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Study on Safe Set and Maneuverability Envelope Protection
during Arresting Landing
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Abstract: According to the characteristic of carrier-based aircraft, the method of solving safe set during arresting
landing is discussed in this paper based on optimal control and invariant set theory. The safe sets of carrier aircraft are
evaluated in different states on the characteristic of longitudinal augmented system by using the level set method. Then,
the influence on the boundary of safe set under various factors is analyzed. At last, the maneuverability envelope
protection is established based on the corresponding theory, and the validity of the system is verified through
simulation. The results demonstrate preliminarily that: compared with mass and thrust, the elevator is the greatest
influence factor for the boundary of safe set; the dynamic trajectory of carrier-based aircraft can be located at the
interior of safe set effectively with the maneuverability envelope protection.
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1. Introduction

Due to the harsh external environment, attitudes of
aircraft are difficult to remain within its prescribed
flight envelope during carrier landing. If the aircraft
is driven outside of the zone of flight envelop by
disturbances, the multi-body dynamic system should
be prone to a variety of problems. The results show
that the accidents caused by dynamics account for
about 40% of the entire amount in the last stage
during arresting landing (1 Then, how to determine
the zone of safe-set, the largest controlled invariant
set within the flight envelope during carrier landing,
becomes particularly important.

Currently, researches on the security of arresting
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landing mainly concentrate on the complexity of the
landing process, as well as on the properties of
multi-body dynamic system. The study on the
boundary of flight envelope is hard to reflect the
variously

characteristics by ignoring

[2

dynamic
valuable parameters I So the need of the security
features during arresting landing is difficult to meet.
Moreover, as for safe set during arresting landing,
the related research is few.

To solve these problems, the definition of safe set
is explained by the theory of optimal control and
invariant set in this paper. Considering constrains
and physical characteristics, the system are
augmented. For different environments, the flight
safe sets containing the longitudinal factors
augmented system are calculated based on level set
method. By using the results, a maneuverability
envelope protection controller is established, and

verified through simulation.
2. Mathematical Preliminaries and Model
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Defining a nonlinear system as:
x=f(x,u,t) (1
Where xeC < R" is the state space, ueU eR™ is t
he control space. As the control constraint, U is ass

umed to be bounded and f should be smooth to all v

ariables "%,

2.1. Safe Set Formulation
If there is a subset of flight envelope, where

admissible control variables that make a trajectory
remains in C for each initial states always exist. The
subset can be defined as S, the largest positively
invariant set of flight envelope, and can be denoted
as follows:

Viab(t,C)={xeR"|JueU,Vrelt,T],
X =¢(z,t,x,u) e S} @

Where X =¢(z,t,X,U) is the trajectory of system.

According to the optimal control theory M], the

corresponding target index can be defined as J , and

takes the following form:
J(x,u,t)={V(x,u,t)20|V:R"xR"‘xR—>R} 3

Where V indicates the positive distance between
the dynamic trajectory and envelope boundary based
on the level set theory.

The minimum solution of target index can be taken
as the optimization result. Therefore, the optimal
solution can be specified as:

V (x,u,t) =sup minV (x = ¢(z,t, x,u)) (4)

ueU
According to the description, the safe set of C at

the initial time takes the following form "°":

S =Viab(0,C) ={x e R" |V (x,0) >0} ©)
Then the problem of optimal trajectory can be
converted into the dynamic problem. Combined with
the above assumptions of state space, Eq. (4) can be
formulated as a time dependent Hamilton—Jacobi
partial differential equation as:

oV
——=H(x,p), V(x,t) =1(x
- =H0GP), V(D) =109 "
Defining the Hamiltonian in Eq. (6) as:
H(x,p)=sup p" - f(x,u),p=vV(xut) @
ueU
Due to the limit of optimal theory, the dynamic
trajectory may be departure from the flight envelope

during the state transition process. To solve this

problem and ensure the positive definite properties
of index, the Eq. (6) can be modified as:
v =min{0,H (X, p)} ®
ot

For realistic model, it is hard to obtain analytic
solutions. Then, the numerical level set and viscous
finite element algorithms are applied to solve the
safe set problem in this paper. Hence the optimal

solution can be expressed as:

u* =argsupH(x, p,u) 9

2.2 The Augmented Aircraft Model

If the Hamiltonian gets the maximum numerical
solution, the Eq. (7) can be described as:
H(x, p,u)=max(pV + po7 + psg+ pact) 10
Based on the optimal theory, the corresponding
result of U is the optimal solution. Therefore, the
form of optimal solution of thrust can be considered
by using Eq. (10):
p.cosa p,sina  p,sina
o T Ty v 0 an
T ., other

max !

Obviously, the output of thrust is discontinuous
because of the process of switching control strategy,
and harmful for the real physical system. In order to
solve this problem, the first-order delay link is used
to approximately simulate the characteristic of
control actuator by adopting the method of high
order sliding mode control. The equivalent equations
take the following form:

T 1

ﬁ_7m5+1

Se 1 (12)
5_G30_1'5es+1

Where, T

- is the command signal of thrust, Se, s
the command signal of elevator.

Defining the derivative of control actuators as the
input factors of states space, the system can keep
the realistic physical system smooth. The augmented

state space is shown as:
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By Eq. (13), we can obtain that the operating
envelope which is defined as a 6-dimensional
hypercube state space, which is described as below:

C={v,7,q,,T,0€}
And the control restraint set is:
u={Tc,oe}

Then, the boundary conditions at the finial time can

be described as :
1(X) = Min{Vmax =V ,V —Vnin, Ymax — ¥, ¥ — Vmin
Omax — 0, § — Omin, &max — &, & — Olmin
Tmax =T, T —Thin, O€max — 5€, 0€ — S€min}

Clearly, I(x) is a Lipschitz continuous convex set,

and satisfies the following characteristic.
I(x)>0, xeC
{I (x)<0, xgC

Therefore, I(X) can be considered as the function
of minimum distance between the dynamic trajectory
and envelope boundary.

2.3 parameter matching characteristics

For the

stringent requirements on the attitudes of aircraft

characteristics of arresting landing,

should be satisfied. Constrained by approaching

[2”6], the appropriate criteria are selected as

criteria
the foundation to solve the flight envelope. By
deriving the corresponding motion equations, the
analytical formulas based on respective criteria are
deduced.

By adopting the analytical formulas, the matching
envelope of aircraft during carrier landing is
calculated with the 76m high and the largest flap

angle. Meanwhile, the angle of attack and gliding

angle is 10.36°and -3.5°, respectively. The result
can be shown in Fig. 1
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Fig 1 Matching envelope with the criteria

The closed field in Fig.1 (a) is composed by the
curves calculated by constrains of approaching
criteria, such as the pilot field of view, the
characteristics of arresting system and the maximum
axial overload. The curve of above criteria can be
drawn individually in Fig.1 (b) (from upper to lower).

The results indicate that the parameter matching
envelope is decided by the constraints of pilot field
of view(FOV). stalling
Mk7-3 and axial overload. The minimal engaging

speed. characteristics of

speed is determined by FOV and design specification.
Meanwhile, the
determined by the maximum axial overload and
characteristics of Mk7-3.

2.4 Example Calculation and Analysis

Before calculating the safe set, an operating

maximal engaging speed is

envelope of aircraft with the limit of approaching
criteria during arresting landing is specified as:
C={\V,r,q,a,T,6,)| f;,, (M <V < (M), -6°<y<-2°
4.8°<a<12.2°, —-16°/5<q<16°fs,
OKn<T <32Kn, -28°<6e<28%
where f (m) means the function of mass.

The control restraint set is:

U ={(T.,0e.) | OKn <T. £32Kn,—-28° < Se. <28°%
First of all, the global Lax—Friedrichs schemes (7]
is used to discrete the computational domain of flight
envelope. Next, UpwindFirstENOZ2 format is adopted
to make the spatial derivatives discrete, while the
form of odeCFLset is selected as the time advance
mechanism.

To illustrate the various situation of safe set, the
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velocity, attack angle and gliding angle are chosen as
a 3- dimensional space to represent the safe set
during carrier landing. Meanwhile, degree of the
elevator and thrust are constants, four conditions
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of discretization domain is over 21#%4x7x16%18+%31
grid in the domain, and the
corresponding safe sets are discussed in Fig 2:

As shown in Fig.2, the closed convex sets are

computational

with different pitch rate as a sequence, S(V,y,a) is continuous and smooth. Due to the delay
respectively calculated with the landing progress of characteristic of augmented system, the
generic or augmented longitudinal system. The form corresponding safe sets are shrunk obviously.
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Fig.2 Variation of safe sets with typical conditions
2.4.1 The Influence of Mass typical conditions to analysis. For example, the

To study the influence of mass on the safe set, the
landing process of carrier-based aircrafts with
different mass is stimulated. The safe sets of
calculation examples with the quality of 20T, 22.4T
and 23.9T are compared in Fig.3:
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Fig.3 Mass influence
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Fig.3 shows that the safe set of carrier-based
aircraft expands gradually with the increasing quality
from 20T to 23.9T. Moreover, we can see that the
boundaries of attack angle shift upward as well. The
reason for this phenomenon is that it needs larger
angle of attack to obtain more lift to trim the heavier
aircraft.

2.4.2 The Influence of Control Actuators

To get the influence of decreased maneuvering
efficiency caused by the hydraulic hitch or thrust
loss on the safe set, this paper chooses several

engine is broken down, or the elevator is impaired
caused by the hydraulic loss. The corresponding
results are shown as follow:

A\ T 4\
g % B @ s

LT T & 0B S g s T
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T=0N T=16000N T=32000N

Fig.4 Thrust influence

When single engine is broken down, there is only
marginally affected in the safe set. Even under the
circumstance of two engines shutdown, the aircraft
is still controllable in certain attitudes. But it has to
be pointed out that the stability of the airplane can’t

be guaranteed.
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Fig.5 Elevator Influence

The safe sets shrink obviously for the damaged
elevator system. When the hydraulic pressure is
entirely lost, the declination range of elevator is
from -2(°) to 2(°) by the effect of artificial, the zone
of safe set is disappeared completely. The carrier
landing should be avoided in this case.

The pictures show that when an aircraft controller
1s damaged, the safe sets would shrink as expected.
The damaged elevator has more impact on the safe
set.

3. Maneuverability envelope
protection

In this section, the strategy of maneuverability
envelope protection which is used to prevent the
dynamic trajectory departure from the operating
envelope is discussed. Meanwhile, in order to ensure
the protection strategy does not influence the
operability of aircraft when the dynamic trajectory is
located at the interior of safe set, the pilot/automatic
Thus, the

envelope

control strategy would be chosen.

structure diagram of maneuverability
protection can be drawn as:

Maneuverability envelope protection controller

................. N

Pilot

|

|

!

:

: Choice
) o—>» Device
i
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|

1

|

]

Automatic

Plane State space

Fig.6 Maneuverability envelope protection strategy

Firstly, the boundary of safe set is defined as the

zero level isocontour of \Z(xl) which expresses a

numerical approximation to the exact solution V(X).
[3]

Then @S can be shown as
oS ={xeC|V(x) =0} (14)

Then, we can discuss whether the trajectory is in
the safe set or not by the value of Vj(x).when the

value of \Z(xi) is greater than zero. The trajectory of

system belongs to the interior of safe set. In the
opposite case, the state is out of the safe set. If the

value of \Z(xi) is zero, then the trajectory locates at

the boundary of safe set. So the envelope protection
controller can be designed as:
Vi(%)>0

up/a’

U(X)= up/a’ Vi(xi)=0 and up/a eusafe (15)
u otherwise

safe ?

Obviously, when the dynamic trajectory crosses the
zero level isocontour of \7(x), the command signals

of control actuators are discontinuous caused by
switching the control strategies. However, for the
augmented aircraft model described in Eq. (13), the
first—order delay link can effectively eliminate the
discontinuous characteristic from the command
signal of control surfaces, and can ensure realistic
control actuators output smooth.

Finally, combined with Eq. (9), the specific forms of
the maneuverability envelope protection can be

defined as below :

Tmax, p5 >0
Te =
Tmin, p5 <O

Usafe (X) = (16)
OCmax s 0
See :{ Ps >

5emin, p6 < 0

3.2 example calculation and analysis

In order to verify the effectiveness of
maneuverability envelope protection, the initial state
is designated, which would produce a dynamic
trajectory tangent to boundary of safe set. Aiming at
this situation, the simulation with and without the
application of maneuverability envelope protection
respectively, the

strategy are calculated

corresponding results are compared in Fig.7

65| e —————_
299 ¢° -j —envelope protection
=55 , Jis ‘
50f , Tmmmmeme e ; -=-only p/a controller
6 = =
y(°) --safe set boundary
__10 [ ] » initial state
» o 4 7
= ! finial state
0 10
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Fig 7 influence of maneuverability envelope protection
As shown in Fig.7, the trajectory only with the
pilot/automatic control strategy is departed from
flight envelope in the initial stage of simulation.
Subsequently, this curve goes back under the effect
of automatic control law, and the carrier-based
aircraft reaches a desired trim condition at the finial
time. By contrast, the trajectory with the
maneuverability envelope protection strategy can be
forced into the safe set when the trajectory
intersects with the boundary of safe set. Clearly, the
maneuverability envelope protection can effectively
keep the flight parameters within the security lines,
and doesn’t interfere with the normal operation of
the polite when the dynamic trajectory locates at the

interior of safe set.

4. Conclusions

The relationship between safe set and the flight
envelope during the arresting landing is discussed in
this paper. Then the calculation method of safe set is
proposed by the theory of optimal control. Based on
constrains in  approaching criteria and the
characteristic of carrier landing, the flight envelopes
of aircraft during the arresting landing are obtained.
Meanwhile the generic aircraft model is augmented
by the derivative of control actuators to eliminate the
discontinuous characteristic, and the safe set is
calculated with the numerical level set algorithm.
Due to there are many advantages for the strategy of
maneuverability envelope protection, such as the
perfect theory basis, no effect on the normal control
and comprehensive protection of attitudes. Then the
relevant control system is established, and its

effectiveness is verified though simulation.

References

[1] Nie,H. Peng, Y.M., Wei X.H, “Overview of carrier-
based aircraft arrested deck-landing dynamic”, Acta
Aeronautica et Astronautica Sinica, vol.35 (1) ,
pp.1-12, 2014.

[2] Xu, D.S, Wang, L.X., Jia, Z.R,“Parameter Matching
Characteristics of Carrier-Based Aircraft during

Deck Landing Process”, Acta Aeronautica et
Astronautica Sinica, vol.33(2), pp. 199-207, 2012

[3] Robert C. A, Harry G. K., “Safe Set Protection and
Restoration for Unimpaired and impaired aircraft”,
Guidance, Navigation and Control, pp. 3:817-
820, 2012

[4] Zhang H.Y., Wang Q., Optimal Control Theory and
application, Higher Education Press, Beijing
[5] Lygeros, J, “On Reachability and Minimum Cost Opti

mal Control’, Automatic, Vol. 40, pp.917-927, 2004.
[6] Naval Air Engineering Center, MIL-STD-8863C(AS)
Military Standard - Airplane strength and rigidity
ground loads for navy acquired airplanes. Naval Air
Systems Command Department of the Navy, 1993
[7] Osher S, Level Set Method and Dynamic Implicit
Surface, Springer, New York, 2005.

Authors

Liu Zidong

Mr. Liu Zidong is the doctoral
student of Northwestern
Polytechincal University of

China. His research direction is
flight dynamic and flight control

Zhan Hao
Mr. Zhan Hao is the professor of
Northwestern Polytechnical

University of China. His research
direction mainly covers
conceptual design of aircraft,
fight dynamic and flight
confrol, computational fluid
Dynamics.

Wang Shuang

Mr. Wang Shuang is the
postgraduate candidate of
Northwestern Polytechnical
University of China. His research
direction is flight dynamic and
flight control.



