E3S Web of Conferences 446, 05003 (2023) https://doi.org/10.1051/e3sconf/202344605003
HSTD 2023

On reachability of nominal aircraft flight
dynamics by data-based control reconfiguration
in case of actuator failures
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Abstract. The paper proposes the data-based method for reaching and
maintaining the nominal aircraft flight dynamics in in case of actuator
failures. The method is based on aircraft control reconfiguration and uses
input and output data of flight control system only. The novelty of the
proposed method lies in the reachability of nominal dynamics not in one,
but in several discrete steps from the moment the reconfiguration starts.
This makes it possible to ensure the reachability of the desired states for
any controllability index of the linear discrete model, as well as to reduce
the norms of reconfigured control vectors.

1 Introduction

Aircraft actuator fault-safety is a priority requirement in the designing of advanced
high-speed transport systems [1]. Along with the hardware redundancy [2], the functional
redundancy is used [3] to accommodate failures of actuators [4]. The functional redundancy
involves the control reconfiguration [5] between the remaining healthy actuators in such a
way as to ensure flight safety and, if possible, maintain its nominal dynamics. It can be
performed by model-based, knowledge-based, and data-based [6, 7] methods. The latter are
the most versatile, because the use only data on input and output signals and do not require
the designing the aircraft dynamics model or training the neural networks. A known data-
based control reconfiguration method [7] assumes the reachability of the desired state in
one discrete step from the start of the reconfiguration. This is often fundamentally
impossible because actuator mechanical restrictions. In this paper, a method for returning to
nominal dynamics in several discrete steps, followed by a transition to one-step calculations
is proposed, and recommendations are given for reducing the control vector norm.

2 The problem statement

Let the nominal aircraft dynamics is described by a linear model
ox =Ax+Bu, (1)
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where o is the discrete one step forward shift operator, x is the n-dimensional
completely known state vector, u is the m-dimensional control vector, A is the state
matrix, and B is the control matrix [8].

An emergency situation is considered, in which actuator failures occur at a discrete step
i,, leading to a change in the control matrix from B to B, . It is assumed that the pair of

matrices A and B, remains completely controllable [9]. The aircraft flight dynamics with

the failed actuators is described by the state vector x’ ', the values of which differ from the
values of the vector X, starting from the discrete step i, +1

ox/ =Ax' +Bu.  (2)

A system of equations (2) at successive discrete steps (from i, up to i, +i) can be
written using block matrices in the form
!
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is written in terms of the maximum rank right annihilator (Z* for any matrix Z such
ZZ® =0) and a zero matrix 0 of suitable dimension. The condition (4) uses only the
known signals on and can be used for data-based control reconfiguration.
Let the reconfigured state X" and control W vectors define the model
ox' =Ax"+Bu’. (5
In the known data-based reconfiguration method [10] the problem is to determine the
control vector u; that returns the aircraft state (5) to the nominal one at the next step

r

X, ,, =X, ,,. Its solution (if it exists) is found from a condition similar to the equality (4)
i . R
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where X, = [x; X x:%}, U .= [u; :u;+1 :“;71], according to the
expression
r r 1 1
u, = _Ui, dq, -1 rl[:k] /rk[+]1 . (7
The expression (7) degenerates (1} = 0) if the equation (5) for the step j =i,
, TR
B =d, d =[-A]L] ®)
Xj+l
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turns out to be unsolvable for control u (I_BLfd ; #0, where ]_3§ is the maximum rank

left-side annihilator of the matrix ﬁ/) [11].

In addition, in the general case, the control (7) will not be optimal in the Euclidean norm
[12] by solving the equation (8) u’* =B fd, , Where B+ is a pseudoinverse matrix. This
also applies to further controls w’, (j >1i,). Their components can significantly exceed the

limits [12], valid for actuators.
Next, we will consider how to reach the nominal dynamics x in case of actuator failure,

when the equation (8) is unsolvable, and how to reduce the control vector norm u”.

3 Reaching the nominal dynamics in case of actuator failures

If the controllability index [13] of the system (5) is 1, then the equation (8) is solvable
and the control (7) is in any desired state x i.e. nominal dynamics is reached in 1 step

i.+1°

from the moment i . Let the controllability index of the system (5) be equal to 2, when
rank[Bf ABJ =n. If we introduce a shift by j steps forward operator o’ (' =0),
then t. The relationship between the states x” with a shift ¢* follows from the model (5)
o'x = A(Axr +Bfu’)+Bqu’ =Ax" + ABu" +Bcu’. (9)
A system of equations (9) at successive discrete steps (from i, up to i, +i) can be

written using block matrices in the form
X! U/
_Az H I lf I/ +i AB B l, l/ +i )
|: :||: Xz l+l} |: /:||:GUI 1+i:l
A S
A sufficient condition for the solvability of this equation for the matrix [—Az In] by

analogy with the condition (4), has the form
R

r r
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f ff

It is proposed to find controls u; and u;_,, leading the system (5) in 2 steps from the

moment i, to the nominal state x; ,, =X, ., , from the condition

-
U’.‘ . Lul [2] 121 X LX)
i =2 T, Lo | 0 L S =2 T (10)
U’ ! o’ 21 {— [2] X’ 5
S ipd, =2 E i+l rk r/{ ipid,+2 H irv+2

according to the formula

u; U: Q-2
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In this case, the equation (9) for the step i,

i, +1
U, "
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for any state X, ,, is solvable for the controls u; and u; ,, because the matrix U, has no

left-side annihilators.
Let's generalize the multi-step scheme for reaching nominal dynamics for any

controllability index v when rank[B ; AB, A"'B f] =n. From (5) we obtain the
relationship between the values of the vector x” with ¢V shifts.
o'x =AX" +A"'B,u" +A"'B,cu’ +...+B,c" v’ (12)

The controls u; , u;,,, ..., w; leading the system (5) in v steps from the moment

i.+v-12

i, to the nominal state x; ,, = are found from the condition

l +v 2
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In this case, the equation (12) for the step i,
u;
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r

for any value X, . is solvable for the controls w; , u;,,, ..., w; ., because the matrix

+v

U, has no left annihilators.

4 Maintaining nominal dynamics in case of actuator failures

According to the proposed methodology, control reconfiguration starts at step i, . At step
i, =i +v the desired nominal state is reached for the first time. But further, on the steps

j=i,+i (i=0, 1, ... itis most often impractical to calculate the controls u" by formulas
(11) or (14): each time the state vector will be reduced to the nominal value in several steps,
and between them the values of the vector X' may differ from the values of x
considerably. Such "jumping" dynamics is unacceptable.
After reaching the nominal dynamics for maintaining it, we should return to the one-step
reconfiguration scheme, similar to the formula (7):
r 1 1
u __U/A/l [] A[Jr]l’ (15)

where A is the number of steps sufficient to obtain a column-vector
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The proposed scheme is possible if rank B, =rank B, then X =X, and the equation (5)

unlike (8) is solvable for u’, for each step j according to (1)

r H Xj
B,u;=Bu;, Bu,=[-AI] : (16)

X‘[+1

5 Reducing the norm of the control vector

At any step j>i,, the control u’; satisfies the equation (8), which has many solutions
[11]
ro_ nR
v, =Bjd, +Blo, 17
where o is an arbitrary vector, which have the minimal Euclidean norm solution

u =Bjd, =B/B,u =(I,-BB} u,

m

where ]_3§ is the right-side maximum rank annihilator of the matrix B,, and u’ is a

control vector from the set (17) [11]. Even some of ]}’; the annihilator columns ]_Sﬁ will
decrease the control norm u’, . Indeed, let
i, =(I, - BB} )/ (18)

SR+ (BRTHR Y BRT : . .
where B" = (B ;B f) B is the pseudo-inverse of the full-rank matrix. Then

J

W~ (1, - B} (B)'BY) B Ju, —u/w; ~(B"w)) (B"B") ' B"w,

ﬁ;.T u < u’/.T u’; (the non-negative definite quadratic form is subtracted).

Before the reconfiguration, (i, < j <i, —1) the control u; =u, does not correspond to
the zero equalities (6), (10), (13). Therefore, according to the solvability condition of the
equation (3) for [-A | I, ], if the matrix

——=R
ER —Ur X:,:ir—l (19)
f ipid,—1 GX

i, -1
exists, it is the right annihilator (possibly not of maximum rank) of the matrix B, .

If reaching the nominal dynamics is carried out according to a one-step scheme (6), then
at the first appearance of the right-side annihilator, the reconfigured control is calculated.
The right side of the expression (19) is set to zero.

In multi-step schemes (10), (13) more steps go through before the start of
reconfiguration than in the scheme (6). Therefore, the non-zero columns formed on the
right side of the expression (19) are actually the right annihilators of the matrix B, .

6 Numerical examples
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Consider a linearized longitudinal dynamics model of a Boeing 747-100/200 [13] of the

form (1),
where
[-0.4861 0.000317 | -0.5588 0 | -2.4-10°]
0 —0.0199 3.0796 -9.8048 8.98-10°
A=1,+001) 1.0053 | —0.0021 -0.5211 0  -93.10°|,
10 0 0 0
o 0 . 926 96 0 |

bl,l b],l bl,3 bl,3 bl,S bl,6 bl‘7 b1,7 bl,6
00 0 0 by by by by by
B:_O'Ol b3,1 b3,1 b3,3 b3,3 b3,5 b3,6 b3‘6 b3,6 b3,6 ?

0 0:0:0:0 0 0 0 0

0.0 0 0:0 0:0: 0 0
b, =-0.1455, b, =-0.0071, b,=-0.1494, b, =-00074, b, =-1286,
b, =—03122, b,  =—0.0676, b, =0.0013, b, =0.1999, b, ; =—0.0004, b, =0.0035 .
The controllability index of this system is 2.

Let the hypothetical control vectors values u be set for the nominal flight mode, and the

2nd actuator is jammed in trim position at the step of i, =5

Bf:Bdlag[101111111]
The simulation showed that the control reconfiguration (10) starts at step i. =16, and after

2 steps the nominal dynamics is reached successfully. The norms of reconfigured control
vectors (11) and (15) are more than nominal ones. The norm is reduced by means of a
correction (18).

For the graphs of state and control vectors (Fig. 1), channels were selected that clearly
show reaching the nominal dynamics in case of failure.

7 Conclusions

The study shows that the data-based method of reconfiguration in case of failures of the
aircraft actuators can be modified to reach the nominal flight dynamics in the emergency
mode. The modification based on the fact that the data matrix is formed from pairs of state
vector values not at successive discrete steps, but after a number of steps equal to the
closed-loop system controllability index after failures. The same number of steps passes
from the moment the reconfiguration starts until the nominal dynamics is reached. Further,
to maintain the nominal dynamics, the reconfiguration proceeds according to a one-step
algorithm, if the rank of the control matrix has not decreased as a result of failures.
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Fig. 1. States and controls of Boeing 747-100/200 longitudinal dynamics model without failures, with
failure, and with reconfiguration.

The modification also allows, by determining a part of the linearly independent right
annihilators of the control matrix after failures, without its complete identification, to
reduce the norm of the reconfigured control vectors to meet the given restrictions on their
deviations.

The reported study was funded by the Ministry of Science and Higher Education of the Russian
Federation No. 075-15-2022-1024.

References

1. D.V. Nair, M. Murty, Reconfigurable control as actuator fault-tolerant control design
for power oscillation damping. Prot. Control. Mod. Power Syst., 5, 1-12 (2020) doi:
10.1186/s41601-020-0151-3.



E3S Web of Conferences 446, 05003 (2023) https://doi.org/10.1051/e3sconf/202344605003
HSTD 2023

2. Y. Ge, Y. Hu, C. Peng, Study on redundancy fault-tolerant control strategy of dual-
winding permanent magnet machine for more electric aircraft applications. CSAA/IET
Int. Conf. on Aircraft Utility Systems, 800—805 (2022) doi: 10.1049/icp.2022.1667.

3. A.V. Lapin, N.E. Zubov, Software and mathematic alternative to infrared vertical
sensor during orbital motion of a spacecraft. Int. Russian Automation Conf., 362-366
(2021) doi: 10.1109/RusAutoCon52004.2021.9537500.

4. X. Qu, T. Li, A design method of flight reconfiguration controller for civil aircraft
actuator failure. 2nd Int. Conf. on Consumer Electronics and Computer Engineering,
224-227 (2022) doi: 10.1109/ICCECE54139.2022.9712845.

5. Q. Qu, H. Wang, T. Li, F. Gu, Research on reconfiguration design of flight controller
based on control allocation under actuator failure. CSAA/IET Int. Conf. on Aircraft
Utility Syst., 351-355 (2022) doi: 10.1049/icp.2022.1553.

6. V.V. Kosyanchuk, N.I. Selvesyuk, A.M. Kulchak, Aircraft control law reconfiguration.
Aviation, 19(1), 14—18 (2015) doi: 10.3846/16487788.2015.1015290.

7. V.V. Kosyanchuk, S.Y. Zheltov, E.Y. Zybin, Aircraft flight control system fault
tolerance under structural and parametric uncertainties. J. Phys. Conf. Ser., 1864, 1-12
(2021) doi: 10.1088/1742-6596/1864/1/012005.

8. N.E. Zubov, A.V. Lapin, V.N. Ryabchenko, A.V. Proletarsky, M.S. Selezneva, K.A.
Neusypin, A robust control algorithm of a descent vehicle angular motion in the
Earth’s atmosphere. Appl. Sci., 12, 2 (2022) doi: 10.3390/app12020731.

9. N.E. Zubov, A.V. Lapin, E.A. Mikrin, V.N. Ryabchenko, Output control of the spectrum of a
linear dynamic system in terms of the Van der Woude method. Doklady Mathematics, 96(2)
457-460 (2017) doi: 10.1134/S1064562417050179

10. A.V. Lapin, N.E. Zubov, A.V. Proletarskii, Parametric minimization of controller
matrix norm at stabilizing spatial motion of a maneuverable aircraft. 7th Int. Conf. on
Control, Decision and Information Technologies, 415420 (2020) doi:
10.1109/CoDIT49905.2020.9263844

11. A.V. Lapin, N.E. Zubov, Minimization of control signals at stabilizing spatial motion
of a maneuverable aircraft. Int. Russian Automation Conf., 202-208 (2020) doi:
10.1109/RusAutoCon49822.2020.9208159.

12. F.R. Gantmacher, The theory of matrices (Providence, AMS Chelsea Publishing,
(2000)

13. C. Edwards, T. Lombaerts, H. Smaili, Fault tolerant flight control. A benchmark
challenge (Berlin, Springer-Verlag, 2010) doi: 10.1007/978-3-642-11690-2



