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Co-ordination of a turn is a complex case. Correct turn is done with such
a bank that the resultant force of centrifugal and gravity forces will be
in the symmetry plane of the aeroplane.

The paper deals with a general mathematical model of an aeroplane in
spatial flight. The following problems have been analysed: characteristic
parameters of a correct turn, general physical and mathematical control
model, approved steering principles and block schema of the equipment.
The most important thing is a correct choice of the control system and
suitable amplification factors.

The autopilot contains four channels, which can control the flight thanks
to deflection of the height control surface, direction control surface, aile-
rons and the engine control lever.

Results of the research were obtained by means of numerical simulation
of complete model of dynamics of an aeroplane with automatic control
system, on the basis of a programme written in the calculation environ-
ment of MATLAB package, and were presented in graphic forms.

Key words: automatic control system, autopilot, co-ordinated turn, flight
simulation

1. Introduction

In order to make a turn it is necessary to bank the plane by moving the
ailerons. The vector of aerodynamic lift follows the motion of the plane that
gives the necessary horizontal component of the lift force equal to Pzsind
that changes plane’s horizontal movements. Banking of the aerodynamic lift
Pz decreases its vertical component force Pz cos . As it does not compensate
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Fig. 1. Forces acting in a turn

the gravitation forces, the height is lost. To counterbalance this tendency, the
autopilot must tend to increase the aerodynamic lift by increasing the angle
of attack, i.e. by displacing the elevator dy. Simultaneous displacing of the
ailerons and the elevator, and mainly the increase of the angle of attack o,
result in the aerodynamic drag increase. Certain position of the engine control
lever causes losing the speed, however, the propulsive thrust is stable. To
compensate the increasing drag, the pilot must tend to increase the engine
control lever. In addition to all these phenomena, the course change is followed
by an undesired angle of sideslip. To avoid it, the automatic pilot uses the
rudder. Therefore, to make a co-ordinated turn, the autopilot uses all channels
of control. Banking is the main control channel and yawing is an auxiliary
channel.

It is necessary to use automatic devices to control the plane. These devices
take over some pilot’s functions. Their task is to stabilise the flight parameters
or to control and navigate the plane. Since they make the job of the pilot easier,
the pilot can pay less attention to direct flight control actions. These devices
are also used to improve some technical characteristics of the plane, e.g. its
longitudinal stability or transverse stability.
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2. Physical model of the plane

Physical model of the controlled plane has been created and based on the
following assumptions:

e The plane is an infrasound training-and-combat aircraft with a conven-
tional symmetric and compact body, equipped with more than one jet
propulsion engine.

e The plane is considered to be a rigid body with movable but undefor-

mable steering devices of six degrees of freedom (the plane moves in a
three-dimensional space).

e Control surfaces have no weight and their movements influence only
aerial forces and moments.

e Flow around the body is considered as quasi-stationary (quasi-stationary
aerodynamics has been used).

e The movements of the plane are supposed to occur in the plane and in
quiet air (the weather is windless).

e Any changes of the external parameters are considered to be in confor-
mity with International Weather Standards; the flights are carried out
at the altitude of 11 km.

e The symmetry plane of the aircraft is Oz (geometric, mass, aerodyna-
mic).
e Origin of the co-ordinates Ozyz is fixed up invariably with the moving

aircraft, the centre of the aerodynamic forces influencing the plane and
the centre of mass are located on the symmetry plane zOz of the aircraft.

e Thrust of the engines and rotation of the turbo-compressor are variable
for each engine.

e The mass of the aircraft is constant and invariable during the flight.

3. General mathematical model of the aircraft during the flight in
three-dimensional space

The dynamics equations of aircraft motion are derived in a plane-fixed co-
ordinate system, on the basis of the Boltzmann-Hamel formalism for material
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Fig. 2. Reference systems

systems with holonomic constraints; below they are presented in a general
form

m(U + QW — RV) — 8,(Q* + R?) - S,(R— PQ) + 5,(Q+ PR) = X
m(V + RU — PW) + S;(R+ QP) — Sy(P>+ R?) - 5,(P-QR) =Y

m(W + PV — QU) — 8.(Q — PR) + Sy(P + QR) — S,(Q* + P?) = 2(3 )
P — (I, - I,)QR - I;y(Q — PR) — I,(R+ PQ) — I,,(Q* ~ R*) +
+S, (W +VP -QU)+S,(PW -UR-V) =1L

L,Q — (I, = I)RP — I;y(P + QR) — I,(R — PQ) — I,,(R* ~ P*) +
~Sy(W+VP-UQ)+S,(U-~VR+QW)=M

LR — (I = I,)PQ — I,(Q + PR) — I,(P — RQ) — I,,(P? - Q%) +
+S,(V-WP+RU)~S,(U—-RV+WQ)=N

where
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U, VR - forward, side and yawing velocities
L,M,N - roll, pitch and yaw moments

P,Q,R -~ angular velocities, roll, pitch and yaw
$,0,¢ - roll, pitch and yaw angles.

Aerodynamic angles are expressed as:
— angle of attack

w
= arctan — 3.2
@ = arctan - (3.2)
— angle of sideslip
B = arc sin% (3.3)

General equation of dynamics of an object being controlled, i.e. the vector
equation of state for a mathematical non-linear model is as follows

MV + KMV = Q + Us (3.4)

where_ ~

M - modified inertia matrix, M =M + Mygw

B - matrix of rigidity, B = KM

V - vector of accelerations, V = U, V,W,P,Q,R]"

V.~ vector of velocities, V = [U,V,W,P,Q,R]"

Q - vector of external forces, Q = [X,Y,Z, L, M,N|"

U - matrix of steering

8§ - steering vector, & = [, 05,0L,0v,07|".

Non-linear equation of motion and parallel transforming processes can be
displayed as a matrix function (that can be proceeded with a numeric simula-
tion)

V=M "(-BV +Q+U5) (3.5)
Formula (3.5) that can be proceeded with integral equation in simulating pro-

grams.
There are four channels of control: pitching @ - through displacing eleva-
tor &y, rolling & - through aileron displacement &, yawing ¥ - through
rudder displacement 4y, and speeding V; — through changing the engine
propulsive thrust T through positioning of the engine control lever dp.

4. General physical and mathematical model of steering

Automatic pilot structure. Two parts of the automatic pilot can be descri-
bed: the logical one and the executive one, Fig.3 (Szczepariski, 1986).
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Logical part - responsible for generating the signals of errors and due to the
accepted principles of guidance, signals of control;

Executive part — respounsible for displacing the control devices according to
the signals received from the logical part.

lY

Y, Logical part S Executive part Y
(guiding principles) (electromech. servomech.)

Fig. 3. Automatic pilot structural scheme

Errors: deviations of the controlled real variables (measured) of an aircraft
from the variables required

Measuring system: distorts the signals describing an object due to errors
of measurement and the activity inertia. However, we disregard signal distor-
tion and assume that the variables under measurement Y, are equal to real
variables of the aircraft Y. Therefore Yy =Y.

Guiding executive part of automatic pilot: any delays of the autopilot sys-
tem should not affect general characteristics of the aircraft. Taking into
consideration the forces influencing the aircraft, very well powered servo-
mechanisms are built in automatic pilots. Any influence of servo-mechanism
dynamics on the aircraft dynamics has in fact no meaning and can be described
as the following inertial first order lag

T[% + 7 = Kiy&; (4.2)
t
where
T;,K; - respectively the time-constant and gain factor of the elec-
tromechanical servo-mechanism
Yy — position of the control device
&; — steering signal, duly determined in each separate channel

according to the accepted principles of steering.
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Servo-mechanisms in each channel have different values of factors T;
and Kj;, due to their construction differences. Status of each of those servo-
mechanisms is determined separately for each of the four channels.

Disregarding the time-constant (4.2)

Y = Ki'ygi (4-3)

Ezxecutive steering system: to process the steering signals obtained form
the pilot or autopilot (displacement of control devices) and to transform them
into displacing of the control surfaces (Fig.4)

dé;
Tid—tz + 8; = Kisvi + dio (4.4)

displacement .
of control ———»
devices

- displacement
Executive system Si p

- % of control
(servo-mechanism) surfaces

Fig. 4. Structure of executive steering syste
Disregarding the time-constant
di = Kipvi + dio (4.5)

A system of equations can be determined from Egs (4.3) and (4.5)

0; = Kisvi + dip v = Kiyéi
Therefore
b0; = KisKini + dig
and finally
di = Ki&i + bio (4.6)
and if

5i<5i min = Ji: 7 min
0; > 0imax = 6 = 0j max
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Conclusion: displacement of control surfaces J;, results from multiplying
the gain factor K by error ¢&;, increased by the position of control surfaces
in equilibrium §;.

Any procedure of automatic steering consists of components which measure
particular parameters of the aircraft movements, processing components and
steering devices.

The general block diagram of a steering system (automatic pilot) and the
controlled object is presented in Fig.5.

Measuring :
. teerin
Y »lblock of the | | Steering
. principles
autopilot
Y, controller
4 : i
Steering Steering Executive
Error £ | signal K ___ ,|autopilot Y —» steering
block |error | forming | St€€ring |executive | steering system
signal block signal block signal —

(electrical) (mechanical)
parameter S
sel_control

Y,

determined
status of
the pilot

variables of the aircraft

Fig. 5. General block scheme of the steering system with the object of steering

Y

Set control

Object of steering

5. Accepted principles of automatic pilot steering

Steering factors are assumed as constants. However, while constructing
an adaptive automatic pilot (working in different conditions), they might be
required to be assumed as functions.

Values of the gain factors are different in different channels due to different
construction of the servo-mechanism concerned. Incorrect evaluation of some
factors, and sometimes wrong evaluation of even a single one, might affect the
other factors and might cause unreliable results of the system.



AUTOMATIC CONTROL OF AN AIRCRAFT FLYING A TURN 937

It is very well known that a proper choice of the gain factor values for
an automatic pilot is not very simple and might cause many problems (there
exists no adequate method to determine the gain factors). The best way is to
minimise their quantity to a very small number. Sometimes a compromise and
purely ”brain work” is needed to get simple and satisfactory results concerning
the formerly determined conditions.

Looking for the gain factors for an automatic pilot, one can consider inte-
gral and square criteria of steering quality and supplement it with evaluation
of transitional processes in all channels of the autopilot.

Steering principles have been determined as follows:

— rolling channe] &

op = Kdl;(¢ - dsz) + K!II;(W - Wz) + ‘sLo (5'1)

— pitching channel ©

o = KH (21 — 21,) + K8 (© - 6,) + b, (5.2)
— yawing channel ¥
Sy = Ky (V = V,) + dy, (5.3)
— speeding channel Vj
br = KG(U = Up) + K§(0 - 6,) + ér, (5.4)

6. Device block diagram

The block diagram based on Egs (5.1) + (5.4) is presented in Fig.6.

7. Flight in a regular turn

PZL 1-22 "IRYDA” has been chosen as a test plane since it presents the
best possibility to obtain the most important data necessary to proceed with
the analysis of the problems concerned.

An analysis of the flight of an aircraft performing a regular turn has been
taken into consideration. Dynamic characteristics of the PZL 1-22 "IRYDA”
have been analysed in order to get proper values for the steering strategies
concerned.

13 - Mechanika Teoretyczna



938 M.CicHON, J.MARYNIAK

v

Aircraft '

- d . D

Sr, : - ynamics =

L R St Engln.e 7 + V)]
dynamics Laerodynamlcs U

Fig. 6. Block diagram of the device

Basing on curves of the required thrust 7y, = f(V;, #) and curves of the
available thrust Tr = f(Vs,), it might be solved for different speeds Doy,
Ruin, tmin as well as 1, max-

The turn speed is proportionally linked with the horizontal component
of the aerial force Pzsin® which makes the plane to turn. Therefore it is
proportional to the banking angle &.

Typical parameters for a turn performed at altitude of 3000 m are:

— for the rotation speed nr = 15025rev/min, at the best and constant
conditions
— for the rotation speed nr = 14000 rev/min, at regular flight conditions.

To perform a proper control of a turn manoeuvres, the following instru-
ments are helpful: a compass, an artificial horizon and, most of all, a turn
indicator with a slide indicator, also called bank indicator, that allows to
control properly the turns performed. A turn indicator is not a quantitative
instrument but a qualitative device. A turn is properly performed if the ball
inside the device does not leave the central area of the indicator.
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Fig. 7. Typical parameters for a turn with ny = 15025rev/min
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Fig. 8. Typical parameters for a turn with ny = 14000 rev/min
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Results of the analysis

A numerical simulation of a turn has been performed for a flight at altitude
of 3000 m. Automatic pilot system starts its functioning after 10s of stable
flight. The whole flight has been carried out in the following conditions: angle
of tail plane setting o,y = —2° = const, mass centre position equals 22% (of

mean aerodynamic chord).

Example I: Turn followed by a 90 deg course.

Automatic pilot parameters in this case are as follows

Sg :
81, :
Sy :
or :

KH = _0.04 KY =0.82
K% =0.012 KL =0.0055
Ky = —0.05

K = -5.0 K} =4.0

Example II: Turn followed by a 180 deg course

Automatic pilot parameters in this case are as follows

oy :
oL, :
dy
ot -

K =-0.04 K8 =085
Kk =0.01 KL =0.003
Ky = -0.05

K§=-50 KT =40

Example III: Turn followed by a 360 deg course

Automatic pilot parameters in this case are as follows

O :
oy, :
oy
or :

K =-0.045 KH =12
K% =0.008 KL =0.00168
KV =-0.05

K§ =-5.0 KE =40

Results of numerical calculation are shown in a graphic chart basing on
functions of the MATLAB program.
Chosen parameters of flight and steering are displayed in Fig.9 + Fig.16.
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Fig. 9. Real speed as function of time

80

70L__7_’A_r_,___4

course 90

60— :

i Y A S, course 180
30 I ) N R course 360
40—H A

i Y
30 —ﬁwg—ﬁm—aﬁ—«
20 N —

mi
0

-10 J

0 50

100 150 200 250
Time ¢ [s]

Fig. 10. Banking angle as function of time
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Fig. 14. Rotation of right and left engines as function of time
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Fig. 16. Ailerons angle as function of time
9. Conclusions

Considering the results obtained it can be stated that the simulation pro-
gram based on the assumed aircraft dynamics model represents a proper in-
strument to calculate the real physical phenomena. Physical model of an air-
craft in space is necessary to display properly this particular case of flight.

Automatic pilot system with determined principles of steering guarantees
preservation of proper flight altitude, guiding the aircraft to a proper course
¥ with a proper banking angle . It can be stated that the aircraft gains and
maintains the required parameters. The existing gravity force does not exceed
the acceptable values based on physiological capacities of the pilot.
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The obtained results show correct application of the steering principles,

excellent plane guidance and remarkable steering results.

This study was partially supported by the State Committee for Scientific Research

(KBN, of Poland) under Grant No. 9T12C01813.
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Automatyczne sterowanie lotem samolotu w zakrecie

Streszczenie

Koordynacja zakretu jest sprawg zlozona. Prawidlowy zakret powinien byé wyko-
nany przy takim przechyleniu, aby wypadkowa sily ciezkoéci i sily odérodkowej lezala
w plaszczyznie symetrii samolotu.

W pracy pokazano ogélny model matematyczny samolotu sterowanego w locie
przestrzennym. Przedstawiono charakterystyczne parametry zakretu prawidlowego,
ogolny model fizyczny i matematyczny sterowania, postaé przyjetych praw sterowania
oraz schemat blokowy urzadzenia. Najwazniejszy jest prawidlowy dobér ukladu ste-
rowania i odpowiednich wspélczynnikéw wzmocnienia. Przyjeto, ze badany autopilot
jest czterokanalowy, mogacy sterowaé lotem za pomocg wychylenia steru wysokoéci,
steru kierunku, lotek i dzwigni sterowania silnikami.

Wyniki badai uzyskano w wyniku symulacji numerycznej pelnego modelu dyna-
miki samolotu z ukladem automatycznego sterowania w oparciu o program napisany
w $rodowisku obliczeniowym pakietu MATLAB. Zostaly one przedstawione w postaci
graficznej.
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