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- 1 Introduction
1.1 Objectives of GARTEUR Action Group FM-AGO08

In this document a Robust Flight Control design benchmark problem is proposed. It has
been prepared by GARTEUR Action Group FM-AGO08 on “Robust Flight Control (RFC)
in a Computational Aircraft Control Engineering Environment (CACEE)”. The objectives
and activities of this Action Group will be discussed in the following. More details can be
found in the FM-AGO8 Terms of Reference [1].

A theme of world-wide importance to aircraft manufacturing companies is the improve-
ment of techniques for computer-aided aircraft design integration, which goes beyond mere
functional integration of aircraft components and seeks to provide optimal performance
for the vehicle as a whole. In [7] the following observation is made:

The traditional process of systems integration is to make individually designed
subsystems work together on an aircraft, that is, to ensure compatibility and
minimise adverse interactions. The new goal is to carry out concurrent multi-
disciplinary designs of the highly interactive systems in order to maximise
aircraft performance, viewed in its broadest terms.

Achievement of this long term goal requires close collaboration between the major aero-
nautical disciplines: Aerodynamics; Structures; Propulsion; Guidance, Navigation and
Control. Bearing this in mind, the Flight Control Engineering discipline should utilise
and elaborate controller analysis and design methodology suitable for multi-disciplinary
considerations. Robust control methodology has this potential and is therefore the main
focus of FM-AGO8.

A major problem facing designers of Flight Control Systems (FCS) is uncertainty in char-
acterising not only the vehicle itself, but also the environment in which it must operate.
Gain scheduling is often necessary because of the variation of characteristics for which the
control laws must guarantee stability and performance. The design of gain scheduling is
time consuming for two reasons: the control laws must be designed at each design point,
and a great deal of assessment is required to ensure adequate stability and performance
at off-design points.

Recent advances in control theory research has given rise to a number of novel Robust
Control Techniques [5, 6] specifically developed for dealing with model uncertainties and
parameter variations. These new techniques offer potential benefits to a control law de-
signer for modern aircraft in the following ways:

o Multivariable systems can be handled in a concise methodological framework, thus
removing the need for the sequentially loop closure approach, and reducing the design
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effort required.

* Robust control laws which cover larger regions of the flight envelope around a design
point can be derived more efficiently. This offers the potential for reducing the
number of design points required, simplifying the gain schedule, and reducing the
amount of assessment required at off-design points.

The main consequence of these benefits is that a FCS design based on Robust Control
Techniques yields a considerable reduction in the design effort required, and a potential
reduction in the time-to-market and design costs. Subproject FM-AG08-3 (GARTEUR
Robust Flight Control Design) aims at demonstrating these advantages to the European
Aeronautical Industry.

1.2 Objectives of subproject FM-AGO08-3

Robust control theory has been well assessed in the literature, where a great number of
papers can be found dealing with the various aspects of robustness, parameter variations,
modelling uncertainty, unmodelled dynamics, etc. At the same time a wide variety of algo-
rithms implementing Robust Control Techniques can be found in many technical reports
and general purpose software, such as Matlab/Simulink [14, 15] and MATRIXx [16].

However, Robust Control Techniques are seldom used by European Aircraft Manufac-
turers for the design of FCS. There are three main reasons for this:

¢ The application of robust control theory to the aircraft control law design problem
has not been demonstrated. The techniques and algorithms associated with robust
control theory are clearly expressed but do not, in their current form, lend themselves
to direct FCS application.

o There are a limited number of dedicated robust control design tools, while most
manufacturers have an extensive suite of classical control design tools that they
have developped over a period of several years.

o There is no specific bibliographic source available on Robust Control Techniques.
Consequently, a lot of time has to be spent in searching for appropriate references
in a variety of widely distributed libraries, journals and general purpose data-bases.

Subproject FM-AG08-3 aims at removing these drawbacks and at demonstrating to Euro-
pean aircraft manufacturers that a significant improvement in the overall design process
is possible by using Robust Control Techniques. In a greater detail, the aim is:

¢ To identify and apply existing and new controller design methods to robust control
problems that are representative of operational industrial needs [4].

GARTEUR
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¢ To introduce robust controller design and analysis methods into the control law
design cycle, in order to cope more efficiently with uncertainty in the models used
and with operational changes that may occur.

¢ To identify tools which can be used in conjunction with multi-disciplinary design
optimization to improve overall dynamic system performance.

¢ To develop robust controller design procedures that interface with industrial require-
ments.

To achieve these objectives, FM-AGO08 has chosen for the following research approach.
Two Robust Flight Control benchmark problems have been definied, which will be solved
by design teams from the European aeronautical industry, research establishments and
universities. A wide variety of modern and classical design methods will be applied. The
controllers that are designed in response to these problems will be compared and eval-
uated. It is proposed that a Workshop wil be held at a suitable venue (e.g. a control
conference) where the controllers and the results of the comparisions will be presented.
However, it must be stated that the aims of these benchmark problems is not to produce
an optimal control law, but to demonstrate how Robust Flight Control theory can be ap-
plied to realistic problems and also to demonstrate the limitations of such techniques. It is
also intended that these problems will raise the awareness and confidence of the European
aircraft industry in the use of RFC techniques.

The two benchmarks cover respectively an automatic landing control problem and a high
angle of attack enhanced manual control problem. This document is the manual for the
first problem, which will be referred to as the RCAM (Research Civil Aircraft Model)
benchmark.

Participants are asked to design an automatic pilot at landing for a fictitious aircraft
(RCAM). The control law must be robust with respect to variation of the speed, weight,
variation of the horizontal and vertical position of the center of gravity, time delays, non-
linearities and engine failure. Disturbance decoupling must also be performed so that
tracking of the glideslope and localiser paths must be within certain tolerances.

1.3 Contents of this document

The structure of the document is as follows:

o In chapter 2 a description of the RCAM model is given, in which analytical expres-
sions for all the variables of interest, states, inputs and outputs of the system, are
derived. A detailed description of the components of the model (aircraft, sensors,
actuators and engines, wind model) is included.
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¢ In chapter 3 the design problem is formulated, and the criteria and procedure adopted
for evaluation of the proposed design are described.

¢ In chapter 4 the standard layout of the document that will contain the design results
is given, with a description of the items to be addressed in each design document.

¢ In appendix A an installation procedure and user reference for the RCAM software
model in Matlab/Simulink is given, together with examples.

e In appendix B an installation procedure and user reference for the software for
writing the design document is given.

¢ In appendix C an installation procedure and user reference for the automated eval-
uation software is given, by which an auto-evaluation of the designed control law is
possible.
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2 Description of the RCAM Model

2.1 Block Diagram of the System

A six degrees of freedom nonlinear model of the Research Civil Aircraft Model (RCAM)
including nonlinearities of actuators (thresholds) and a model of disturbances has been
proposed by Aérospatiale. A block diagram of the proposed model is given in Figure
2.1. Each box in this block diagram will be covered in more detail in following text. In
section 2.3 an analytical description of the aircraft dynamics is given. In section 2.4 we
explain why sensor model]iﬁg has not been deemed necessary. In section 2.5 the actuator
dynamics and saturations are detailed. In section 2.6 the analytical models of wind dis-
turbances are presented.

Actuator models
{filtering,non linearities,
efficiency...)
feed-forward |, vt
path P Z
—> System analysis
feedback N u={ dp
3
— pl1 /mg . |
ACTUATORS pi2/mg | y
Measured
I variables
wext —J E D —>
wind=[ wx
wy
WIND wz]
. |
Wind models AIRCRAFT
(Steps/shears/turbulence...)
RCAM model
( 6 degrees of freedom,

non linear,landing configuration)

RCAM MODEL FOR ROBUST CONTROL LAW DESIGN
Copyright AEROSPATIALE and CERT-ONERA - October 1994
Modified by Div. Automatic Control, LITH ~ February 1995

Fig.2.1 Simulink diagram of the system
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2.2 Nomenclature: Inputs, States, Outputs, Parameters

The following tables summarise the adopted nomenclature used both for the formulation
of the algorithms and the naming of variables in the software. Additional information can
be found in Appendix A of this document.

The inputs are given in table 2.1. In this table, the index E denotes that the wind is

Symbol Alphanumeric Name Unit
ba DA u(l) = aileron deflection rad
0g DE u(2) = elevator deflection rad
or DR u(3) = rudder deflection rad

]

b7, THROTTLE1 u(4)
67w, THROTTLE2 u(5)

throttle position of engine 1 -

throttle position of engine 2 -

Wzg WXE u(6) = longitudinal wind m/s
Wyzg WYE u(7) = lateral wind m/s
Wzg WZE u(8) = vertical wind m/s

Table 2.1 Input definitions

expressed in the earth-fixed reference frame, which is defined as follows.

The origin OF is located on the runway longitudinal axis at the threshold. Xg
is positive pointing along the runway in the landing direction. Zg is positive
downward and YE is in the appropiate direction for a right handed axis system.

The states used internally by the software are expressed in SI units and are defined in
table 2.2. In this table, ‘CoG’ denotes ‘Centre of Gravity’, and the index B stands for the
body-fixed reference frame defined as follows.

The origin Op is at the vehicle Centre of Gravity. Xp is positive forward, Zp
is positive downward and Yp is positive to the right.

Also the outputs are presented in SI units: they are defined in table 2.3. In this table, the
index V' stands for vehicle-carried vertical frame. This frame is moving with the vehicle
and is parallel to the earth-fixed frame. The origin Oy is attached to the vehicle at the
Centre of Gravity.

Used parameters are given in table 2.4. Finally, the uncertain parameters with their
respective bounds are given in table 2.5:
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Symbol Alphanumeric Name Unit
P x(1) = roll rate rad/s
q x(2) = pitch rate rad/s
T x(3) = yaw rate rad/s
¢ x(4) = roll angle rad
0 x(5) = pitch angle rad
P x(6) = heading angle rad
up x(7) = velocity in body-axis z direction m/s
vB x(8) = velocity in body-axis y direction m/s
wg x(9) = velocity in body-axis 2 direction m/s

x(10) = z position of CoG in earth-fixed frame m

x(11) = y position of CoG in earth-fixed frame m

z x(12) = z position of CoG in earth-fixed frame m

Table 2.2 States definitions
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Symbol Alphanumeric Name Unit
Measured
q Q ¥(1) pitch rate = x(2) rad/s
Ny NX ¥(2) = horizontal load factor = £= -
Ny NZ y(3) = vertical load factor = %F;- -
wy wv y(4) = velocity in vehicle-carried system m/s
along z direction = (RvgVs)(3)
z Z y(8) = height = —x(12) m
Ve VCAS  y(6) = (calibrated) air speed m/s
Vv A y(7) = total velocity = || Vi || m/s
B BETA  y(8) = angle of sideslip = asin($) rad
P P y(9) = roll rate = x(1) rad/s
T R y(10) yaw rate = x(3) rad/s
¢ PHI y(11) = roll angle = x(4) rad
Uy uv y(12) velocity in vehicle-carried system m/s
along z direction = (RygVB)(1)
vy Vv y(13) = velocity in vehicle-carried system m/s
along y direction = (RypVg)(2)
Yy Y y(14) = y position in earth fixed frame = x(11) m
X CHI y(15) flight path heading angle rad
Simulation
P PSI y(16) heading angle = x(6) rad
6 THETA y(17) = pitch angle = x(5) rad
a ALPHA y(18) = angle of attack = atan(%) rad
v GAMMA y(19) = flight path angle = asin(:—’%,(ﬂ) rad
T X y(20) = =z position in earth fixed frame = x(10) m
Ty NY y(21) lateral load factor = % -

Table 2.3 Outputs definitions

GARTEUR
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Symbol Alphanumeric Name Default Unit
Mass Parameters
m MASS p(1) = aircraft total mass 120000 kg
Engine Parameters
Xapr1 XAPT1 p(2) = =z pos. of application point of thrust 0.0 m
‘ of engine 1 in body axes w.r.t. CoG
Yapr1i YAPT1 p(3) = y pos. of application point of thrust  7.94 m
of engine 1 in body axes w.r.t. CoG
Zapr1 ZAPT1 p(4) = =z pos. of application point of thrust 1.9 m
of engine 1 in body axes w.r.t. CoG
Xapr2 XAPT2 p(5) = =z pos. of application point of thrust 0.0 m
of engine 2 in body axes w.r.t. CoG
Yapr2 YAPT2 p(6) = y pos. of application point of thrust  -7.94 m
of engine 2 in body axes w.r.t. CoG
Zapr2 ZAPT2 p(7) = =z pos. of application point of thrust 1.9 m

of engine 2 in body axes w.r.t. CoG

Aerodynamic Parameters

l L p(8) = generalised length 6.6 m
l; LT p(9) = distance between CoG and the 24.8 m
aerodynamic centre of the tail unit
S S p(10) = Wing planform area 260.0 m?
S ST  p(11) = Tail unit planform area 640 m?
Az DELX p(12) = Displacement of aerodynamic centre - m
from CoG along z-body axis
Ay DELY p(13) = Displacement of aecrodynamic centre - m
from CoG along y-body axis
Az DELZ ©p(14) = Displacement of aecrodynamic centre - m

from CoG along z-body axis

Table 2.4 Parameter definitions

Parameter Bounds

m p(l) : 100000kg < m < 150000 kg
Az p(12) : 0.2 m < Az < 126m
Ay p(13) : -02m < Ay < 0.2 m
Az p(14) : 0m < Az < 138m

Table 2.5 Parameter uncertainty definitions
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2.3 Aircraft Dynamics Model

This section describes the RCAM dynamics model corresponding to the ATIRCRAFT block
in Figure 2.1. The dynamic objects are depicted in Figure 2.2.

atmosphere
( valid for H=0m )

3
o T T T T T e q
control ] I
inputs { . ( aerodynamic ) !
: : outputs
i (wcall:grspe;:ed) | | for system
culate airs .
i i analysis
l |
{ body ) .
! Equations of motion ) fbr longitudinal
| I control
{ i
i BodyFixed :
' transfor- tmatlon transfor- t mation P
| RCAM ! for lteral
| . | control
| dynamic model i
gravity
(g =981 ms2)
wind
inputs

Fig.2.2 Dynamic objects of RCAM aircraft model inside the AIRCRAFT block of Figure 2.1.
Connection arrows between objects characterise physical interactions

These objects are:
¢ body describes the body differential equations of motion (see subsection 2.3.1);

e two transformation objects describe the coordinate transformation between the
body-fixed coordinates of the body object and the geodetic coordinates of the gravity
object, and between the body-fixed coordinates of body and the geodetic coordinates
of wind, respectively (see subsection 2.3.2);

e calcairspeed describes the relationship between the inertial movement, the wind,
and the movement relative to the air (see subsection 2.3.3);

* engine; and engine; describe the relevant engine behaviour (see subsection 2.3.5);
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o atmosphere describes the atmosphere model (see subsection 2.3.6);
¢ aerodynamic describes the aerodynamic forces and moments (see subsection 2.3.4);

e gravity describes the gravitational influence (see subsection 2.3.7).
2.3.1 Body equations of motion
2.3.1.1 Translational motion

The equations for the translational movement in body-fixed coordinates are derived from
the force equation,

F=m(ap + wxVp) (2.1)

F is the sum of forces due to the engine, the aerodynamics and gravity, m is the mass
of the aircraft, V is the airspeed and w is the rotational velocity expressed in body-fixed
coordinates. The acceleration (in body-fixed system) is the time derivative of velocity:

UB
dVs d
= — = — 2
ap : — 3| vB (2.2)
wRB

and the velocity is the time derivative of the position vector expressed in the vehicle-carried
vertical frame:

e
dXv d
— —_— — 2.
We=—" =" (2.3)
Z

Additionally, the aircraft specific quantities are defined:
Qnz
o = 2.4
Ty (24)

where a,, is the z-body axis accelerometer output at Centre of Gravity.

The height h, which is the negative z coordinate in the vehicle carried system.
h=—z (25)
the flight path angle v
—-wy
tany = ———— 2.6
Ly v g (2.6)
is given as a function of the speed components in vehicle-carried coordinates.

The track angle x

tany = -;_'vv (2.7)
\4
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2.3.1.2 Rotational motion

The equations for the rotational movement in body-fixed coordinates are derived from the

moments equation,
M=Ilw+ wxlw (2.8)

M is the sum of moments w.r.t. the Centre of Gravity due to the engine and the aero-
dynamics, w is the rotational velocity, and w is the rotational acceleration in body-fixed

system.
p
d
g = /i = — 2.
7 T
The relation between the rotational velocities and the Euler Angles is,
0o ¢ 1 sin¢tan@ cos¢dtand P
i g |l=1|o0 cos ¢ —sin ¢ q (2.10)
¥ 0 sin¢/cosf cos¢/cosd r
The aircraft inertia tensor I defined in the body frame is,
I, 0 -I, 40.07 0 2.098
I = o I, O =m 0 64 0 (2.11)
I, 0 I, 2.098 0 99.92

where all numbers are expressed in m?2.
2.3.2 Coordinate transformation (Body-Fixed < Vehicle-Carried)

The rotations between the body-fixed and the vehicle-carried coordinate system are de-
picted in figure 2.3.

To describe the position of the aircraft, a transformation using the three Euler angles ¢,
6, and % becomes necessary. For the transformation the vehicle-carried system is rotated
about the z-axis by the heading angle %. The next rotation is done by the pitch angle 8
about k2 and finally by the roll angle ¢ about the z;-axis.

The transformation matrix between body-fixed and vehicle-carried axis system results in,

1 0 0 cos§ 0 —sinf costyy sinyg 0
Rpyv=|0 cos¢ sing 0 1 0 —siny cosy 0 (2.12)
0 —sin¢g cos¢ sind 0 cosf 0 0 1
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Fig.2.3 Coordinate transformation body-fixed & vehicle-carried

Note that Rgy = Ry 5.
Multiplying the three matrices yields,

cos P cos 8 sin 9 cos 4 —sin @
Rpv = | costsinfsing —sintpcos¢ sintsinf@sind + cosppcosd cosfsing | (2.13)
cossinfcos¢ + siniPsing sin+sinfcosd — cosPsing cosfcos¢

For example, the transformation of velocities between vehicle-carried (index V) and body-
fixed (index B) coordinates is,

VB = Rgv Wv (2.14)
with
up uy
Ve=| vg and W=| vy (2.15)
wp wy

Similarly, the accelerations, rotational velocities, positions, forces and moments can be
transformed between the coordinate systems.

2.3.3 Calculate Airspeed

The vector airspeed V, (expressed in body axes) is the difference between the inertial
velocity of the aircraft Vg, and the wind velocity Wp expressed in body-fixed coordinates:

Vo=V —Wpg (2.16)
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with
Uq
Vo= v (2.17)
We
and V is the total velocity.
V = /(12 + va? + w,?) (2.18)
The angle of attack « and the angle of sideslip § are defined as,
Wq
tana = . (2.19)
sinf = %o ' (2.20)
=3 )
The derivatives of o and § with respect to time are,
. Qay Ug — Gg, W,
= s (2.21)
ﬁ=a%(%2+w3)—%(%um+a%wd (2.22)

(ua2+'0a2+wa,2 ) VUg® + We

where a4, @4, and a,, are the x,y,z-time derivatives of the airspeed in body-fixed coor-
. . — d
dinates. (i.e. a5, = %2

2.3.4 Aerodynamics

The aerodynamic forces and moments are given in wind axes as a function of the aerody-
namic factors (g5), aerodynamic coefficients (Cp, Cy, CL), the angle of attack (a) and
the sideslip angle (3).

The dynamic pressure § is,

-1 2

g=3p 14 (2.23)
with V as the total airspeed.
The aerodynamic lift coefficient Cy, is defined as (see Figure 2.4),

CL=Cr,, +CrL, (2.24)
CL,, is the lift coefficient of the wing/body alone, and is given by,

Cr,, = 5.5 (a—ap) (2.25)

GARTEUR
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op is the angle of attack at which the lift becomes zero.

The lift coefficient of the tail unit Cy, is,

CL, = % 3.1 Q3

where a; denotes the angle of attack of the tail unit

ozt=01—:;‘+615+1.3q—l1

|4
€
5=E*(a—ao)
de
5—0.25

(2.26)

(2.27)

(2.28)
(2.29)

(2.30)

with € the downwash angle, 6g the elevator deflection, g the pitch rate, and /; the longi-
tudinal distance between aerodynamic centre of the tail unit and the Centre of Gravity of

the aircraft. (See Figure 2.4).

Fig.2.4 Ilustration of aerodynamic forces

The aerodynamic drag coefficient Cp is given as function of the aerodynamic lift coefficient

of the wing/body Cyr, without the tail.

Cp = 0.1340.07 (Cf,, — 0.45)°

(2.31)

The aerodynamic sideforce coefficient Cy can be written as follows,

Cy =-1.6 5+0.24 65

(2.32)
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with 8 as the angle of sideslip and ég as the rudder deflection.

GERTEUR

The equations for the moment coefficients C;, C\,, C,, expressed in body axes are given by:

Ci ~148 -11 0 5
Cm | = | —059-318k@-¢ [+| 0 -4032& o
Ca (1-al2)s 1.7 0
06 0 022 17 64
+[ 0o 318 o 6B
0 0 -063 || ér

a: angle of attack

B: angle of sideslip

S: wing planform area

S:: tail unit planform area

I: generalised length

l;: distance between the CoG and the aerodynamic centre of the tail
V': total airspeed

P, g,and r: rotational rates (body axes)

04,6E, and ég: deflections of aileron, elevator and rudder

-11.5

p

q
r

<[~

(2.33)

In order to calculate dimensional forces and moments the following expressions must be

applied,

¢ Aerodynamic force along the X wind axis

D=CD%pV25

¢ Aerodynamic force along the Y wind axis

Y=CripV?s

Aerodynamic force along the Z wind axis

L=CL%pV2S

Rolling moment in body axes

L=CilpV25b

Pitching moment in body axes

M=CnlpV2se
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¢ Yawing moment in body axes
N=Cr,3pV2Sh

L = Lift

D = Drag

b = wingspan = 44.8 m

€ = mean aerodynamic chord = 6.6 m

In order to transform the aerodynamic forces from wind axes (D,Y, L) into the body-axes
frame (F;4, Fya, F,4) the following expressions are used,

Frop=Lsina— DcosacosfB —Y cosasin S
Fya=-Dsinf8+Y cosf
F,y =—Lcosa— Dsinacosf —Y sinasinf

2.3.5 RCAM Engine Model
The thrust F’ provided by each of the two engines (71,73) is described by:

F=érg; mg (2.34)

where é7 = 0 means zero thrust and 67y = 1 means a thrust equal to the gravity force
(m g), acting at the aircraft. The engines thrust vector is aligned along the x-body axis
pointing forward.

Fer=F (2.35)
Far=Fr=0 (2.36)
The moments from engine about the Centre of Gravity T are,

XaPTi
Tei = Yapr; X (F’ 0, 0), (‘l = 1a2) (2'37)

ZAPTi

These are due to the distance of the engines from the Centre of Gravity. P, and P; are
the points where the thrust is applied. See Figure 2.5 with body-fixed axes centred at the
aerodynamic centre of the wing/body.
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™ 2 zZp
T
Fig.2.5 Application points of thrusts.
2.3.6 Atmosphere
The atmosphere is considered to be constant irrespective of height and position:
kg
p=1225—"3 (2.38)
N

P= 101325.UW (2.39)

T = 288.15K (2.40)
with p as the density of air, P the static pressure, and T the absolute temperature.
2.3.7 Gravity Model
Gravity is not considered to be a function of altitude in this model:

W =mg (2.41)

The acceleration due to gravity near the surface of the earth is taken to be a constant,
g=9.81m/s%

2.4 Sensor model

Sensor models are not provided because sensors are assumed to be sufficiently perfect.

GARTEUR
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2.5 Actuator models and engine dynamics

The Simulink diagram given in Figure 2.6 is self explanatory.

Demux
feed forward
>+ |
delta alleron o 1 >4
0.18s+1 —
[+ |
delta elevon q . P

0.15s+1 L E

[+ |
b deita rudder 1 » Mux —DE
emux +
0.30s+1 ] Actuator
feedback LimdR output
path —_—
+
g > 1.51s+1 "ol |

Rlim1 _ Lmpit

P+
Lopimg . 5‘ - e

OS5+ —

Rlim2 Limpi2

Fig.2.6 Actuator models

Numerical values

o Rate limits for thrust: rising slew rates = +1.6, falling slew rates = —1.6

o Thrust limits (saturations): +0.5 < 67y < 1 (for 7y = 1 the thrust over weight
ratio is about 0.35)

In case of engine failure we can assume that the thrust reduces to 67y = +0.5 with a first
order system dynamics of transfer function 1/(1 + 3.3s).

o Saturations of §4 (aileron deflection): —25 < 84 < 25 deg.
o Saturations of g (elevator deflection): —25 < 6 < 10 deg.

e Saturations of §g (rudder deflection): —30 < ér < 30 deg.
2.6 Wind turbulence model

Turbulence is a stochastic process that can be defined by velocity spectra. A commonly
used velocity spectra for turbulence modelling is the Dryden spectra, which has the fol-
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lowing form:
.,(0) = 22t (2.42)
By, (w) = aj%% (2.43)
8, (w) = o2 Lz 1 L) (2.44)

P (14 (Low)?)?

The values of L., Ly, L, (‘turbulence scale lengths’) and o, 0y, 0, (‘turbulence ampli-
tudes’) are given by the following procedure:

Select Wao = 15.4 m/s (30 kts) for ‘moderate’ conditions (Wpg is wind speed at 20 ft above
the ground). When Wy is chosen, calculate the ‘turbulence amplitudes’ o, oy, 0, using
the following equation:

o, = 0.1Wao (2.45)

oz and oy are functions of o, and the altitude A. For A < 305 m (1000 ft):

Oz
o, = 2.4
%2 = % = 10177 + 0.0027R)°4 (2.46)

and for A > 305 m (1000 ft):
Oz = 0y =0, (2.47)

As for L, Ly and L, we shall use for 3 < h < 305 m:

h
¥ (0.177 + 0.0027F)12

L,=1L (2.48)
L,=h (2.49)
and for h > 305 m we take:

L,=L,=L,=305m (2.50)

GARTEUR



Version: 1
—9]1— Date: June 15, 1995

GARTEUR/TP-088-3

GARTEUR
3 Design problem formulation and evaluation criteria
3.1 Motivation design and evaluation criteria

Within the aerospace industry there is a large amount of experience in the flight control
system design area . For this reason, the main objective of the control problem stated
here is not so much to obtain a satisfactory controller, but more specifically to exhibit
approaches which might reduce the complexity of control laws and the overall control
system design cycle.

Some of the main features addressed by modern control design techniques provide the
possiblity to take into account:

o the multivariable nature of the control problem

e the non linear behaviour of the plant

o the time-varying nature of the plant

¢ robustness to parameter changes and uncertainties

¢ simultaneous performance and robustness specifications.

From the consideration of these features it is expected that improvements could be made
in areas such as:

e control system architecture development
o control law design cycle
e control design solution

¢ control system implementation

The RCAM design chaJlenge consists of the synthesis of a control law capable of fulfilling
an approach to landing under various external conditions eg. turbulence and windshear,
while being robust to parameter changes. Furthermore, the aircraft guidance must not
degrade under engine failure. Details on the design objectives are given in section 3.2.
For the uniform comparison of all design entries from the design challenge participants, a
set of evaluation criteria is formulated in section 3.3. To evaluate proper control system
logic and to make the challenge more realistic, an evaluation trajectory has been designed
to reflect typical phases during approach to landing. The evaluation criteria given in this
section are based on sets of signals from which certain characteristics will be calculated.
All designs should be able to track the given trajectory within the specified bounds. Note
that the choice of a trajectory as an evaluation criterion is independent of the control law
and control design methodology.
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An important subject considered in this chapter is the translation of design objectives
into evaluation criteria: the evaluation criteria should be sufficiently representative for the
considered design objectives, but will not be able to cover all aspects. It is asked that
the benchmark problem participants consider the design objectives given in section 3.2
and for them to use their own methods to illustrate to what extent these are met by their
controller design. For instance, we give robustness specifications in terms of real parameter
variations, although they are often also considered in the frequency domain or in terms of
gain and phase margins. The evaluation procedure is only aimed at obtaining an objective
measure for comparison with other designs.

3.2 Design criteria
3.2.1 Introduction

The controller design problem for the RCAM model is characterised by a number of fun-
damental trade-offs between conflicting design specifications. For typical aircraft autopilot
systems we recognise five classes of criteria:

¢ performance criteria: these reflect tracking error and disturbance rejection charac-
teristics of certain signals;

e robustness criteria: these reflect the stability bounds with respect to parameter
variations;

¢ passenger comfort criteria: these reflect the ride quality in the form of bounds on
certain maximum allowable accelerations and minimum damping levels;

o safety criteria: these reflect envelope safeguards;

e power consumption criteria: these are a measure of the power consumed by the
controls and also give an indication of fatigue effects.

3.2.2 Performance criteria

The performance of the controlled system can be specified in terms of command response
characeristics to normalised reference signals, tracking error and disturbance rejection
features (see [12]). The command response charateristics are defined in terms of rise time
i, settling time #; and overshoot M,,. Rise time is defined here as the time the unit step
response y(t) takes from y = .10 to y = .90 eg. t, = t(ygo%) — t(¥10%)- Settling time is
here defined as the time for y(t) to achieve 99 percent of its final value. Finally, overshoot
is defined as the relative peak of y(t) eg., Mp = (Ypear — y(o0)) X 100% (see [11]).

¢ Lateral deviation: The controlled aircraft’s lateral deviation ey (t) defined as the
difference between the actual and commanded lateral aircraft position y(t) — y.(¢),
should be reduced to 10 percent within 10 seconds.
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There should be no overshoot in the step response to lateral command signals at
altitudes above 300 m (1000 ft) eg. M, < 5%. At lower altitudes M, may increase to
30% in order to obtain higher tracking performance. There should be no steady state
error due to constant lateral wind disturbances. In the final phase of flight (landing
approach glide path) the lateral deviation from the desired flight path should not
exceed that given in figure 3.1

Maximum deviation from localizer path

]
]
'
t
]
[
’
]
]
‘
]
]
1
1
1
1
]
]
I
.

P

poeen-

Fig.3.1 Maximum lateral deviation

¢ Altitude response. The controlled system should be able to track altitude
commands h. with rise time ¢, < 12 sec and settling time ¢, < 45 sec. There should
be no overshoot in the step response to altitude commands at altitudes above 300
m (1000 ft) eg. M, < 5%. At lower altitudes M, may increase to 30% in order to
obtain higher tracking performance. In the final phase of flight (landing approach
glide path) the vertical deviation from the desired flight path should not exceed that
given in figure 3.2

r Maximum vertical deviation

1.5 my

ey

M

100 ft 400 ft Altitude

Fig.3.2 Maximum vertical deviation
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¢ Heading angle response: The commanded heading angle 1. should be tracked
by the actual flight path angle 9 with a rise time ¢, < 15 sec and and settling
time t; < 55 sec . There should be no overshoot in the step response to heading
commands at altitudes above 300 m (1000 ft) eg. M, < 5%. At lower altitudes M,
may increase to 30% in order to obtain higher tracking performance. For unit RMS
intensity lateral Dryden gust there should be at least 30 % heading angle disturbance
rejection when compared to the open loop response.

¢ Flight path angle response: The commanded flight path angle 4. should be
tracked by the actual flight path angle v with a rise time £, < 12 sec and settling
time ¢, < 45 sec. There should be no overshoot in the step response to flight path
commands at altitudes above 300 m (1000 ft) eg. M, < 5%. At lower altitudes M,
may increase to 30% in order to obtain higher tracking performance.

¢ Roll angle response: In case of engine failure and external disturbances, the
actual roll angle ¢ should not exceed 5 deg from trim. The maximum steady state
deviation of the roll angle to these disturbances should not exceed 1 deg. An initial
condition specification on the roll angle to characterise engine reconfiguration from
1 to 2 engines active is given by the following: given an initial roll angle due to 1
engine failure, the time-domain response of the roll angle to engine reactivation must
be such that 0 deg steady state roll angle is achieved with less than 50 % overshoot.

o Airspeed response: The controlled system’s air speed V;; should be able to
track speed commands V, with a rise time ¢, < 12 sec and settling time t, < 45 sec.
There should be no overshoot in the step response to speed commands at altitudes
above 300 m (1000 ft) eg. M, < 5%. At lower altitudes M, may increase to 30%
in order to obtain higher tracking performance. In the presence of a wind step with
an amplitude of 13 m/s (25 kts) there should be no deviation in the airspeed larger
than 2.6 m/s (5 kts) for more than 5 sec. There should be no steady state error due
to constant wind disturbances.

¢ Heading rate:

In case of engine failure, the maximum heading rate ¥ should be less than 3 deg/sec.

¢ Cross coupling between V,;,. and v:

For a step deviation in v of 3 deg, the peak value of the transient of the absolute
error between V;;, and V, (V; demanded airspeed) should be smaller than 1 m/s (2
kts). Conversely, for a step deviation in Vj;, of —18 m/s (—25 kts), the peak value of
the transient of the absolute error between v and 4, (7. demanded flight path angle)
should be smaller than 0.5 deg.

¢ Cross-coupling between § and ¢: Cross-coupling between 8 and ¢ should be
minimised. For a deviation in § of 2 deg, the peak transient value of ¢ should be
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less than 1 deg. For a deviation in ¢ of 20 deg, the peak transient value of 8 should
be less than 1 deg.

3.2.3 Robustness criteria

¢ Centre of Gravity variation: Stability and sufficient performance should be
maintained for horizontal and vertical Centre of Gravity variations, respectively
between 15 and 31 % and between 0 and 21 % of the mean aerodynamic chord.

e Mass variations: Stability and sufficient performance should be maintained for
aircraft mass variations between 100000 to 150000 kg.

¢ Time Delay: Stability and sufficient performance should be maintained for trans-
port delays from 50 to 200 ms.

3.2.4 Ride Quality Criteria

Ride quality criteria should ensure sufficient passenger and pilot comfort. The following
specifications are designed to obtain an acceptable level.

¢ Maximum vertical acceleration: Under normal conditions the vertical acceler-
ation should be minimised and at least limited to £+ 0.05 g *.

e Maximum lateral acceleration: Under normal conditions the lateral accelera-
tion should be minimised and at least limited to £ 0.02 g.

e Damping: Unless stated differently, there should be no overshoot in any step
response of any controlled variable at altitudes above 300 ft (1000 ft). Below that
altitude overshoot may increase to 30 % in order to obtain higher tracking perfor-
mance.

3.2.5 Power consumption criteria

o Actuator effort minimization: RMS norm of actuator signals should be min-
imised.

¢ Engine effort minimization: RMS norm of thrust should be minimised.
3.2.6 Safety criteria

e Angle of attack : The maximum angle of attack astayn should be limited to 18
deg.

*The data given here are used in industry during the design phase, in fact the vertical and lateral
acceleration limits depend on frequency. They are even lower at 2 Hz.
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¢ Airspeed : The minimum airspeed should be larger than 1.05 X Vgean. Vstan corre-

sponds to an angle of attack equal to ag.u defined above :
1 2
mg= EpSVM-,Cz (3.1)

With the approximation (C, replaced by CL,, see 2.24)):

Ogeall + 11.5

2
57.3 (32)

1

Numerical values: p = 1.225 kg/m3, § = 260 m?, for example, if the mass is equal
to 120000, Vian = 51.1 m/st.

Roll angle : The maximum roll angle ¢ should be limited to 30 deg.

Sideslip angle response: At all times, sideslip angle 3 should be minimised. For
unit RMS intensity lateral Dryden gust there should be at least 30 % sideslip angle
disturbance rejection when compared to the open loop response.

Evaluation procedure: RCAM mission and scenario

To be able to evaluate all kinds of different control design procedures and resulting con-

trollers it is necessary to find a uniform evaluation procedure, independent of the design
method. An established procedure to do this is to define a mission and a typical landing
approach scenario (see [8, 3, 9]). This mission consists of manoeuvres that can be evalu-

ated by means of nonlinear simulations. The performance of the control law depends on

the mission phase, within which hard criteria or bounds on certain signals should be met

and/or error signals must be minimised.

The mission and scenario to be ‘flown’ by the RCAM model consists of a landing approach

divided into the following segments (see Figure 3.3)

e Segment I (0 to 1)

Starting with an altitude of 1000 m and a heading of ¥ = 90 deg, level flight is to
be maintained with a constant speed of Vo = 80 m/s. During this segment, we shall
check proper lateral autopilot features by means of simulation of an engine failure
occuring at point a, and an engine restart at point b in Figure 3.3. During this
phase a constant lateral wind wy,mg = 10 m/s and a moderate Dryden gust field
with scale length L = 305m and amplitude o = 1.5 m/s are active. We will consider
both transient and steady state behaviour.

Segment II (1 to 2)
This segment consists of a commanded coordinated turn from points ¢ to d in

Note that the nominal air speed during the landing phase depends on the mass, it is equal to 1.23
times Knall .

GARTEUR
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Trajectory for RCAM evaluation

y-position [km] x-position flan]

Fig.3.3 the landing approach for RCAM

Figure 3.3 with heading rate of 9 = 3 deg/sec. The objectives are to maintain
a constant speed Vp, to keep the lateral acceleration close to zero, and to restrict the
bank angle to ¢ = 30 deg with consistent rudder/aileron deflections.

Segment III (2 to 3)

The descent phase will be started according to the so-called Frankfurt descent proce-
dure (see [10]), which has been proposed for reasons of environmental noise reduction.
This descent procedure is engaged later and is steeper than the classical descent that
has a constant glide slope angle of ¥ = —3 deg. The starting altitude is h = 1000 m;
the localiser heading has to be stabilised first. Then, the flight path angle is set to
v = —6 deg (points e to fin Figure 3.3). Although this angle is usually maintained
for a longer period, it will be set to ¥ = —3 deg after 30 seconds (points f to g in
Figure 3.3). Stabilization of the aircraft on the final flight path angle must again be
achieved within 30 seconds. In this phase of the flight constant headwind is turned
off leaving only Dryden gust acting as a perturbation on the system.

Segment IV (3 to 4)

The glide slope of ¥ = —3 deg is to be maintained. In this phase, the effect of wind
shear (g to h in Figure 3.3) will be analysed: the aircraft has to maintain safe flight
during a simulated wind shear. We adopted a two dimensional wind shear model
derived from [13].

To check robustness properties the entire approach will be flown with a most forward, a
nominal and a most aft horizontal Centre of Gravity location. Furthermore, one flight will
be executed with a nominal Centre of Gravity location and a time delay of 200 ms.
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3.4 Translation of design criteria into evaluation criteria

It should be noted that it is not possible to check all desired autopilot features by flying
a single landing approach trajectory. Furthermore, the evaluation procedure should be
relatively simple and straightforward: we want to be able to apply it to a great variety of
controllers. Hence, the evaluation criteria should be independent of the type of controller
used: they should comnsist of calculable indicators that enable us to obtain an objective
comparison between completely different controllers.

For these evaluation criteria we will use the same classification as was given in the definition
of the design criteria.

¢ performance

e robustness

e passenger comfort
e safety

e control activity

For each of these items and for each of the four trajectory segments a single number will be
calculated. This number should not be considered to be the final word on overall autopilot
performance: it is merely an indicator for one or two important aspects. In most cases it
is chosen such that a value of smaller than one is acceptable.

To further evaluate the dynamic behaviour of the autopilot, we will consider several plots
of key variables during each of the segments. We will compare the shape of the actual
trajectory with the demanded trajectory and provide bounds that should be respected for
good performance. Similarly, we will plot the most important deviations from the desired

trajectory.
3.4.1 Segment I

For segment I we will plot a plan view of the trajectory and then superimpose the bounds
given in Figure 3.4. The points a and b correspond to the beginning and end of the engine
failure segment. The initial bound of 20 mis given to account for the effect of lateral wind.
During engine failure, we allow a maximum lateral deviation of 100 m that, again, should
be quickly reduced to less than 20 m at the end of the segment (when the aircraft should
be stabilised again). With ey, denoting the lateral deviation in body coordinates for the
trajectory with nominal Centre of Gravity we will use

as a measure that should be smaller than one for sufficient performance. Note that we allow

a maximum deviation of 100 m and a final deviation of 20 m. Further #; corresponds to
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First segment: top view
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Fig.3.4 Segment I: the effect of engine failure with bounds

the time in point 1 at the end of segment I). For robustness we will consider the maximum
difference between the lateral deviation of the trajectory with nominal and perturbed
Centre of Gravity, aircraft weight and time delays:

Ae'yb(t) = ma.x(|ey1,mw(t) - eyb(t)|, |eybmin(t) - eyb(t)l) (3°4)
We will allow differences of 10% of the maximal allowable lateral deviations:
Aeyp(t) | Aeyp(th)
(mta.x 0 T3 ) /2 (3.5)

should be smaller than one. For passenger comfort we use the maximum lateral accelera-
tion ny: we will consider:

'%' <1 (3.6)

i.e. |ny| should be smaller than 0.2g: under normal flight conditions this value should
much lower (0.02g, see section 3.2.4), but engine failure is an emergency situation such
that an unusually large lateral accelaration is acceptable. For safety we will look at the
maximum angle of attack a during the segment:

3
max (@) <1 (3.7)
This implies we accept a = 12 deg; the power is taken to stress the fact that a > 12 deg
quickly becomes unacceptable (stall situation). Finally, for control activity we will consider
the rudder actuator effort needed to stabilise the aircraft after engine failure is lifted: this
is calculated as:
" 524t (3.8)
ty
with #;; denoting the end of engine failure (corresponds to point b in Figure 3.4). This
value is not ‘normalised to one’ as it is not clear what bounds can be obtained: it will act
as a value for relative comparison of controllers.
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3.4.2 Segment II

For segment II we will plot a plan view of the trajectories for the three possible Centre of
Gravity locations and time delay, and then superimpose the bounds given in Figure 3.5.
To obtain a better insight in the results, we will also plot lateral deviations with bounds

Second segment: top view
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Fig.3.5 Segment II: plan view of the 90 degrees turn with bounds

as given in Figure 3.6. For performance we will look at the maximum lateral deviation

Second segment: lateral deviations
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Fig.3.6 Segment II: lateral deviations during the 90 degrees turn with bounds

(due to the turn) and the lateral deviation at the end of the segment (when the aircraft
should be stabilised again). We will use

(mta.x Ie;’;)(;)l + |eyb2(0tz)|) /2<1 (3.9)
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for sufficient performance. Note that we allow a maximum deviation of 200 m and a final
deviation of 20 m. In Figure 3.6 points 1 and 2 correspond to the beginning and end of

- segment II. Furthermore, #; and ¢, are the times at points 1 and 2. The command actions
for the turn initiation and end are labeled with the points ¢ and d. For robustness we
will again consider the maximum difference between the lateral deviation of the trajectory
with nominal and perturbed Centre of Gravity locations and time delays. We will allow
differences of 10% of the maximal allowable lateral deviations:

Acp(t) | Acyp(t2)
.10
(mta.x 20 + 5 )/2<1 (3.10)
For passenger comfort we use the maximum lateral acceleration n,: we will consider:
|7y |
002 < 1 (3.11)

i.e. |ny| should be smaller than 0.02 g. For safety we will again look at the maximum
angle of attack during the segment:

EONY
Finally, for control activity we will consider the rudder and aileron actuator effort: this is
calculated as:
t2
/ (62 +62) ar (3.13)
131

This value is not ‘normalised to one’ as it is not clear what bounds can be obtained: it
will act as a value for relative comparison of controllers.

3.4.3 Segment III

For segment III we will plot a side view of the trajectory to see the shapes of the actual
trajectories (for nominal and perturbed Centre of Gravity locations and time delay). The
start and end points of segment III are labeled with 2 and 3, the command actions with
e and f and the bounds considered are given in Figure 3.7.

We will also plot the vertical deviation of the trajectories and overlay the bounds shown
in Figure 3.8. The performance assessment will be based upon the maximum vertical
deviation during the capture of the -6 degrees glideslope and the vertical deviation at the
end of the segment (when the aircraft should be stabilised again). Furthermore, we will
consider speed variations, that should be kept small in spite of the change in required angle
of attack. With e, denoting the vertical deviation in body coordinates for the trajectory
with nominal Centre of Gravity, we will use

less(t)] | les(ts)] |V — Vcl)
14
(mtax o T Tt 2 /3<1 (3.14)

for sufficient performance (note that we allow a maximum deviation of 100 m, a final
deviation of 6 m and speed variations of 4 m/s, i.e. 5% of V., = 80 m/s). For robustness
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Third segment: side view
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Fig.3.7 Segment III: side view of the -6 and -3 degrees glideslope captures with bounds

Third segment: altitude deviations
60 T 1 L] T LE
PN
40r ’ \\ E
/ N
— / AN
g. zor /I \\ i
S ’ .
5 |2 _~ N el ___ | 3
_§ [\, +
P T T T T T T T T s s ~ =TT
7 T
401 -
-w L 1 L e 1 L 1
25 26 27 28 29 30 31

along track distance [km]

Fig.3.8 Segment III: vertical deviations during the -6 and -3 degrees glideslope captures
with bounds

we will consider the maximum difference between the vertical deviation of the trajectory
for the nominal and perturbed Centre of Gravity location and time delay:

Aezp (t) = max(lezbmaz(t) - ezb(t)la Iezbmin(t) — €z (t)l) (315)
We will allow differences of 10% of the maximal allowable vertical deviations:

Aezb(t) AGZb(t3)
(mta.x 0 + 0.6 ) /2<1 (3.16)
For passenger comfort we use the maximum vertical acceleration n,: we will consider:
72|
01 < 1 (3.17)

i.e. |n,| should be smaller than 0.1 g. For safety we will again look at the maximum angle
of attack during the segment:

max (Wl(_;ﬂ)s <1 (3.18)

t
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Finally, for control activity we will consider the elevator actuator effort: this is calculated
as:
i3
/ 52dt | (3.19)
2

This value is not ‘normalised to one’ as it is not clear what bounds can be obtained: it
will act as a value for relative comparison of controllers.

3.4.4 Segment IV

For segment IV we will plot a side view of the trajectory to see the shapes of the actual
trajectories (for nominal and perturbed Centre of Gravity locations and time delay). The
considered bounds are given in Figure 3.9. We will also plot longitudinal deviations with
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Fig.3.9 Segment IV: side view of the final approach with wind shear and bounds

bounds as given in Figure 3.10. For performance we will look at the maximum longitudinal
deviation (due to the wind shear) and the longitudinal deviation at the end of the segment
(when the aircraft should be within the decision window). We will use

lezs(t)] |, lezs(ta
(mtax 10(0) + 1?5 )|) /2<1 (3.20)
for sufficient performance (note that we allow a maximum deviation of 100 m and a final
deviation of 1.5 m). For robustness we will again consider the maximum difference between
the vertical deviation of the trajectory with nominal Centre of Gravity and either the
maximum or minimum value. We will allow differences of 10% of the maximal allowable
vertical deviations:
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Fourth segment: altitude deviations
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Fig.3.10 Segment IV: vertical deviations during the final approach with bounds

For passenger comfort we use the maximum vertical acceleration n,: we will consider:

|72 |

0.2
i.e. |n.| should be smaller than 0.2g (usually this value is lower, but wind shear is an
emergency situation). For safety we will consider whether the aircraft is within the decision
window at the end of the segment: we will restrict lateral, vertical and speed variations
to 5 m, 1.5 m and 3 m/s respectively as follows:

\/?((eyb 2+ (ezb o ((V Ve) )2) (3.23)

Finally, for control activity we will consider the elevator and throttle actuator effort: this
is calculated as

ts
/ (62 +63,) as (3.24)
i3

This value is not ‘normalised to one’ as it is not clear what bounds can be obtained: it
will act as a value for relative comparison of controllers.

<1 (322)

@ARTEUR
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4 Design entry document layout
4.1 Introduction

The ob jective of this chapter is to provide guidelines to the participants on how to present
their results to the Action Group. It is intended that this will result in a uniform pre-
sentation of the results from each of the participants despite the use of a wide variety
of methodologies and will hence make comparisons much easier. The main aim of the
design challenge is not just to obtain ‘good’ or even ‘excellent’ controllers: as mentioned
before, the given design problem has already been solved for many similar aircraft. The
purpose of the design challenge is to obtain insight into the relative merits of several design
methodologies. Therefore, it is stressed that the contributions should be tutorial in nature:
this implies that it must be possible to retrace the applied procedure and independently
redesign the resulting controller(s). Furthermore, it is considered of great importance
that all necessary assumptions and design objectives are well motivated and related to
the general design specifications given in section 3.2. The suggested layout and structure
of the standard presentation format is intended to filter out the specific design aspects
relevant for each method, such that a clear idea about the performance of each design
method is obtained. The performance of a method will be assessed in terms of flexibility,
applicability, generality, and effectiveness, thereby providing economic guidelines for the
industry and research institutes.

The automated evaluation procedure for the resulting controller as described in section 3.3
is only a part of the final evaluation of the reported design methodology. More specifically,
the following aspects should be considered, with approximately equal weight to each of
the main items:

o the tutorial value of the entry;

— the general description of the method,

~— the set up of a controller architecture,

— the motivation of assumptions made,

— the motivation for the use of method specific design objectives,

— the translation of general design specifications into method specific design ob-
jectives,

— the selection of weight functions and trade-off parameters,
— the execution of the design cycle,
— the method dependent analysis of results,

o the (estimated) effort necessary for application of the methodology;

~ the complexity of the method,
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— the effort related to the setting up of the design cycle (modelling, controller
architecture, weight functions)

— the effort related to the execution of the design cycle (numerical effort, degree
of automation)

— the effort of performing a redesign after a major aircraft design change,

¢ the complexity of the control solution;

the controller architecture (required measurement signals, reference signals,
modes, actuators and filters),

— non-linearity of the controller (adaptive, gain scheduling),

— (linear) order of the controller,

ease of implementation,

¢ the behaviour of the controller as found by the automated evaluation procedure of
section 3.3.

This implies for instance that information on duration of each design iteration and the
motivation for each relevant design action have to be reported. Furthermore, specific
problems should be pointed out and discussed.

The structure proposed for the standard document to be prepared by each design chal-
lenge contestant is aimed at accommodating all these aspects. The next section will give
a short overview of this structure, after which each element will be discussed in more
detail. Framework documents that accommodate this structure are available in KTpX and
WordPerfect: if necessary, the correct use of these documents is indicated.

4.2 Standard presentation format layout

In short, the standard presentation format will consist of a document with the following
structure:

o title, table of contents, list of figures, list of tables, list of symbols and abbreviations,
e summary,

e introduction,

* a tutorial review of the applied control design methodology,

— introduction,

— typical applications,

plant model requirements,

controller structure,

GARTEVR
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— possible design objectives,
— design cycle description,

— a simple design example (optional),
¢ the selection of the controller architecture for the RCAM problem,

— required measurement signals,
— required actuator signals (control effectors),
— required filters, (reference) models,
— required reference signals,
o the translation of RCAM design criteria into method dependent objectives, for in-
stance (if applicable):
— time domain criteria into frequency domain criteria,
— time domain criteria into pole-zero criteria,
— the definition of cost functions,
— the setting up of an interconnection structure,
— graphical methods,
— non-linear specifications into linear specifications,

- etc.
¢ the description of the design cycle,

— required numerical tools for controller synthesis/analysis,
— intermediate analysis,

— design parameter adjustment strategy,

e analysis of the resulting controller in terms of the applied methodology, for instance
(if applicable):

— closed loop frequency domain analysis,

open loop frequency domain analysis at actuators and sensors: gain and phase
margins, roll off actuator loop,

— singular value or structured singular value analysis,

— covariance response or RMS response of states and control signals to distur-
bances and gusts,

— robust performance assessement,

— time domain simulations: linear and non-linear,

e results of the automated evaluation procedure,
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¢ general conclusions,
¢ references,

¢ appendices, etc. (if applicable).

In general, each of the aforementioned main items will give rise to a separate chapter: in
the following sections the possible contents of these chapters will be discussed.

4.3 Title page and preamble

The available standard documents are self explanatory with respect to generation of title
page and preamble.

4.4 Summary and introduction contents

The summary should provide a short description of the applied methodology, the obtained
controller and some general comments on the achieved results.

The introduction is mostly standard for all design challenge entries, it describes the frame-
work in which the design challenge was set up (i.e. GARTEUR action group FM-AG08)
as well as its overall objectives. The problem formulation should be adjusted to match the
presented design methodology; furthermore,it may be necessary to adjust the description
of the document’s contents.

4.5 A tutorial review of the applied control design methodology

Explain the aim of your chosen method and its potentials; formulate objectives. You might
use a combination of methods for each specific objective, if so, explain why and how. Does
the method have some particular features, such as special analysis and synthesis features.
Does the method a priori take into account performance and robustness specifications,
does it need gain scheduling and can it decouple interaction in loops and, finally, can
it handle feedforward or do you require to consider regulation and a feedforward loop
separately. Is the controller robust in a linear sense, or in a non-linear sense. Can you
guarantee stability, think of non-linear controllers or adaptive controllers.

4.6 The selection of the controller architecture for the RCAM problem

Define the control system architecture for the overall system. This means that a description
has to be given of the subcomponents in your control system and that the arrangement
has to be reasoned. You might choose a uniform and reduced set of variables to command
inner loop variables for any selected mode. All this boils down to a functional description
of the control system.

GARTEUR
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Describe the controller structure you have adopted for the design task. For instance, this
could be a feedback controller in combination with a feedforward controller for which the
design could consist of either separate or simultaneous design of feedforward and feedback
loops. Important information on the feedback design is the choice of regulated variables,
the use of additional integrators, the use of full or partial state estimation, etc. When
considering feedforward design, subjects like performance features, ideal model response,
decoupling features and coordination can be discussed.

4.7 The translation of the RCAM design criteria into method dependent
objectives

The RCAM design criteria are set up in method independent terms in section 3.2. This
chapter should consider these requirements and provide a motivated procedure to ap-
proximate them by means of objectives that are of significance for the proposed design
methodology. A discussion may be given with respect to the specific properties of the
possible design method dependent objectives and their potential to reflect the given re-
quirements: it is to be expected that some requirements allow a good representation, while
others are much harder to incorporate. Indicate your opinion on the application area of
the method.

4.8 The description of the design cycle

This chapter should consider the numerical tools and methods necessary to perform the
actual design cycle. A description should be given of the necessary actions that are to be
taken for each iteration. An important aspect is, for instance, whether it is possible to
automate the procedure and to what extent expert knowledge of the designer is required
for intermediate decisions. This implies a extensive description of weight function selection
criteria, design parameters and search strategies as well as a discussion on the convergence
of the iteration procedure.

4.9 Analysis of the resulting controller in terms of the applied methodology

The analysis of the resulting design will be dependent on the applied methodology. It
should be made clear to what extent the controller satisfies the design objectives formulated
in section 4.7. Again, it is necessary to consider the relation between the design objectives
and the original design requirements formulated in section 3.2. Methods and indicators
that may be of interest for a specific design method could be:

¢ eigenvalues, minimum damping,

e broken loop frequency analysis at actuators and sensors, gain margins and phase
margins, actuator loop roll off,
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A The RCAM model and design environment software description

In this chapter the software of the six-degree-of-freedom RCAM model, as detailed in
chapter 2, is described. The software code is automatically generated by Dymola, where
the objects, given in Figure 2.2, are coded in form of equations. The connections between
those objects represent their physical interaction.

From the physical description set up in Dymola, a consistent symbolical mathematical
model is built automatically by the Dymola symbolic equations handler, and from that
an efficient simulation code for different simulation environments is generated.

For the Matlab/Simulink simulation environment, code can be generated in the form of a
Matlab m-file and of mex-files for Fortran or C. Also Fortran or C-code according to the
neutral DSblock format may be generated, which can be directly used within the ANDECS
simulation environment.

The RCAM software supplied with this manual uses the C-code version of the RCAM
model: it is relatively easy to use and much faster than the m-file version. Hence, we
assume that you have a C-compiler that can be used in combination with cmex (see
section A.1).

If you are interested in other versions of the RCAM software model, see section A.2.
A.1 RCAM model in Matlab/Simulink

We assume that you have a correctly installed version of Matlab/Simulink (Matlab version
4.2 or higher, Simulink version 1.3c or higher) on a workstation or a, preferrably fast, PC.
As mentioned before, you also need a C-compiler that can be used in combination with
cmex.

A.1.1 Installation

All files, which are required for the design of the controller should be arranged in a single
directory, for instance:

.. . . \GARTEUR\RCAM\RCAM-DES

You can obtain these files on floppy disk (supplied with this manual) or from anonymous
ftp.

A.1.1.1 From floppy disk

The following procedure should be executed for installation from floppy disk onto an IBM
compatible PC:

o insert floppy disk into drive A: (or B:),
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create on your harddisk a new directory to work in and make this your current
directory,

enter the command:
copy A:\RCAM\RCAM-DES\x*.x*

compile the cmex-file RCAMEX.C by entering the command:
cmex rcamex.c

A.1.1.2 From anonymous ftp

The following procedure should be executed for installation from anonymous ftp:

create on your harddisk a new directory to work in and make this your current
directory (e.g. ./garteur),

start ftp; check whether your current local directory is still your intended work
directory,

from the ftp> prompt: enter open ftp.nlr.nl, enter username anonymous and
supply you e-mail address as password,

change remote directory by entering the command: cd transit

do not be alarmed when the 1s command reports that no files are available: this is
domne for security reasons,

make sure that the file transfer mode is set to binary by entering the command: bin,
now get the file rcam3721.uue by entering the command: get rcam3721.uue,

leave ftp and check whether your current directory is still your intended work direc-
tory,

decode, uncompress and untar the file rcam3721.uue:
uudecode rcam3721.uue

uncompress -f rcam.tar.Z

tar xvfo rcam.tar,

go to directory: ./rcam/rcam-des
then compile the cmex-file rcamex.c by entering the command:

cmex rcamex.c,



Version: 1
Date: June 15, 1995 —46—-

GARTEUR/TP-088-3

A.1.1.3 Imnstalled files

You should now have at least the following files:

trimrcam.m rcam9.m
rcam_des.m

control.m control.mat
rcamex.c

dryden.m

init.mat

The routine trimrcam.m is used together with rcam9.m to set the initial conditions of
the model. rcam.des.m is the Simulink Design model including a controller example
control.m and its corresponding data control.mat, the actuator model and the S-
function of the RCAM dynamics in C: rcamex.c. The file dryden.m contains the Dry-
den velocity spectra for turbulence modelling (see chapter 2). Finally, the file init.mat
contains all variables (controller, parameters, etc.) necessary for simulation (this file is
automatically generated if you use trimrcam).

A.12 TUse

Before you start simulations within Simulink the RCAM model has to be trimmed. This
is done by setting the initial trim conditions in trimrcam.m. This trim routine may serve
as an example, how a gamma-trim of the RCAM model can be performed. Some of the
parameter and initial conditions definitions given in trimrcam.m are:

vO = 80 ; % m/s
gamma0 = 0 ; % rad

pos = [ 00 -1000]’; 4 [mmm]

P = [120000 0.3 0 0]°; % [kg m m m]
alpha0 = 0 ; % rad

betal = 0 ; % rad

phio = 0 ; % rad
theta0 = alpha0 + gammaO;

[/

The airspeed v0 is set to 80 m/s (155.52 kts), the flight path angle gammaO is set to zero
(level flight) and the starting position pos in the earth fixed coordinate system is set to
an altitude of 1000 m, with x- and y-position equal to zero. Also the parameters of the
RCAM model, which are given in the vector p, are instantiated with their values: The
first parameter is the mass of the RCAM model (120000 kg), the next three parameter
are the coordinates of the Centre of Gravity in bodyfixed coordinates (delx = 0.3, dely =
0, delz = 0).

GARTEUR
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Initial guesses for alpha0, beta0 and phiO are set to zero.

After having adjusted those values to the desired flight condition, the routine trimrcam
can be started. The result will be the initial state vector of the system (x0), the initial
input vector (u0), the initial output vector (y0), and the parameter vector (p), which will
all be used for simulation within Simulink.

Additionally trimrcam linearises the model for this trim condition. The resultant A, B,
C, and D matrices of the linear system and the eigenvalues are computed and stored in
the workspace. ‘

All these values and also the parameters of control matrices control .mat are saved in Mat-
lab binary format to init.mat, which contains all necessary information for the following
simulation run within Simulink.

Clock - TTME
[ ] »(zzc]
—/E] reforonce
x_command (m) w
K > g T
y_command [r] ”m"""'
7 controller
-1000 > outputs
e ———=
Im] —» @ Sim. outputs
80
Vx_command [mis] CONTROLLER
) N Engins fallurs (1/0)
> jon
Vy_command [m/s} AGLUATORS Lon.Emw srernents
Vz_command () Const. windfleld (1)
[ 80 |
V_command [mvs) mEm.:nmm
Random
o —» Number WIND
Lat. Deviation AIRCRAFY
it
Pl rate [deg/s] L lateral meas: inputs

Fig.A.1 Simulink design model rcam_des.m

The Simulink-file rcam des.m (see Fig. A.1) includes an example trajectory generator, the
controller interface, the actuator model, and the S-function of the RCAM dynamics.

You are free to vary parameters of the trajectory generator, the wind inputs, and the
controller, which is given as an extra Simulink function control.m (see Fig. A.2). No
changes should be made to the structure of the overall Simulink-file rcam des.m: especially
the number and order of the defined reference signals, measurement signals and control
inputs should not be changed to prevent problems with the evaluation procedure described
in appendix C.

A change of initial conditions can most easily be performed by running trimrcam, although
the x0-, u0-, and y0-vector can also be changed directly in the workspace. The same holds
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Fig.A.2 Simulink example controller model control.m

for variations in the parameter vector p. These vectors are automatically loaded from the
workspace by the RCAM design model rcam_des.m, when a new simulation run is started.

A.2 Other RCAM model software

The model of the RCAM dynamics can also be supplied in several alternative forms:

e a Matlab/Simulink S-function in m-file format,

a Matlab/Simulink S-function in Fortran code,

ANDECS-DSblock code,

e ‘plain’ Fortran or C code,

the symbolic mathematical model of RCAM in Dymola.
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To obtain any of these alternatives, contact:

Dieter Moormann, DLR

via e-mail: Dieter.Moormann@dlr.de

or Tel: +49 8153 28 2428 / Fax: +49 8153 28 1441.
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B The standard design challenge entry document layout

This manual is provided with a framework document that can be used as a starting point
for your design challenge entry document. It is set up in IATgX and set in the GARTEUR
style that we would like you to use (this manual is also set in this style). We strongly
advise the use of IATEX: it is public domain, it runs on many different platforms, and it
is well accepted in academia. If you are committed to a different wordprocessor, or if you
have any other problems with the software described here, please contact:

Paul Lambrechts, NLR

via e-mail: lambo@unlr.nl

or Tel: +31 20 511 3740 / Fax: +31 20 511 3210.

B.1 Installation
We assume you have a correctly installed version of IATgX on a workstation or PC (for
instance EMTEX) and the possibility to make use of a Postscript printer (or Ghostscript).

All files, which are required for the creation of your design challenge entry document can
be arranged into a single directory, for which we suggest:

.« . . \GARTEUR\RCAM\RCAM-FRA
Similar to the RCAM model and design environment software as described in appendix A,
you can obtain these files on floppy disk (supplied with this manual) or from anonymous
ftp.

B.1.1 From floppy disk

The following procedure should be executed for installation from floppy disk onto an IBM
compatible PC:

o insert floppy disk into drive A: (or B:),

e create on your harddisk a new directory to work in and make this your current
directory,

e enter the command: copy A:\RCAM\RCAM-FRA\*.x*
B.1.2 From anonymous ftp

See appendix A: after installation of the design environment the framework document is
in directory ./rcam/rcam-fra.
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B.2 The first test

To check correct transfer of all files and correct operation of your version of IWIgX, it is
possible to immediately test whether the document can be compiled and printed:

e go to your intended work directory,
o run IATEX on the file RCAM-FRA. TEX,
o after compilation, run DVIPS on the file FRAME.DVI,

e print FRAME.PS to your Postscript printer (or use Ghostscript).
B.3 The use of .STY files

After successful completion of the first test, you may consider a more permanent installa-
tion of the provided software. For this you should locate the subdirectory in which your im-
plementation of IATRX stores its style files: usually this is the subdirectory . ...\TEXINPUT.
You may also consider a separate subdirectory for the provided .STY files, as long as INTgX
knows where to find them. Next, move all .STY files to this subdirectory.

Most of the style files are standard, like BK11.STY and EPSF.STY: they are included for
completeness. Two of them are specially designed for the GARTEUR FMAG-08 group:
GARTEUR.STY and FMAG.STY. GARTEUR.STY replaces standard style files like BOOK.STY and
ARTICLE.STY; FMAG.STY is used for some additional definitions. See RCAM-FRA.TEX for
more information on the use of these style files.

The two Encapsulated Postscript files GARTEUR.EPS and GARTHEAD.EPS must remain in
the same directory as RCAM-FRA.TEX.

B.4 The example files

To make sure that the framework document RCAM-FRA.TEX can be compiled, we have
added some example files that result from the automatic evaluation procedure described
in appendix C. These files were generated using the example controller discussed in ap-
pendix A (control.m and control.mat). The files consist of a number of Encapsulated
Postscript files (with extension .EPS) and the files RCAM-TBL.TEX and RCAM-TBL.TXT,
which are also automatically generated and contain the numerical results of the evalua-
tion procedure (.TEX is prepared for XTEX use, .TXT is a simple ASCII file with the same
results).
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C The automated evaluation software

The automated evaluation software can be used to evaluate any controller designed with
the help of the design environment discussed in appendix A. It is the intention that
you design your controller within the design environment, and that you also use this
design environment to apply any evaluation techniques that you prefer to show that your
controller meets the design objectives. The evaluation software should only be used for the
automated evaluation procedure, to produce the results needed for an objective comparison
of different control design methods.

C.1 Installation

We assume that you have successfully installed the RCAM model and design environment
software described in appendix A. Similar to this software, you should place all files
required for the automated evaluation in a single directory, for instance:

..+ . \GARTEUR\RCAM\RCAM-EVA
You can obtain these files on floppy disk (supplied with this manual) or from anonymous
ftp.
C.1.1 From floppy disk
The following procedure should be executed for installation from floppy disk onto an IBM
compatible PC:
e insert floppy disk into drive A: (or B:),

e create on your harddisk a new directory to work in and make this your current
directory,

o enter the command:
copy A:\RCAM\RCAM-EVA\*.x

¢ compile the cmex-files RCAMEX.C and TRAJECT.C by entering the commands:
cmexXx rcamex.cC

cmex traject.c
C.1.2 From anonymous ftp

See appendix A: after installation of the design environment the evaluation environment
can be found in directory ./rcam/rcam-eva. You should compile the cmex-files rcamex.c
and traject.c by entering the commands:

Cmex rcamex.c

cmex traject.c
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C.1.3 Installed files

You should now have at least the following files:

evaluate.m evalplot.m rcam_tbl.m

rcam_eva.m tdisplay.m

traject.c

control.m control.mat

rcamex.c

init.mat trimi.mat trim2.mat trim3.mat trim4.mat

Note that some files supplied with the automated evaluation procedure are equal to files
supplied with the design environment: the S-function of the RCAM dynamics rcamex.c
and the example controller control.m and control.mat. None of these files should be
changed, except control.m and control.mat, which contain the definition of the con-
troller to be evaluated.

C.2 The first test

The example controller is supplied with the evaluation environment to check whether all
files are properly installed:

¢ start Matlab,

¢ change directory to the one in which you installed the automated evaluation software:
e.g. GARTEUR\RCAM\RCAM-EVA,

e run the Matlab script file evaluate.m: > evaluate [return],

o the results are now automatically generated: this may take quite a lot of time (3
hours on a 90 MHz Pentium PC); you can check the progress in the Matlab command
window: there are four runs taking 500 to 1000 simulation seconds,

¢ plots are shown: press a key to go through them,
¢ some ASCII files are created: you see them scroll up in the Matlab command window,
e successful completion is indicated.

The results are now available in your work directory. To incorporate them into the frame-
work document you should copy the following files to the directory in which you have your
framework document (see appendix B):

o all .EPS files,

e RCAM-TBL.TEX.
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Note that you will overwrite some of the files in the target directory.

Next, go to the directory with your framework document and use IATEX to compile
RCAM-FRA.TEX: the new results are automatically incorporated. The file RCAM-TBL.TXT is
created for use with other wordprocessors.

C.3 Use with your own controller

The controller used for the first test is an S-function named CONTROL.M. To use your
own controller, simply replace this S-function with the one you created with the design
environment. If you use the design environment as indicated, your controller should be
an S-function with the correct number and order of inputs and outputs for use with the
evaluation environment. The procedure for the evaluation is then as follows:

e save the controller S-function you created with the design environment as CONTROL .M

¢ save any parameters you need to define this controller in CONTROL . MAT; the following
names should NOT be used as they contain evaluation procedure parameters:
Lg, gust, sigma, v0, wspeed, wx, wz, X, 2

e copy CONTROL.M and CONTROL.MAT to your evaluation software subdirectory
(e.g- GARTEUR\RCAM\RCAM-EVA); overwrite the CONTROL .M file already existing,

e proceed with the procedure given in the previous section



