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Abstract

Different techniques has been studied to im-
prove the controllability and maneuverability
of flying vehicles. In detail the possibility of
using the differential thrust of the engines as
an emergency control means has been consid-
ered for aircrafts such as B-747, B-777 and
above all MD-11 [1] [2]. Concerning the per-
formances of a fighter aircraft, one of the tech-
niques used to improve the characteristics of
maneuverability even in post-stall area is the
possibility of turning the direction of the ex-
hausted thrust of the nozzles: thrust vectoring
(TV) [3] [4]. The capabilities in controlling
the aircraft are augmented using the compo-
nents of the propulsive force; in this way it is
possible to have an effective control even be-
yond the stall limit of the aerodynamic con-
trol surfaces. On the other hand, the use of
TV make the energetic level of the vehicle de-
crease because, as the direction of the thrust
is deflected, the force component which oppo-
sites aerodynamic drag is reduced and there is
a loss in height and speed.

Object of this paper is the analysis of
the dynamical model of an aircraft with a
defined configuration (HIRM, High Incidence
Research Model, fig. 1) and a TV control sys-
tem. A program in Visual Basic has been de-
veloped to realize a real time simulation of the
aeromechanics behavior of the studied model.

Fig. 1 HIRM

1 The aerodynamic model

Object of the research was the developing of
a program able to compute the trajectory of
an aircraft following a given input and to rep-
resent its position on a display. The validity
of the aerodynamic model was verified by the
extention of the simulation tests to the analy-
sis of typical maneuvers of high performances
fighter aircraft.

In a first time the inputs were given by
an out-of-the-loop operator who, moving the
mouse, could change the controls’ position. In
a second time a pilot entered the loop and an
appropriate mathematical model was identi-
fied for the simulation: in this phase all the
inputs were read from a file. The investigation
on the describing function of the pilot (pilot
controller) was limited on the performances in
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a one-degree-of-freedom task, studying the use
of a single control and the feedback in attitude
following a step command on the elevator.

In order to study the behavior of a thrust
vectored aircraft, an aerodynamic dataset,
covering a wide range of angles of attack and
sideslip, was necessary. The HIRM aerody-
namic model [5] [6] was used: it fits to the de-
scription of the behavior of an aircraft which
has to perform maneuvers at high angles of
attack. Actually the aerodynamic coefficients,
derived from wind tunnel tests, cover o (angle
of attack) from —50° to +120° and (3 (sideslip)
from —50° to +50°; moreover the model takes
into account the effects of angular velocities
on aerodynamic forces and moments.

The aerodynamic coefficients have a non-
linear trend and their analytical form in a
body axes frame is:
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where:

5 0 ifa 20°
20 { 10 if a > 20°

a, angle of attack and sideslip

DTS  symmetric deflection of elevators
DCS  differential deflection of elevators
DTD  symmetric deflection of canard
DCD  differential deflection of canard
DR rudder deflection

P, q, r angular speed in body axes

c, b mean aerodynamic chord, span
\% speed respect with air
The force (C,,C,,C,) and moment

(C, C1, C)  coefficients are functions of
aerodynamic derivatives which are organized
in data sheets.

The control surfaces are the rudder for
directional control and elevator and canard
for control in pitch and roll; the aircraft
doesn’t have any ailerons, so roll control
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is supplied by a differential rotation of the
horizontal empennage. The aerodynami-
cal surfaces have the following limitations:

elevators  0Edgi, des. —40°  +10°
canard 5Canardsin. des. —20° +10°
rudder DR =30° +30°

2 The simulation program

The real time simulation program, with its
graphic interface (fig. 2), works in a Mi-
crosoft Windows 95/98 operative system en-
vironment; it was developed in Visual Basic
because this language made possible to easily
elaborate the graphic interface, even though it
is slower in the computing estimates. The 3D
representation of the aircraft on a PC moni-
tor is refreshed at a frequency of 5Hz, while
the integration of the equations of motion is
at 100Hz; the recording of flight data as a text
file is possible at a frequency of 10Hz.
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Fig. 2 The graphic interface

With regard to the graphic interface, the
display window is divided in two halves. In
the right one there is a 3D representation of
the vehicle by which it is possible to exam-
ine attitude, direction and entity of the speed
vector, rotation of command surfaces, speed of
the engines, jets deflection. The point of view
of the observer is linked to the aircraft and it is
possible to change the view direction dragging

the mouse pointer (fig. 3). Below this window
there is a simplified HUD (Head-Up Display,
fig. 4: it shows the aeroplane attitude, the
route, angular speed of pitch and roll) and the
command panel (stick, pedals and throttles).
In the left side of the display there is a window
divided in four sheets which show the values
of the most important flight data, the initial
condition of the simulation and the operative
modes of the program.

Fig. 3 Different views of the aircraft

The program list is written in separate
modules, each of which is dedicated to a spe-
cific aspect of the simulation: reading from
file of the aerodynamic coefficients, comput-
ing of the atmospheric environment data, ac-
quisition of the commands’ position (from dis-
play or file), simulation of the functioning of
sensors and actuators, computing of the ele-
ments of the transformation matrix from ver-
tical frame axes to body frame axes, comput-
ing of the forces and moments caused by the
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Fig. 4 HUD

deflection of the nozzles, visualization on dis-
play of different data and representation of the
aircraft motion.

The program has three functioning modes:

1. Real time: the stick and pedals indica-
tors are moved according to the posi-
tion of the mouse pointer (fig. 5) and,
in real time, the consequent motion of
the aircraft is visualized. It is possible
to start/stop the simulation by a group
of keys on the display (stop, pause, rec.,

play).

2. Reading of the file input: the program
asks the filename that contains the flight
data of which it will use only the ones
dealing with the position of stick, pedals
and throttles. In this mode it is pos-
sible to check the answer of the vehi-
cle using the same input and modifying
some other conditions (i.e. TV operative
mode).

3. Visualization of a pre-recorded maneu-
ver: the program upload from a file all
the flight data recorded in a previous
work session; whenever you want it is
possible to stop the visualization of the
maneuver and take the control back of
the aircraft in the operative mode Real
time.

The TVC system (Thrust Vectoring Con-
trol) can be activated or not, one or more of
the aerodynamic surfaces can be blocked, the

G. Vinelli

|| | B

Fig. 5 Controls

maximum rate of deflections of the surfaces
and nozzles can be changed.

3 The control laws

The development of the control laws for a
high-maneuverable aircraft must take into ac-
count different features: the non-linear trend
of the aerodynamic coefficients, the rolling
around the speed vector at high incidence,
the restrictions on the load factor of the pilot
and on the angle of attack. The longitudinal
and lateral equations of motions have not
been decoupled in order to have a behavior as
realistic as possible at high alpha. A classical
control approach was used to determine the
deflections of the control surfaces. A fly-by-
wire control system has been supposed and
the controlled aerodynamic parameters are:

longitudinal stick == pitch angular speed

lateral stick —> roll and yaw
angular speed
pedals —> sideslip angle

For each axis (roll, pitch and yaw) the
movement of the command is indicative of a
requested value of angular speed or angle; the
deflection of the surface and nozzles is deter-
mined in order to reduce to zero the difference
between the actual value of these parameters
and the requested one. In particular, each con-
trol position is combined to a variable varying
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from -1 to +1; for instance, the longitudinal
stick is linked to the pitch angular velocity by
a linear formula while the q caused by the noz-
zles’ deflection changes if there is a low-alpha
or high-alpha regime.
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Fig. 6 Functioning areas of the TVC

Since at high speeds the aerodynamic sur-
faces are sufficient to control the aircraft, the
nozzles’ deflection is no longer necessary. So
there is the possibility of disabling the TVC
(thrust vectoring control); if this option is
checked the simulation program mixes in a
proper way aerodynamic and TV control: this
is realized by the use of a multiplier factor
(whose range is from 0 to 1) which is referred
to the nozzles deflection. The program makes
TVC ineffective if the dynamic pressure is high
(fig. 6) in an analogous way to what happens
in F-22 flight control system. The simulation
also takes into account the restraints imposed
by the external operator which can limit TV
control to one, two or all the three axes.

4 Inclusion of the pilot model

In the last phase of the research the atten-
tion was focused on the pilot performances in a
one-degree-of-freedom task: the pilot can con-
trol only one state variable at time through
the driving of a unique control. The structure
organized in distinct modules has made easier
this correction of the program (fig. 7): with a
pilot in the loop the file input data (attitude

angles) enter the pilot model block and then
the control laws one, but they receive first a
feedback signal from the block that computes
the state variables of the aircraft.

pilot model control laws

file input
task

surface
movement

Fig. 7 Insertion of the pilot block in the sys-
tem

There is a compensation system, based on
the assumption that the controller (here the
pilot) can be described by means of a series
of equivalent linear functions and it is possible
to identify that portion of pilot output linearly
correlated to the external input of the system;
the non-linear component is the remnant term.

Pilot model [7] must guide aircraft behav-
ior in order to reach the desired attitude an-
gle: it succeeds in doing this estimating the
instantaneous error and modifying the input
as a consequence; in the tested cases the in-
stantaneous error was the difference between
the requested attitude and the actual one.

The function used to describe the behavior
of the pilot is:

TLS—|— 1
Y(s) = Kye P==———.
(8) Pe T[S+ 1

TKS—|— 1
2
(Ties +1)(Twys +1) (=) +2%s + 1}

which, considering an ”ideal” pilot, can be ap-
proximated as:

TLS+1

Y(s) ~ Kye ™
()~ e D s = 1)

The exponential term e~"® represents the

pure lag time in the transmission of informa-
tion inside a human being and it is linked to
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the nervous stimulation conduction; the term
inside the {...} parenthesis represents the dy-
namics of the neuro-muscular system of the
arm with typical values of:

1/Tn, =10 sec’ wy = 16.5 rad/sec

(v = 0.12

The term (Txks + 1)/(Tks + 1) is a low-
frequency lag-lead component; the other term
K,[(Tys+1)/(T1s +1)] is the adaptative por-
tion of the model; the values of K, 17, and
T7 are modified in function of the reaction of
the pilot in the control action. The Y (s) func-
tion is not only equal to the correct transfer
function, if the pilot behaves linearly, but it
is also the best descriptive function, in the
sense that the means square value of the differ-
ence between the effective output of the closed
loop and the linearized representation output
is minimum.

The mathematical model used for the pilot
doesn’t consider all the variables related to the
piloting of the aircraft, but encloses the most
important characteristics when it is applied to
a single-axes maneuver; it also has the advan-
tage of having a simple analytical structure:
for these reasons the simplified form of Y'(s)
has been utilized in the simulation program of
the HIRM.

With this formulation the coefficients have
the following values:

K, Pilot gain: 0.4, obtained observing the
bandwidth in the frequency domain [8];

e~ 7% transport-lag: 0.16 sec was chosen in a
range from 0.10 to 0.25;

T;, lead time: tests were conducted at differ-
ent values of 717,

T7 lag time: it can be used to attenuate an
oscillatory behavior, letting the pilot fol-
low the control inputs;

Tn neuro-muscular time: for all the tests this
constant was assumed equal to zero.
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5 Conclusions

5.1 Open-loop tests - TVC

q [*/s); ap[*/s*2]; OVSv [*]

time [s]

Fig. 8 Test input: a unit step on the longi-
tudinal stick

08 pedats

06

04

L

X_stick

10 20 30 40 50 60 70 9
02

06

08

time [s]

Fig. 9 Exemplifying test: step input on the
three controls (longitudinal and lateral stick,
pedals)

With the open-loop program (with exter-
nal operator) has been possible to simulate a
wide range of maneuvers, both conventional
one or at high incidence, even in post-stall con-
ditions; using a data sheet it has been possible
to read the flight data recorded 10 times per
second in a text file, to analyze them and plot
diagrams for the most interesting parameters
(fig. 8,9,10,11).
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Fig. 10 Exemplifying test: a, B,y
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Fig. 11 Exemplifying test: p, q, r

It has been verified that the control laws
using TV enable a good control of the aircraft
in the range of law incidence; as the incidence
increases, limitations of the aerodynamic sur-
faces can be overcome by the use of thrust de-
flection, succeeding also in doing maneuvers
such as cobra and J-turn. In this cases it is
possible to meet with instability phenomena
(i.e. increasing amplitude oscillations around
one of the axes) and even if the load factor
and angular rates are quite small pilot could
be confused.

5.2 Closed-loop tests - Pilot model

This tests have been used to make consider-
ations about handling qualities and effective-
ness of the mathematical model used.

The handling qualities of the vehicle were
studied considering, in the frequency domain,
the bandwidth below which the dynamic sys-
tem follows the input in a satisfying way: it is
defined as the smallest one in the frequencies
obtained for 45° of phase margin and/or 6 dB
of gain margin. Since the considered system is
not gain limited (wg < wp) the value of the
bandwidth w is referred to a phase margin of
45°.

The values of wpy and 7, were used to ver-
ify if the model has acceptable handling qual-
ities , according to MIL-8785C for fixed-wing
aircraft in categories A and C.

The study of the function modeling the pi-
lot was oriented to the performances of a one
degree of freedom maneuver: it is possible to
control one of the state variables by one con-
trol (fig. 12). This SISO (single input single
output) compensation system is based on the
assumption that the controller (the pilot) can
be described by a group of equivalent linear
functions.

The open-loop phase margin is a measure
of the total damping of the system; the pilots
have a behavior in order to have a phase mar-
gin between 50° and 110°. For this research
a phase margin of 30° was used with a damp-
ing ratio of 0.3 in order to have Kp of at least
0.4 and granted a model of the pilot aggressive
enough.

The gain and the lead time constant in the
model of the pilot can have different values to
have different levels of maneuver aggressivity,
although the value of T7 is almost always near
to its maximum.

The lag component allows the pilot to at-
tenuate the oscillation in the answer. In fact,
even if pilots don’t want to delay the aircraft
behavior intentionally, a certain lag is neces-
sary when it can improve the low frequency
system characteristics. Nevertheless, the best
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answer is obtained when the lag time is very
small.

The examined model presented good char-
acteristics in control even when the requested
0 was high, thanks to the use of thrust vector-
ing that improve the maneuverability of the
aircraft.
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Fig. 12 Simulation test with a requested at-
titude of 30°, T;,=0.6 s, T;= 0.1 s, 7= 0.16 s
Kp=0.4
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