HE > 0 was involved, meaning that the
circroft hod to fly with a positive acceleration in
vertical direction during the flight position
following the flight section where the controls
were allowed to be manipuloted. As an example in
fig. 15 this constraint is included and it is
observable that the aerodynomic flight-poth angle
Yo increases slightly from x = 6 km (end of the
range where the inputs may be changed) to xg = 8 km,
end of the considered flight. On the contrary at
the go-around moneuver of fig. 16 this constraint
is not met and accordingly the state varicble ¥,
diminishes from x = 6 km until the end of the
flight ot xg = 28 km, not visible on this figure.

In the table 1 the most interesting results of
the considered go-around maneuvers are exhibited:



Fig. | SP/Ts | s h . : o
no? P o K he “max A amin XE GFE E VaE YaE
without wind, full power:
9 Sp 5 1.5 2 12 < 12 1.80 -~ 3 24,1 16.4 136 10.3
11 " 30 7.5 16 > " 87.25 62.0 28 1,1 19.5 180 12.5
without wind, half power:
12 Sp 10 7.5 3 16 > 12 2.37 58.7 8 9.5 10.8 | 153 2.8
with wind shear, full power:
13 Sp 5 15| 2 12 < 12 2.60 -- 3 21.6 20.0 | 122 9.8
14 Ts " " S " 2.64 -- " 21.9 18.9 127 10.1
with wind shear, half power:
15 Sp 10 7.5 2 16 > 15 3.10 63.1 8 15.6 15.1 118 1.1
16 " 30 " 3 " o< " 32.23 63.1 28 0.1 12.7 168 = 3.7
Table 1 Main results of the considered go-around maneuvers
Comments related to the table 1:
Fig. no. ~ number of the figure in this paper VaE ~ airspeed in kn at the end of the
Sp/Ts - hint if Spline or Tschebyscheff- trajectory
structures have been used for re- Y - gerodynamic flight-path angle in °
presenting the control inputs at the end of trajectory
s - range in km above which the arec
between flight-path and ground is )
computed for the performance index I1IX. Conclusions
Y - dom?in in km along WhiCh the input The presented study on the determination of
varicbles may be manipulated optimal go-around maneuvers under the influence of
QC -~ number of the quality criterion wind shear has shown that the described computer
considered (see section III of this aided optimizotion procedure is an easy to use and
paper) flexibly applicable tool to calculate open~loop
K - number of the coefficients to be inputs for any §ync@ical system, Thf method.reduces
optimized to static optimization by representing the inputs
h . . , as a structure of functions. The coefficients of the
E - v:rt1col ccce%erotlon requ%red structure are driven by a search clgorithm to values
o.tir cowplet1?n of the flight part which optimize o quality criterion adjoined to the
W1t. Yorloble.1nputs (h > 0{ only system. Since the procedure is not concerned with
positive vertical occeler?t1on the details of the dynamical system to be optimized
cccepted;.h < 0, any vertical it works also for complicoted nonlinear systems of
acceleration allowed) high order restricted by numerous constraints.
X max - maximum angle of attock allowed in °
A - area in kn? between flight-path The results of the investigctio?s on optimal
and ground over the renge of s go-around maneuvers moy be summarized as follows:
Omin - minimum distance to ground in m The evolutions of the cbtoined trajectories sﬁow
' during the go-oround maneuver that after the decision for a g?-cround the o%rcroft
should be pulled out during a first short period of
X - end of the trajectory in km time in a manner to satisfy the given sofety- and
5FE - flap setting in ° at the end of comfort constraints until the adverse wind shear
; zone has been left or, under better wind conditions,
the trajectory - ,
. e until o horizontaol motion as been reached. In a
O - pitch angle in ° at the end of second flight period an accelerotion cf the aircraft

the trajectory
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yields a better velocity for the following

climb. Depending on the available thrust a simulta-
neous climb is possible or at least the attained
altitude must be hold. As soon as the speed of
optimal climb has been nearly reached the desired
climb can be introduced in o third flight period.

The optimization studies have confirmed qualito-
tively the corresponding procedures of the flight
hand books for go-arounds with restricted power,
that is pull out, acceleration, ond climb. Refer-
ring to the manner, how these trajectories should
be achieved, the obtained optimization results
show however noteworthy conclusions. So it turned
out that contrary to the current recommendotions a
go-around with extended flaops is advantageous in
certain circumstances. Especially in disturbed

atmosphere this flap

setting gives an additional

safety margin against stall.

(n

(2)
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