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Database Building and Interpolation for a Safe Flight Envelope
Prediction System

Y. Zhang*, C.C. de Visser” and Q.P. Chu.*
Delft University of Technology, Delft, 2629HS, The Netherlands.

This paper reports the latest progress in the development of a database-driven safe flight
envelope prediction system. By building up a database containing safe flight envelopes of differ-
ent damage and fault scenarios, the challenges associated with online flight envelope prediction
can be circumvented. The database is designed for different flight conditions at which the flight
envelopes are computed. Both longitudinal and lateral envelopes are computed via the level
set method, which shows obvious shrinkage between damaged and undamaged aircraft. It is
found that by interpolating between two retrieved envelopes in the database, more accurate

results can be achieved.

L. Introduction

Safety is of paramount importance to aviation. Among all the contributors that could potentially lead to unsafe
flight, aircraft loss-of-control (LOC) is a dominant reason for many aircraft accidents that have happened in the past
few decades [1H3]. Endeavors to prevent LOC accidents have been made throughout years in various aspects [4, 15].
A direct indication of LOC accidents is the violation of the flight envelope [€]], which defines the region where the
aircraft can be safely operated. Active research can be found in the field of LOC prevention and recovery through safe
flight envelope prediction and protection [7-10].

The flight envelope is determined by the aerodynamic and kinematic model of the aircraft as well as its control
authority. Different ways of describing a safe flight envelope can be found in literature [8, [11-15], depending on the
measurements and states that are of highest concern in terms of safety. Among these methods, reachability analysis
computes the safe flight envelope in a set-valued fashion, which defines a set of states that will reach the target set
within a certain time horizon given the current control authority [[L6]. In order to evaluate the possibility of aircraft
maneuvering to and recovering from a safe region, this paper adopts the methods of computing flight envelopes based
on reachability analysis [9,|17], and its numerical solution is given by the level set method [18,[19].

During normal flight, the envelopes are fixed and stored in a flight envelope protection system to indicate perfor-
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mance and structural limits of the current states [7]. Under abnormal conditions, however, the stability margin and
control authority might suddenly change due to abrupt system failures and structural damage, which leads to a changed
flight envelope. In such moments, the LOC incident might follow if the shrunken envelope is not protected and the
aircraft finds itself outside the new safe boundary. Therefore, it is essential to obtain the changed flight envelope online
as fast as possible to allow for effective upset recovery based on fault tolerant control. To circumvent the challenges
of updating global model of the impaired aircraft and the high computational load of determing the envelope, a fast
database-driven method is proposed in our research, which is reffered to as the “Database-driven safE Flight ENvelope
preDiction system (DEFEND).” [20].

The general process of DEFEND is illustrated in Fig. [Il where the onboard system and off-line database is con-
nected by an information retrieval process. When off-nominal events suddenly occur, it is highly desirable to first
characterize the adverse conditions of the aircraft. The system identification module [21]] will locally update the
aircraft model with new measurements. After that, faults and failure of actuators and engines can be detected and eval-
uated by fault detection and isolation (FDI) systems [22-26]. In the case of structural damage, a well-trained classifier
is used to find out the damage type and severity. During the information retrieval process, the database takes in the
index number of the specific abnormal case detected and classified in the previous step and retrieves the corresponding
safe flight envelope.

The high richness of the database is one important feature that we are aiming for. The more situations are included
in the database, the more accurate information on envelopes can be retrieved to enhance the safety level of the aircraft.
Nevertheless, the number of envelopes stored in the database are restricted by physical limitations of conducting
experiments with damaged aircraft models [20]. Therefore, interpolation is always needed when the required safe
flight envelopes can not be directly retrieved from the database. What is addressed in this paper is online interpolation
between two envelopes stored in the database to achieve the requirement of both safety and accuracy. Interpolation
is applied to envelopes of different states and damage classes to enhance the richness of the database. The resulting
safe flight envelope will be used for onboard cockpit display and fault tolerant controller [27]. The main contribution
of this paper is building a database of safe flight envelopes under several structural damage cases and improving the

retrieval process through online interpolation between envelopes.

II. Data Collection and Management

A. Abnormal Case Study
In NASA’s design of safety-critical systems for aircraft LOC prevention and recovery [3, [12], a preliminary set
of 60 LOC test scenarios were developed based on the past accidents analysis and potential future LOC risks [28].

As listed in Table [Tl the set contains scenarios involving four LOC precursors categories [3], and each category can
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Fig.1 General framework of database-driven safe flight envelope prediction system

be built for one database. This paper focuses on structural damage, which fundamentally changes the dynamics and
control abilities of the aircraft and thus induces LOC accidents. The flight data of structural damaged aircraft can be
generated by CFD/wind tunnel experiments [29] and be used by advanced system identification methods to determine
their mathematical models. These models are used to calculate the safe flight envelopes for different flight situations.
The building of the database is one of the key steps of proving the feasibility of the whole DEFEND system. Three

major damage cases are considered in this paper, corresponding to safe flight envelopes in longitudinal and lateral

motions.
Table1 LOC Accidents Causal and Contributing Factors
System Faults and Failures Strucutral Damage External Hazards Aircraft Upsets
jammed/ stuck control effector wing tip loss icing and snow stall
actuator run away engine loss wind gusts abnormal attitude

loss of control effectiveness control surfaces damage wake vortices abnormal trajectory
engine failure horizontal stabilizer tip loss poor visibility abnormal velocity
sensor faults vertical tail tip loss bird strike

B. Safe Flight Envelope Calculation

Conventional flight envelopes mostly focus on indicating physical constraints on the aircraft without considering
control goals. Despite the development of flight envelope protection systems, it may still be inadequate to help guaran-
tee safety in unanticipated situations [30]. Therefore, it is necessary to synthesize control design in envelope prediction
problems. Reachability analysis is chosen in this paper as the method to compute safe flight envelopes, since the theory
provides a set-valued insight into safety and control design of dynamic systems. One advantage of this method is that
all possible trajectories can be computed from all available control strategies and initial states, which naturally meets
the safety guarantees [19]. The computed results are called reachable sets, which are defined as a set of states that
reach a certain target set within given a certian time horizon and current control authority [[16, 31]. The application
of reachable sets in aircraft safety involves saving aircraft after the occurrence of unexpected incidents (e.g. system

faults, structural damage). In such situations, the aircraft should firstly return to the safe trim set, and then maneuver



from the trim set to other possible flight conditions like landing. During the process, two reachable sets are needed,
which are normally referred to as the backward reachable set and the forward reachable set [9, 27, 132], as displayed in
Fig.[2l What we are looking for is the intersection between these two reachable sets of a given trim set, which indicates

the region in the state space where aircraft can reach the trim set and maneuver freely within a certain time horizon.
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Fig. 2 TIllustration of the safe flight envelope based on reachability analysis[20]

The boundary of reachable sets can be determined by solving for a value function and obtaining its zero level set
[16]. A characterization of the value function as the viscosity solution to a time-dependent Hamilton-Jacobi-Isaacs
(HII) partial differential equation has been proposed and well developed, which is the key theory to solving reachability
problems [[16]. Several numerical techniques have been proposed to compute the viscosity solution to the HJT equation.
In this paper we use the one developed by Osher and Sethian [33,/34] and is called the level set method, which has been
successfully applied to the reachability analysis of many systems including aircraft. For more mathematical details,
the reader can refer to Refs.[16,33-35].

In this paper, the nonlinear model of a Cessna Citation is used to generate safe flight envelopes for the database.
To compute reachable sets, the target set must be determined first, which is usually described by a signed distance
function. In this paper, the target set is determined by the trim set, which is estimated by minimizing the cost function
of model states [27].

Because of the ‘curse of dimensionality’ of the level set method, computing high-dimensional safe flight envelope
is very time consuming. Thus in this paper, the dynamics of the aircraft are decoupled into longitudinal and lateral
motions [16,136-38]. Along each decoupled direction, three-dimensional safe flight envelopes are computed. Different
combinations of states lead to different shapes of safe flight envelopes, which can be stored and selected by pilots. It is
important to note that aircraft stall is not the scope of this paper, since the aerodynamic model of high angle of attack
regime is highly nonlinear, which requires further modeling work before a safe flight envelope can be determined.

For the primary phase of the research, we first compute safe flight envelopes of one category in Table [Il which is



in-flight structural damage. It is assumed that the structural damage discussed in this paper is not catastrophic and is
still recoverable. Considering the infinite number of potential damage locations on an aircraft, this paper only focus on
damage with significant controllability effects, like tip loss of wings and tails [29]. The intrinsic impact of structural
damage is the change of aerodynamic characteristics of the aircraft [29,39], which is directly reflected in the altered
mathematical aerodynamic model both in its structure and parameters [24].

In this paper, three sets of envelopes are computed. One is the pitching envelope in longitudinal motion under
horizontal tail damage. The other two in lateral motion are the yawing envelope under vertical tail damage and the
rolling envelope under wing tip loss. It will be shown in the following examples that the computed envelopes under
damage cases will shrink from their original damage-free shape. Based on these examples, we can generate a complete

offline database containing different abnormal scenarios.

1. The Nonlinear Aircraft Model
The model that is used in envelope computation is based on the flat-earth kinematic and moment equations in
body axes and the flat-earth force equations in wind axes. The kinematic equations, which do not depend on the

aerodynamic model of the aircraft, are not influenced by structural damage [40]:

¢ =p+tané(gsine + rcos @)

6 =gqgcos¢—rsing (H
_ gsing +rcos¢
- cos 6

The equations of motion, on the other hand, are significantly affected by structural damage due to the change of

moments and mass properties [4Q]:

p = (crr+cp)g +c3(3pV2ShCY) + ca(3 pV2SbCy)
g =cspr—co(p* = r?) +c1(3pVSHCn) @

Foo=(csp + car)q + ca(3 pV2SbC)) + co (4 pV2SHC,,)

where ¢; — c¢9 are combinations of moments and cross-productions of inertia derived from the inverse of the inertia
matrix [40]. The effects of structural damage on mass properties have been investigated in wing tunnel experiments
[41], and it is concluded that the effects of mass property changes are not significant compared with that of aerodynamic
changes induced by aerodynamic surface lose. Therefore, in this paper, properties like aircraft mass, centers of gravity

and inertia matrix are assumed unchanged after structural damage. The wind-axes force equations transformed from



body axes are [40]:
1% :%(Tcosacosﬁ-%ﬂvzscDergl)
B = mV ( —Tcosasin S + 2,onSCy -mVry,, + mgz) ©)

a = m (—Tsinacos,B - %pszCL -mVaqy, + mg3)

where r,, and g,, are two components of rotational rates [p,y, g, Fw] along the wind axes, which are transformed from

rotational rates in body axes [p, g,r] by [40]:

DPw cosacosB sinfB sinacospf p
gw | =| —cosasinp cosp —sinasinf q 4)
I'w —sina 0 cos r

and the components of the gravity vector are given by [40]:

g1 = g(—cosacos Bsinf + sin B sin ¢ cos 8 + sin @ cos B cos ¢ cos 6)
g = g(cosasin Bsiné + cos Bsin ¢ cos B — sin a sin B cos ¢ cos 6) %)
g3 = g(sinasin@ + cos @ cos ¢ cos §)

The aerodynamic model of the undamaged Cessna Citation aircraft used in this paper is [[20]:

Cp = Cpy + Cp,a +Cp_,a* + CDq% + Cpy, e
_ pb rb
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Ca = Coy + Cag B+ Coy B0 4 G, 27+ Gy 80+ Gy, 6
The aerodynamic characteristics of a structurally damaged aircraft has been investigated through a series of flight
tests [42], wind-tunnel and computational experiments [29, 39, i41l, 43] conducted by NASA. In these experiments,
the damage was modeled in the form of partial or complete tip loss of major aerodynamic surfaces like horizontal
stabilizers, vertical tail, and wings. The experiments are conducted on a 5.5% geometrically and dynamically scaled
model of a generic transport airplane, which is referred to as the Generic Transport Model (GTM) [42]. The resulting

aerodynamic model of the damaged aircraft in the form of look-up tables can be found in an open-source simulation



software [44]. Also, preliminary work on damage modeling of a Cessna Citation aircraft was performed in our group
using digital DATCOM with various levels of vertical tail damage [45]. By analyzing these experimental data, it is
observed that damage to different aerodynamic surfaces results in unique aerodynamic effects, which is reflected in the
changes of different stability and control derivatives. More importantly, the changed aerodynamic coefficients can be
modeled by multiplying the original value with a scaling factor. In some cases like wing damage, an incremental term
as a function of flight states is added to the original model due to the induced asymmetry. Similar ways of damage
modeling can be found in [46,47], where the models of aircraft with wing damage is incorporated in the flight control
design. In this paper, the model of a structurally damaged Cessna Citation aircraft is built on the data and observations

of aforementioned experiments.

2. Longitudinal Envelopes
Under the condition of zero yaw rate » = 0 and zero sideslip angle 8 = 0, the resulting dynamics from Eq. [[+

can be written as:

V = % [Tcosa - %szSCD + mg(—cosa sin 8 + sin @ cos ¢ cos 9)]
a = —m—lv [Tsina + %pszCL — mg(sina sin 6 + cosacosq)cos@)] +q
6 = q cos ¢

@)
¢ =p+gtanfsing
1
= m [(Jxx = Jyy + Jz)xzpg + %pvzsb(JzzCl + szCn)]
xxJzz T Jzx

. = Loy2g Cm _ Ixz 2
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By assuming constant velocity and roll angle, a three-dimensional pitch envelope of (a,8,¢g) can be computed
based on the simplified model. Figure [3] shows the safe flight envelops computed from Eq.[7] at sea level with states
(a,0,q,V = 100m/s) and time horizon T = 1s. The control inputs are thrust and elevator deflections. Figure [3(a)
shows both forward and backward reachable sets, which form the safe flight envelope displayed in Fig.[3lb) by taking
the intersection between them. If one of the horizontal tails is damaged, the mostly influenced is pitching moment
coeflicient C,,, which is modeled as:

Cmdmg = (1 + /lm)Cm (8)

where the damage scale A, is derived from experimental data. Besides, the pitch control power will reduce due to
the damaged elevator. Figure [3(c) and (d) show how the envelopes reduce with horizontal stabilizer damage under
the same condition. The shrinkage is shown in a more straightforward way in Fig. d by projecting 3D shapes into 2D

contours with specific values of the third states.
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3. Lateral Envelopes

The lateral motion of aircraft with zero pitch rate g = 0 is defined as [40, 48]:

1

B =psina —rcosa + T (—Tcosa/sin,B + %szSCy +mg2)
1
o= pV2Sb(J,C + Jx C,
Z(Jxszz _ng)p ( zx Ll XX n)
P = V2Bl + S C) ®)
Z(Jxszz - ng)
Cos ¢
=r
cos 6
¢ =p+rtanfcose

The yaw envelopes of time horizon T = s are computed with states (8,7,4) when p = p = ¢ = ¢ = 0, which
are shown in Figs.[Sland[6l The control inputs are thrust and rudder deflections. The changed yawing moment and

reduction in directional stability due to vertical tail and rudder damage is modeled as:

Crgmg = 1+ )Gy 10)

Based on this model, the reduction of the yawing envelope is observed.
The rolling envelopes shown in Figs.[7land [8are computed on the assumption of zero yaw rate (# = r = 0). The
control input are thrust and aileron deflections. For wing damage, an incremental rolling moment AC; that increase

with « is added to the baseline model along with the change of stability and control derivatives in Eq.

Clyme = 1+ )G +AC, @ arn

The parameters of the damaged model are approximated and identified from experimental data. Besides, available
roll control power is reduced due to structural damage and part of the aileron control is used to compensate for roll

asymmetry. The restricted rolling maneuvers of p and ¢ are observed in Figs.[Z]and [8l

I11. Information Retrieval and Interpolation

A. Database Design and Structure

Based on the computed safe flight envelopes, a database containing offline calculated envelopes under different
fault and damage scenarios can be designed and established. Table[2]shows the main attributes that should be included
in the database. For each category only a few examples are listed for demonstration, which shows how much informa-

tion needs to be specified in order to retrieve an envelope in the database. It is noted that the envelopes corresponding
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to actuators damage (elevator, rudder, ailerons) are not shown in this paper though listed in the table. This is because
the damage to actuators is less severe case compared with damage to large aerodynamic surfaces, and the envelopes

of the damage share similar trends in each individual channel.

B. Information Retrieval with Safety Considerations

Once the database is successfully built, the next thing is to ensure that the information can be retrieved in a correct

and efficient way. Among all the attributes that determine one safe flight envelope in the database, the most important

10
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ones are specified by the first three columns in Table 2] which are found through classification methods. The pre-
defined class labels for classification conform to the ones listed in the database. The identified aerodynamic coefficients
are used as input features to the classifier. Further details on damage classification can be found in Ref. [@]. In real
applications, safety should be included as the primary consideration. Since the finite number of safe flight envelopes
in the database is accordance with the number of abnormal cases and discrete flight states, there always are situations
where the true, unknown flight envelope falls in between the two neighboring categories in the database. In order

to obtain more accurate results from the database, interpolation between two envelopes is necessary [@]. Generally,

11



Table 2 Preliminary Design of Safe Flight Envelope Database

Location Type Severity Time Model Mach Altitude
right horizontal stabilizer tip loss 30% ls (a,q,0) 0.3 sea level
tip loss 50% 2s (a,q,0) 0.4 5000
elevator stuck 15° 1s (a,q9,9) 0.3 10000
loss of effectiveness 30% 2s (a,q,0) 0.4 5000
left wing tip loss 40% 1s (B,p,d) 0.5 sea level
tip loss 60% 2s (B,p,¢) 0.6 5000
vertical tail tip loss 20% Ls (B,1,¢) 0.8 10000
tip loss 40% 2s (B,r, ) 0.6 5000

interpolation is implemented with respect to two entities in the database. The first one includes the flight states and
time horizons, e.g., envelopes of two different values of airspeed or altitude. The second entity is related to the specific
condition of damage and failures. Take wing damage for example, if the current percentage of tip loss is estimated as
10% but only envelopes of 20% are available in the database. In this situation, interpolation between envelopes of no

damage and 20% wing tip loss is needed to acquire the envelope corresponding to the estimated 10% damage.

C. Safe Flight Envelope Interpolation

For two envelopes computed by the level set method, the idea is to simply treat them as two different implicit
functions. The method used for interpolation in this paper is inspired by research on surface reconstruction and image
matching using the level set method and fast marching method [49-52]. In [49], an efficient algorithm is applied to
approximate surfaces consisting of data points by constructing and driving a distance function. The concept of the
distance function is also found in the fast marching method proposed in [53], which is an efficient way of propagating
and tracking implicit fronts. The method of interpolation used in this paper is composed of three steps. The first step
is to transform envelopes into a set of data points based on the characteristic of implicit functions. The second step
is to find the geometric relationship between the two envelopes by finding out the distance function that matches one
to another using the fast marching method [53]. The third step is interpolation between two envelopes based on their

geometric relationship.

1. Envelopes Represented by Data Points

As introduced in Sec. [Bl the safe flight envelope is a set-valued result of an optimal-control based reachability
problem. The resulting reachable set is represented as the zero-level set of an implicit surface function ¢. Without
an explicit analytic expression, the surface function is approximated by values in grid points, which are propagated
from an initial set in a certain velocity field. Therefore, the envelope can be approximated by points on the zero level

boundary or points lying around the boundary. Given a grid point C(i,j) and its three neighboring points, if their

12



function values satisfy [54]:

max(p; j,i+1,j,Pi,j+1,Piv1,j+1) <0 OR min(@; j, bi+1,j,Pi,j+1,Pir1,j+1) > 0 (12)

then C(i, j) doesn’t belong to the surface that represents the envelope and is ignored, else, it will be stored as part of
the data set that approximates the zero level set. In this way, the retrieved envelopes can be approximated by the data

points, which will be used to compute interpolation path between them.

2. Optimal Path Planing Based on the Fast Marching Method

The key step to be taken before interpolation is to find the relationship between two envelopes through surface
mapping. Since the retrieved envelopes calculated from different models have been discretized into data points, only a
geometrical mapping is investigated instead of mapping two implicit functions. For simplicity and a proof of concept,
only two-dimensional envelopes are investigated in this paper, since a three-dimensional envelope can be projected
into a 2D plane. The extension to three-dimensional surface will be included in future work. In this cases, two contours
are treated as two sets of data points, and the mapping is implemented pair-wise by finding the optimal path between
two points. Given a cost function F and a staring point A, the goal in path planing is to construct the path y (1) from
A to destination point B that minimizes the integral. In two dimentsions, let 7 be the minimal cost required to travel

from A to the point (x,y), that is [53],

(x,y)

T(x,y) = minf F(y(r))dr (13)
Y A

where 7 is the arclength parameterization of y, namely, |y;| = 1. The level set T (x,y) = c is the set of all points that

can be reached with minimal cost ¢, and the minimal cost paths are orthogonal to the level curves; hence we have

|VT| = F(x,y) (14)

which forms an Eikonal equation [53]. The fast marching method provides a numerical scheme for computing solution
to the Eikonal equation based on entropy-satisfying upwind schemes and fast sorting techniques [53]. Readers can
refer to Refs. [50, 51, 53] for more details. Once solution T'(x,y) is computed, the shortest path can be constructed

through back-propagation from destination point B via solving the ordinary differential equation:
X, =-vT given X(0) = B (15)

until the staring point A is reached [53]. In this paper, the cost function F is set to be 1.

13



3. Envelope Interpolation

Linear interpolation can be implemented on each optimal path between data points of the two envelopes. It is
assumed that the points that form the interpolated contour also lie on the optimal path, and their specific locations
along the path are determined by the interpolation weights. These weights are heuristically chosen based on different
conditions in which the envelopes are computed. The interpolation of the database in our research is initiated by a
safety-related problem [20]. In the database, the number of stored safe flight envelopes for different abnormal cases
is limited. Take structural damage for example, the closer the discrete values of damage levels are to each other, the
more accurately the true safe flight envelopes can be predicted. However, the number of designed damage levels is
restricted by physical limitations of modeling experiments like wind-tunnel tests and simulations. Therefore, when it
is required to retrieve a safe flight envelope in between two stored envelopes in the database, a safer approach would
be through interpolation rather than taking either side when the interval is too large.

In Fig. [0l the lateral envelopes under wing damage are used as the first example for demonstration. Figure. Qf(a)
shows three 2D envelopes in (p,¢) computed by the level set method. The largest contour is computed without any
damage and the smallest one is computed with 20% wing tip loss. The contour in between them corresponds to the
envelope of 10% tip loss, which is used and displayed to test the performance of the interpolation with the method
proposed in this section. The envelopes of zero damage and 20% damage are approximated and transformed to data
points (fig. O(b)) based on Eq. Then, optimal paths between the points on the largest and the smallest contour are
computed, which are represented in yellow dashed lines in fig. [0(b). After the mapping is built between two envelopes,
linear interpolation is performed to find the points on the optimal path that approximate the intermediate envelope,
which is shown in Q[b). It can be observed in fig. Blc) that the interpolated contour accurately approximates the true
envelope of 10% wing damage.

Damage level is not the only decisive factor in the database. Some other entities, like velocity, altitude and time
horizon are also important in building the database. As shown in Table.] the value of these entities are also discrete,
which means that interpolation is necessary when specific values of certain states are required. The second example
demonstrated in Fig.[IQ deals with envelopes of different velocities. Figure.[I0(a) shows three 2D envelopes in (3,7)
computed by the level set method. The inner and outer envelopes correspond to V = 60m/s and V = 100m/s
respectively. The task is to find out the contour of V = 80m/s by interpolating between the two known contours.
Following the similar steps of fast marching method used in the first example, the intermediate contour is found,

which approximates the true contour with satisfying accuracy, as shown in Fig.[T0(c).

IV. Conclusion
This paper discusses the implementation of database building and interpolation for the online database-driven safe

flight envelope prediction system. Envelopes in both longitudinal and lateral motions are computed by the level set
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Fig. 10 Interpolation between envelopes of different velocities based on the fast marching method

method, which shows obvious shrinkage with the occurrence of model change due to structural damage. The database
is built with envelopes of different flight conditions and abnormal cases. In order to address the potential safety
issue brought by the insufficient number of envelopes stored in the database due to limitations of damage modeling
experiments, interpolation is implemented between 2-dimensional envelopes using the fast marching method. An
example on wing damage shows the necessity of the interpolation, and the intermediate envelope computed by the

interpolation algorithm shows satisfactory results.
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