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Abstract

Purpose: The aim of this study is to develop a method for compensating the effects of failures of the aircraft automatic
control system during the flight. Methods: This article reviews an approach based on the methods of theory of absolute
nonlinear invariance. Results: In this paper, we present the example of a case of compensation of failure of the elevator
with using the solution of the equation of the absolute invariance for pitch angle. Synthesis of automatic control device
of aircraft orientation angles based on the analysis of the equations of the absolute nonlinear invariance is presented.
Discussion: The use of the reconfiguration of the aircraft control system to ensure its survivability in flight is a
perspective direction. However, the development of the concept of motion control of the aircraft with the use of the
theory of absolute invariance will allow to realize an effective developed aircraft control method that will have

advantages compared with the existing methods.
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1. Introduction

Control motion of modern aircraft is provided in the
conditions of considerable uncertainty and variety in
the values of the parameters and characteristics,
flight modes and environmental influences. Besides,
variety of emergency situations (incident) can occur
during the flight. For example, these may be
equipment failures and external disturbance, whose
influence must be compensated.

At the present time, ways and means to prevent
accidents due to the failure of aeronautical
engineering (AE) for different types of aircraft differ
considerably among themselves and in some cases
are not sufficiently effective. One of the modern
means of fault tolerance and survivability of the
aircraft is a reconfiguration that is purposeful change
of linkages between elements of the system and
subsystems, with an aim to maintain its performance
in case of failures of individual components and sub-
systems [1]. Reconfiguration of the automatic
control system (ACS) in case of failure of actuators
and control surfaces consists in the redistribution of
control actions on the serviceable controls for the
purpose of creating the necessary control forces and
moments to preserve an acceptable control quality.

2. Analysis of the latest research and publications

The issue of diagnosis and fault-tolerant control of
dynamic objects using the reconfiguration has been
actively investigated as domestic scientists, and
abroad. The system methods of survivability of
aircraft in special situations in flight as a result of
damage to the external contours and control surfaces
set out in the sources [2, 3]. The authors of [4, 5]
have considered the algorithmic methods of fault
tolerance of ACS with transformation of the system
structure by the addition to it devices and
connections such way that control algorithm
becomes modified. Methods for model-based
analysis for fault diagnosis and fault-tolerant control
were proposed in [6 - 8]. Note that existing methods
are focused on a narrowly defined character of
disturbances subject to compensation. The methods
developed for linear systems have a pronounced
disadvantage associated with a long process of
adaptation. In the available literature it is not
mentioned the possibility of compensation of
simultaneous failure of AE and turbulent atmosphere
effects. No answer on the question of compensation
of a combination of two or more different failures in
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different contours of ACS, for example,
simultaneous failure of the engine and the control
surfaces or the elements of the wing mechanization.

Despite numerous scientific publications, results
of numerical simulation and certain tests have been
carried out on real prototypes the use of fault-
tolerant control is still very limited. Therefore, now
the scientific problem of development and
improvement of methods for fault-tolerant aircraft
flight control in a turbulent atmosphere and under
influence of disturbances caused by failures of
aviation equipment is relevant.

The purpose of the article is development of a
method to compensating the effects of failures of the
aircraft automatic control system using the theory of
invariance.

3. Formulating of the automatic controller
synthesis problem using the theory of invariance

Synthesis of automatic controller of aircraft
orientation angles is based on the analysis of the
equations of the absolute nonlinear invariance [9,
10], obtained for the equations which are describing
the dynamics of change of aircraft orientation
angles. The choice of this approach is due to its
flexibility.

Along with the synthesis of automatic controllers
the task of ACS reconfiguration for compensate the
failure of control system is solved. Solution of task
of the control system synthesis would allow
realizing new forms of aircraft movements.

The method of obtaining of conditions of
absolute nonlinear invariance was designed for
significantly nonlinear systems [10]. Significantly
nonlinear system is defined as a system of equations:

dx/dt = f(x,t). (1)

It is the system with piecewise-continuous right-
hand side which is considered in some domain Q of
pseudo-Euclidean space. Such definition of
significantly nonlinear system has a sufficient
degree of generality and physically justified. This
definition also covers a class of systems that cannot
be described by analytic functions or are described
using functions which do not have continuous
derivatives. Therefore, it is quite justified to consider
the aircraft as significantly nonlinear system. The
concept of solutions of differential equations with
discontinuous right-hand side is used for the systems
with discontinuous right-hand sides. From the
definitions it follows that in the determination of the
solution x(#) the values of f at the points of gap

should be ignored. The value of the function on
continuous areas is considered.

In solving the problem of automatic controller
synthesis the functional equation of absolute
nonlinear invariance for compensated dynamic
systems can be written in the form [10]:

p=f(xy.u), 2)
where f(x, y, u) — right-hand side of the differential
equation describing the dynamics of the controlled
parameter; x — controlled parameter; y — vector of
variables describing the condition of the system, and
disturbances acting on it; u — vector of variables that
are considered as control.

The purpose of the automatic control is the
conversion of the system from state with value of the
controlled parameter x, to state in which the
controlled parameter has a target value x. If at any
period of time the value of p° which provides
aforesaid conversion is known then at each time ¢
relatively the variables u the equation:

p = f(xyu) 3)

must be solved.
The obtained solution u" of the equation (3) is the
value of control at the time z. If the control has a
discrete character, at the step of generation of

control actions at the time ¢ the element p: of

sequence {p,} that ensures the achievement of

control goal in a finite number of steps must be
generated. Relatively variables u a solution of the
equation:

Pi :f(xi’yi’u) 4
must be provided.

The solution of equation (4) is the control action
on the i-th control step. In a simple case, the
sequence elements could be defined as:

* 1 *

P =5 b —x) ©
From the above it follows that the failure of the
airplane control surfaces may be compensated by the
reconfiguration of the control system. This may be
reflected by changes in the composition of the vector
u. The vector u can be written as u = (u;, u,), where
u; — variables that cannot be controlled because of
failure; u, — the remained part of the vector u. Then
instead of the equation (4) at step of development of
the control action relative to variables u, the

equation:

pi*:f(xiayiaulia”z) (6)
must be solved.
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The solution u;, of equation (6) is a control

action on the i-th control step which ensures the
achievement of control goal in a finite number of
steps using the invariance theory and compensates a
failure of control group u;.

Implementation of reconfiguration is possible for
aircraft which have energy redundancy such as
redundant control surfaces. For the successful
reconfiguration in case of failure it must be at least
eight independent control surfaces [4]. To describe
the reconfiguration of the ACS for parry the impact
of the consequences of failure of control surfaces
consider a model of a hypothetical aircraft with
advanced wing mechanization which has the
following controls:

* Rudder (u, — the angle of deflection of the
rudder);

* Elevator (u, — deflection angle of the elevator);

* Left and right ailerons (ual "and u," — deflection
angles of the left and right ailerons);

* Left and right flaps (ujf1 and u/ ' — deflection
angles of the left and right flaps);

* Left and right slats, each slat is divided into
four sections which can be controlled separately
(uslatlly uslutlz; uslutl?,; uslatl4: uslatrl; uslatrz; uslutr3y uslatr4 -
deflection angles corresponding sections of the left
and right slats);

* Left and right slots of Clark-Y airfoil, each slot
is divided into two sections that can be controlled
separately ', u? w” w”? — width of the
corresponding sections of the left and right slots).

4. The method of solving the problem of
compensation of the consequences of failures in
the control system using the theory of invariance.
Compensation of elevator failure

For solve the problem it is necessary to write the
equation of the pitch angle controller [11] and the
equation of the absolute nonlinear invariance for it.
The change of the pitch angle ¥ depends on the
values of the projections of the angular velocity o,
and o,. It is possible to control the change in the
value O of operating w, and w.. With low value of
roll angle Y only o, has significant effect on the

pitch angle . The equation of the absolute
nonlinear invariance for pitch angle has the form:
p= o, siny+ o, cosy, @)

p* is defined from the formula (5):
« 1

A (0" -9), (8)

P

where ﬁ* — desired value, and O — the current value
of the pitch angle.

If o, selected as main parameter which can
control the value of the pitch angle ¥ the control
. is the solution of equation (7):

1 ¥
o =——-—>y39 -0)-mw, tgy, 9
. Atlcosy( )-o,tgy )

where At, — time through which the pitch angle ¥

should take the value O at constant speed . .

It is possible to control ®, by changing the value
of torque M, which depends on the coefficient m,
[11]. The pitch angle control of the aircraft is
performed using the elevator. The value of m,
changes by varying the angle of deflection of the
elevator u,. The coefficient m, is considered as a
function of u,: m.,=m. (u.). The equation of the
absolute nonlinear invariance for o, has the form:

P =10, + 1,0 + 1,00, +1,m_(u,)0SB,. (10)
p* is defined from the formula:
« 1 x
=—| o -,
P A@Z( : Z)

where 0, — the current value of the angular

(11

velocity; B, — the length of the mean aerodynamic
chord; S — wing area; A¢, — time through which the

projection of the angular velocity @, should take the
value of ®," at constant acceleration dw./dt; I with
subscripts — solution of the equations of aircraft
motion relative to the derivatives do,/dt, do/dt,
dow,/dt taken from [11].

Consider the case of "jamming" of the elevator at
some position. In this case the elevator position
cannot be changed by using control commands.
Thus if the angle of deviation of the elevator at time
t was u,’ and at the time ¢ elevator failure has
occurred then the angle of deviation of the elevator
at subsequent times will remain u.’ control
command will not have an action on the elevator
position.

The method of compensation has to ensure the
continuation of effective control of pitch angle
despite the failure of the elevator.

In normal modes during cruising flight, climb
and descent to control the position of the aircraft in
space the elevator, rudder and ailerons are involved.
Based on proposed model of the aircraft in case of
failure of the elevator it is possible to use flaps, slats
and slots to compensate the failure of the elevator.
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The coefficient of aerodynamic moment m,
depends on the position of the elevator, flaps, slats
and slots. Therefore m. can be considered as a
function of variables u,, ug; tga, U;:

m,=m_\u,,u, Uy, u )

slat > s

(12)
Here the values of U, Uy Uy, U, are summary

deflection angles of corresponding control surfaces:
T
Up=uytuy;

=ul +u +u” +ut +u' +u? o+

slat slat slat slat slat slat slat

u

+u +u

slat slat >
u, =u +u” +u +ul’
In accordance with the pitch angle control law at
step of regulating at time ¢ the equation of absolute
nonlinear invariance for pitch angle is solved with

relative to the variable u,. The solution u,” of the
equation provides the equality:

(13)
where ¢, — the value of the left-hand side of equation

(10) at the time ¢

If at time ¢, j<i there was a failure of the
elevator, the u,” will be the actual position of the
elevator at the time ¢, To compensate the failure it is
necessary to ensure equality:

0
mz ue ’uf’uslat’us): ci' (14)

.
m_\u, U Uy, U

slat > s

=c,

Such equality can be achieved by solving the
equation (10), in the right part of which is a function

of the form (12), relatively the variables u ., u,,,u

slat>*s
. 0 . * * *
if u, = u,”. To find solutions uu u of such
slat s

equation it is possible to use the solution u" of
equation (10) obtained in time ¢ as a result of work
of pitch angle controller.

Implementation of equality (13) will mean that:

Uy * ur Uiy Ug —
mu, +m u,+m"uy, +m u =c (15)
In the event of failure:

u, 0 Uy Uy ug _
m_ u, +m, u, +m“u,, +mu, = (16)

. 0
=c—m (u —u )

e e

. * * * .
Control actions uu u must satisfy the
slat s

equality:

u,, 0 up * Ugiar 5, * ug *_
miu,+mlu +mu +mou =c. (17)
Seeking control can be represented as:

* _ A * _
uf - uf + uf’uslat = Uy +Ausla[’ (18)

.
u, =u, +Au,

where Au,, Au Au, — the values of the total

slat »

change in the deflection angles of serviceable
control surfaces.

Taking into account (16) and (17), the values of
summary change of the angular deflection of flaps,
slats and slots must satisfy the condition:

+m!Au, =m* (u: —u! ) (19)

slat

uy Usia
m. Au , +m7" Au

The value of (u: —uf) can be either positive or

negative. It is necessary to ensure the physical
possibility of obtaining the Au 7o Aug,  Au g with

different signs. Usually during cruise flight flaps,
slats and slots of the aircraft are fully retracted. A
feature of the implementation of the method is the
need for the possibility of flaps and slats deflection
on negative angles. In case of impossibility of
deflection of control surfaces on negative angles due
to the design features of the aircraft is possible to
implement an approach when the flaps and slats are
not fully retracted and deflected on insignificant
angle. In turn slots have some value other than zero.
These angles are sufficient to implement the

required values of Au,,Au Au, . It should be

noted that flight mode, when the flaps and slats are
not fully retracted, fuel consumption increases and
the aircraft speed reduces, which leads to an increase
of flight operations costs, but these costs can be
commensurate with the achievement of the purpose
of improving safety in civil aviation when it comes
to saving the lives of hundreds of passengers on
board of the aircraft and people on the ground.

The developed method allows realizing in
practice a flexible structure of aircraft control system
and its reconfiguration during the flight, what in turn
allows for control of the aircraft at simultaneous
failure of several control surfaces.

slat °

slat >

5. Conclusions

The use of the reconfiguration of the aircraft control
system to ensure its survivability in flight is a
perspective direction.

The article suggests a method for compensation
of failure influences in the aircraft control system
based on the theory of absolute nonlinear invariance.

The development of the concept of motion
control of aircraft using of the theory of absolute
nonlinear invariance will allow to realize this
effective aircraft control method that will have such
advantages compared with the existing methods as
use of all the elements of the wing mechanization for
compensation of the external disturbances on the
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aircraft trajectory with a maximum execution speed
of the compensation process. Also suggested method
will ensure proper functioning of the entire system
automatic control of the aircraft in the event of
failures.

The implementation of this method will make it
possible to take into account the impact of
reconfiguration of the aerodynamic control surfaces
of the aircraft ACS on the flight speed and the power
reserve of the aircraft, what will ensure a high level
of flight safety under conditions of uncertainty
because of the presence of failures and external
disturbances.
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InBapianTHa aganTanis cHCTeMH KepyBaHHS JiTAKOM NPH BUHUKHEHHI aBapiliHoil cuTyanii B MoJIbOTI
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Mera:

Metoro maHoi cTarTi € po3poOka MeTomy JUis KOMIIGHCAlii HACHIAKIB BiIMOB CHCTEMHU

aBTOMAaTUYHOTO KePYBaHHA JITaKOM i Yyac NoiapoTy. Mertoamu: B cTaTTi po3misiHyTO migXif, 3aCHOBaHUN Ha
MeTofax Teopii abcomoTHOI HemiHiitHOiI iHBapiaHTHOCTi. Pe3yabTatm: HaBemeHo mpukiany BUNAIKY
KOMIIEHCAIlii BiJMOBH PYJIs BHCOTH 3a JIOTIOMOTOIO BHPIIIEHHS PiBHSHHS a0CONIOTHOI iHBApiaHTHOCTI IS
KyTa TaHTaxy JiTaka. [IpeacTaBieHO CHHTE3 NPHCTPOI0 aBTOMATHYHOTO KEPyBaHHS KyTaMH Opi€HTAIii
JITaTBHOTO amapatry Ha OCHOBI aHaji3y piBHsSHB aOCONIOTHOI HeEINiHiHOT iHBapiaHTHOCTi. QOroBOpeHHs:
Bukopucranus pekoH}pirypaunii cucteMu KepyBaHHS JIITaKOM ISl 3a0€3MEUeHHS] HOTO KUBYYOCTI Yy MOJBOTI
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€ TIEPCIIEKTUBHUM HampsiMoM. [Ipu 11boMy, pO3BUTOK KOHLENIT YIPaBIiHHS PyXOM JITaJbHOTO amnapary 3
BUKOPUCTaHHIM Teopii abCOMIOTHOI iIHBapiaHTHOCTI O3BOJMTH pealizyBaTu e(eKTUBHUN METOJl KepyBaHHS
MOJIBOTOM, SIKWi Oy/ie MaTH IepeBary B MOPIBHSAHHI 3 ICHYIOYMMH METOJaMHU.

KiouoBi ciioBa: abconmoTHa HeNiHiIHHA iHBapiaHTHICTH; CUCTeMa KEpyBaHHS; BiIMOBa; peKoHQIryparis
CHCTEMH KepyBaHH:; Oe3eKa MoJbOoTiB.
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HNHBapnanTHas ajantamus cHCTeMbl YIpPaBJeHUS] CaMOJIETOM NPM BO3HMKHOBEHHM aBapHiiHOM
CUTYAIlHH B MOJIETE
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Henw: llenpio gaHHO#M cTaThu ABISETCS pa3pabOTKa METOAA JUIsl KOMIICHCAIIMM TOCNICIACTBHIA OTKA30B
CHUCTEMBI aBTOMATHYECKOr'0 YMpaBICHUS CaMOJETOM BO BpeMs mojera. Metoabl: B cTathe paccMoTpeH
MOIXO0Jl, OCHOBAaHHBIA Ha METOJaX TEOpWUH aOCONIOTHOW HENWHEHHOW WHBapWaHTHOCTH. Pe3yabTarthbl:
IIpuBenen mnpumep ciayuyas KOMIICHCALIMM OTKa3a pyJsl BBICOTHI C IIOMOLIbIO PELICHUS YpaBHEHUS
aOCOJIFOTHOM WHBApUAHTHOCTH JUIsl yIJIa TaHraka camolieTa. [Ipe/cTaBiIeH CHUHTE3 YCTPOWCTBA
ABTOMAaTHUYECKOTO YIPaBJICHHS YTIIaMH OPUEHTAIIMH JICTaTENBHOTO amapaTa Ha OCHOBE aHallu3a YpaBHEHUH
a0COTIOTHON HeMMHEHHOW WHBapHaHTHOCTH. O0cy:kaeHme: lcmonb30BaHWEe PEKOHOPUTYPAITHH CHCTEMBI
yOpaBJICHUA CaMOJICTOM  JJIA O6eCHequH$I €ro JKHMBYUCCTH B TIIOJCTC MABJIACTCA NCPCHECKTHBHBIM
HampaBneHueM. [Ipu 3TOM, pa3BUTHE KOHIICTIIMK YIIPABIICHUS JBIDKEHHEM JIETaTEIBHOTO armapara c
WCTIIONIb30BAaHUEM TEOpHUH aOCONIOTHON HWHBApUAHTHOCTH TIO3BOJHT pealn30BaTh A(PQPEKTUBHBIA METOI
yIpaBiieHHUS MOJETOM, KOTOPBIH OyIeT UMETh IPEUMYIIECTBA TI0 CPABHEHUIO C CYLIECTBYIOIIMMH METOJAMH.

KaroueBbie cioBa: aOcomoTHass HEJIWHEWHAas WHBAPUAHTHOCTH, CHCTEMa YIpaBIEHHUS; OTKas3;
PEKOH(UTypaIs CHCTEMBI yIIPaBIEHNUs; O€30MIaCHOCTH TOJIETOB.
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