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Summary

Loss of control is considered as the primary cause of fatal accidents in aviation, which occurs
when the aircraft has left the safe flight envelope. To reduce loss-of-control-related accidents,
it is important to estimate the safe flight envelope at the current flight condition and inte-
grate it into flight control system design. This task is known as envelope estimation and
protection. This project investigates this task on the Innovative Control Effectors aircraft,
an over-actuated tailless fighter aircraft with complex aerodynamic coupling between control
effectors. It has been observed that this aircraft can easily steer outside the flight envelope
and lose control due to its huge control authority.

This thesis proposes a novel and practical framework for safe flight envelope estimation and
protection, in order to reduce loss-of-control-related accidents. Despite that multiple envelope
estimation methods exist in literature, conventional analytical estimation methods fail to
function efficiently for systems with high dimensionality and complex dynamics, which is
often the case for high-fidelity aircraft models. In this way, this paper develops a probabilistic
envelope estimation method based on Monte Carlo simulation. This method generates a
probabilistic estimation of the flight envelope with kernel density estimation by simulating a
sample of flight trajectories with extreme control effectiveness, which describes the envelope
more practically with fuzzy sets instead of conventional crisp sets. It is shown that this method
can significantly reduce the computational load compared with previous optimization-based
methods and guarantee feasible and conservative envelope estimation of no less than seven
dimensions. This method was applied to the Innovative Control Effectors aircraft developed
by Lockheed Martin. The estimation results are demonstrated by comparing different flight
conditions and covariance analysis.

The estimated probabilistic flight envelope is used for online envelope protection by a database
approach, which estimates the flight envelope offline and carries the results onboard for pro-
tection. Both a conventional state-constraint-based and a novel predictive probabilistic flight
envelope protection systems were implemented on a multi-loop nonlinear dynamic inversion
controller by extending the concept of pseudo control hedging. No systematic framework was
available to apply envelope protection to such controller. Real-time simulation results prove
that the proposed framework can protect the aircraft within the estimated envelope and save
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the aircraft from maneuvers that otherwise would result in loss of control. Possibilities were
also explored to employ parametric models in envelope protection to simplify the database.

This work, however, is still limited to offline estimation with open-loop commands. Future
work can extend this framework to aircraft damage models and closed-loop commands.
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Probabilistic Flight Envelope Estimation and Its Application on
Unstable Over-Actuated Aircraft

Mingzhou Yin*
Delft University of Technology, 2629 HS Delft, The Netherlands

This paper proposes a novel and practical framework for safe flight envelope estimation
and protection, in order to reduce loss-of-control-related accidents. Conventional analytical
envelope estimation methods fail to function efficiently for systems with high dimensionality
and complex dynamics, which is often the case for high-fidelity aircraft models. In this way,
this paper develops a probabilistic envelope estimation method based on Monte Carlo simu-
lation. This method generates a probabilistic estimation of the flight envelope by simulating
flight trajectories with extreme control effectiveness. It is shown that this method can signif-
icantly reduce the computational load compared with previous optimization-based methods
and guarantee feasible and conservative envelope estimation of no less than seven dimensions.
This method was applied to the Innovative Control Effectors aircraft, an over-actuated tailless
fighter aircraft with complex aerodynamic coupling between control effectors. The estimated
probabilistic flight envelope is used for online envelope protection by a database approach.
Both conventional state-constraint-based and novel predictive probabilistic flight envelope pro-
tection systems were implemented on a multi-loop nonlinear dynamic inversion controller.
Real-time simulation results prove that the proposed framework can protect the aircraft within
the estimated envelope and save the aircraft from maneuvers that otherwise would result in
loss of control.

Nomenclature
Ax, Ay, A, = linear accelerometer measurements, ft/s?
b = wing span, ft
c = mean aerodynamic chord, ft
d = number of dimensions
E = dynamic flight envelope
E = probabilistic dynamic flight envelope
Fy. F), F, = aerodynamic forces in the body frame, Ibf
f (x) = kernel density estimator
g = gravitational acceleration, ft/s
h = altitude, ft
h; = bandwidth of the jth variable
IR = invariant and reachable sets
J = inertia matrix, slug-ft?
J = augmented inertia matrix
Ja = full control effectiveness matrix
JE T (’l"’ = control effectiveness matrix of aerodynamic forces and moments
Jenv = gradient of the probabilistic envelope metric
K = trim set
k(-) = kernel function
ko = threshold setting of the probabilistic envelope
I(x) = level set function of the trim set
m = mass of the aircraft, slug
M = Mach number

*MSc Student, Department of Control and Simulation, Faculty of Aerospace Engineering, Kluyverweg 1; mingzhouyin @ gmail.com.
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M,y = flight envelope metric

My, My, M, = aerodynamic moments in the body frame, ft-1bf
N = number of samples

n,s = number of states and inputs

D, q, 7 = roll, pitch, and yaw rate, rad/s

q = dynamic pressure, psi

R = fuzzy reachable set

S = total wing area, ft?

Se = set of safe flight trajectories

T = thrust, 1bf

Ty = time horizon, s

U = set of admissible inputs

u,v,w = velocity components in the body frame, ft/s
V() = level set function of the invariant set

Ve = ground speed, ft/s

w = control input sampling weights

X = random vector of states

x = state vector

a, = angle of attack and side-slip angle, rad

) = control input vector

n = speedup factor

v = virtual control

Vi = hedged virtual control

o = standard deviation

L = state trajectory

b, 0,y = roll, pitch, and yaw angle, rad

X = probabilistic envelope compensation term

I. Introduction

AFETY is the most crucial issue in all sections of aviation, including flight control system (FCS) design. To reduce

future accidents, it was observed by various sources [1-3] that loss of control (LOC) in flight is the most common
primary cause of fatal accidents. LOC occurs when the aircraft has left the part of the state space where aircraft are safe
to operate, which is commonly known as the safe flight envelope [4]. With knowledge of the flight envelope available,
LOC can be avoided by adequate envelope protection as shown by case study [5].

Conventionally, flight envelope only deals with slow variables like altitude and airspeed in steady or quasi-steady
conditions to achieve upset prevention [6, 7]. However, this type of envelope fails to take the dynamics into account and
is usually empirical from flight tests [8, 9]. Therefore, a new type of envelope named the dynamic envelope [10] or the
immediate envelope [11], is defined as all the possible states where an airplane can both reach from and be controlled
back to a set of initial flight conditions (usually trimmed) within a given time horizon. This definition of the safe flight
envelope is used for the remainder of the paper.

Due to its critical position in safety, the flight envelope estimation has been investigated extensively. Results of flight
tests or wind tunnel tests were directly applied in [12, 13]. Model-based computation of achievable trim points was
conducted in [14]. Bifurcation analysis [15] and vortex lattice algorithms [16] were used in the online estimation of
impaired aircraft. Among all the methods, the most rigorous and elaborately studied method is the reachability analysis,
which formulates reachability problems with the optimal control framework by studying possible trajectories of the
dynamic system [17].

Various methods were developed to solve the reachability problem. For linear systems, convex optimization [18]
and geometric methods [19] were applied based on the convexity of the flight envelope. For nonlinear systems, the
distance-fields-over-grids method [8] optimizes the state trajectories toward points in a predefined grid. The level set
method [20-22] describes the flight envelope with a level set function to be solved by partial differential equations,
possibly with the semi-Lagrangian method [23], time-scale separation [24] and stochastic differential equations [25].

However, the common problem with these methods to numerically solve the optimization problem and/or partial
differential equations is the high computational load for complex nonlinear systems with high dimensions [21]. The
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usual solution is to simply restrict investigation to problems with low dimensions by introducing virtual inputs with
time-scale separation [11] or perform domain decomposition [26]. The maximum dimension implemented was four
[23, 27].

When the safe flight envelope has been estimated, flight envelope protection (FEP) systems strive to prevent LOC by
constraining aircraft within the estimated envelope, preferably in both autopilot and manual control modes [28]. FEP
is often implemented to be a human-machine interface as a soft extension to the FCS by open-loop cueing to pilots
[29, 30]. This includes stick shakers or pushers [8] and specific display design [31]. Such design focuses on increasing
pilots’ situation awareness.

In contrast to the above concept, with the emergence of advanced flight control systems, it is more desired to have
FEP embedded in the controller itself, such that commands can be automatically justified when the aircraft is close to
the boundary of the flight envelope or impaired. This can significantly reduce the workload of pilots. Such concept
of FEP is used for the remainder of the paper. The inclusion of FEP has been studied in many types of controllers,
including hybrid control [28], model-based predictive control [32], and adaptive neural networks [33]. In fault-tolerant
flight control, FEP can be included in the reconfiguring controller [11]. Preliminary implementation of this idea has
been observed on modern commercial aircraft such as Boeing 777 and Airbus A380 to avoid stalls or limit load factors.
However, to the best of our survey, none of the work was conducted to apply systematic FEP to a multi-loop nonlinear
controller.

In this paper, a probabilistic envelope estimation and protection framework is proposed that aims to fill the above
gaps observed in previous research, namely high-dimensional envelope estimation for complex systems and FEP with
multi-loop nonlinear control. The framework applies a probabilistic method to estimate the reachable sets by sampling
promising flight trajectories with Monte Carlo (MC) simulations instead of solving the reachability problem directly. In
this way, reasonable estimation results can always be obtained regardless of dimensionality and complexity of the model
with suitable sampling sizes. Furthermore, the definition of the estimated envelope is extended with a kernel density
estimator to be probabilistic as a fuzzy set.

The estimated envelope is applied to a multi-loop nonlinear dynamic inversion (NDI) controller. The FEP system
uses onboard envelope databases derived from the estimated envelope to develop envelope protection laws for LOC
avoidance. A novel probabilistic protection law is proposed and compared with the conventional state-constraint-based
method. The outer-loop commands are further modified by pseudo control hedging (PCH) to avoid future violation of
the envelope.

The general schematic of this framework is illustrated in Fig. 1.

A-'Pnon = Data Flow
Trin Set Logic Flow
Envelope Support Envelope
imati Protection
(,\Eﬂsctl-ma'tl:-)n) <: (Command modified
smuaton Validate nonlinear controller)
\ / Te“x’%Validate
On-board
BEEE LOC Prevention
Database vs.

Tracking Performance

Fig. 1 General schematic of the envelope estimation and protection framework.

This framework is applied to a high-performance fighter aircraft, Lockheed Martin’s Innovative Control Effectors
(ICE) aircraft [34] to demonstrate its capability. The ICE aircraft is a tailless aircraft with a suite of 13 control effectors
in total, including innovative ones such as spoiler-slot deflectors and multi-axis thrust vectoring. With improved
lift-to-drag ratio and reduced weight, the ICE aircraft is highly maneuverable. It is noted that the above challenges are
more prominent on such aircraft, as 1) tailless aircraft are inherently unstable with less directional control authority, 2)
with highly coupled aerodynamics associated with unconventional control effectors, the flight envelope tends to be
nonlinear as well, and 3) extreme maneuvers are expected to be made which are closer to the boundary of the flight
envelope. It was observed in previous research [35] that the ICE aircraft is prone to LOC when controlled without FEP
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systems due to its huge control authority. Therefore, the ICE aircraft is considered a suitable subject to test the proposed
framework for both reliability and effectiveness.

The paper is organized as follows. Sec. II introduces the reachability analysis framework for envelope estimation.
The methodology to use MC simulation in probabilistic envelope estimation is presented in Sec. III. Sec. IV further
discusses the design of the envelope database and associated envelope protection laws. The designed FEP system
is integrated into an NDI controller in Sec. V. The implementation of the framework is demonstrated in Sec. VII,
with a description of the applied ICE aircraft model given in Sec. VI. The envelope estimation results and controller
performance comparisons are shown in Sec. VIII. Sec. IX concludes the paper and proposes future work.

I1. The Reachability Analysis Formulation
This section starts by defining the envelope estimation problem within the framework of reachability analysis,
followed by introducing the solution proposed by the level set method. Then, the definition is expanded to a probabilistic
version.

A. Classical Safe Flight Envelope

It has been shown that the flight envelope estimation problem can be formulated as a reachability problem with
the optimal control framework by studying possible trajectories of the dynamic system [17]. Consider an autonomous
nonlinear system

x = f(x,0), (1)
with x € R", § € U c RS. All the states x that can be reached from a set K € R” with at least one function of admissible
inputs 6(7) € Ujo,7,) within a time horizon 7y > 0 form the reachable set R(Ty, K). A similar definition is the invariant
set I(Ty, K), which describes all the states x that can remain in a set K with any function of admissible inputs 6(¢) for
any time within a time horizon Ty. Mathematically, the above definitions are expressed as

Ry, K) = {x(r) eR” |EI§(t) € Uy, 37 €10, 7¢], x(0) € K} s 2)
I(Ty, K) = {x(0) e R" |V6(t) € Upo.1,1, V7 € [0, Tyl x(1) €K } . 3)

Furthermore, it was proved that the following principle of duality holds

R(Ty, K) = (I(Ty, K", “)

which can transform the calculation of reachable sets to invariant sets.
A similar definition can be applied to the same system, but running backward in time,

X =—f(x,0). (5)

In this way, the reachable set for the original system is known as the forward reachable set Ry (T, K), whereas that for
the backward system is known as the backward reachable set R, (T, K).

In the context of flight envelope estimation, K can be selected as the apriori trim set of the aircraft, where the aircraft
can stay indefinitely. Then, Ry (T, K) defines all the states the aircraft can reach within T from steady states, whereas
Ry, (Ty, K) defines all the states from which the aircraft can be controlled back to steady states within 7. In this way, the
flight envelope to be estimated is defined as the intersection of the above two reachable sets

E(Ty, K) = Rp(Ty, K) N Ry (T}, K), (©6)

according to the definition of the dynamic envelope.

B. The Level Set Method
A famous solution of the invariant set can be found in the level set method, where associated sets are expressed by
zero level sets. Define the trim set

K={xeR"|i(x)>0}. 7
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Then the definition Eq. 3 can be rewritten in the form of a level set as

I(T7, K) = {x(()) eR"

V(x,Ty) = inf min [(®(7;x(0),6(-))) >0;. 8
(x,Ty) 800001, v (®(73x(0),6(-)) } 3

It was proved in [17] that the level set function V(x,Tr) can be represented as the viscosity solution to the
Hamilton-Jacobi-Bellman partial differential equations (HIB-PDE)

%(x’ H+ R {6(~>ienl§|o,n Z_Z(x’ 0f . 6)] =0 .
with the boundary conditions V(x, 0) = I(x) or V(x,T) = [(x) for the forward and the backward systems respectively.
The HIB-PDE can be further extended to a Hamilton-Jacobi-Isaacs (HJI) problem to include disturbance.

When the aircraft model is affine, i.e., f(x,6) = b(x) + A(x)d, which is applicable to most cases, the optimum
control selected in Eq. 9 is always one of the extreme admissible values for each control effector. The optimum control
of the ith control effector is

ov
O, max» 6_(-’5’ 1)-Ai(x)<0
6 = X , (10)

av
6i,min’ 19_(x’ t) : A-i(x) >0
X

where A .;(x) is the vector of all control effectiveness functions for the ith control surface.
After solving the invariant sets for both the forward and the backward system, the envelope can be estimated by
Eq. 4 and 6.

C. Probabilistic Safe Flight Envelope

As discussed above, the classical definition (Eq. 2) defines the flight envelope with a crisp set, i.e., a state is either in
the envelope or outside the envelope. However, the situation can be much more sophisticated practically. The actual
possibility to adopt an effective maneuver to save the aircraft depends on the range of possible trajectories available.
This range leaves room for practical issues such as pilots’ reaction time, actuator dynamics of control surfaces, and
controller performance, which are not included in the above deterministic definition. Therefore, it is desired to expand
the definition to a fuzzy set, whose membership function describes the ’difficulty’ to reach from and fly back to steady
states for a state. This also enables the possibility to describe other probabilistic or stochastic factors including external
disturbances and modeling errors.

Define the set of all safe flight trajectories of time horizon T that start and end in the trim set as

Se(Ty, K) = {®(1; x(0), 6()) |®(0) € K, 8(Ty) € K,t € [0,Tf] } . (11)

It is noted that since aircraft can stay indefinitely in the trim set, safe flight trajectories of 7y, include all safe flight
trajectories of Ty < Ty . Then the following fuzzy set is defined as the probabilistic flight envelope.

ET7.K) = {(x € ", g (x) = A)} (12)

maxyrn fx(x)

where fx(x) is the probability density function (PDF) of the midpoint state for all safe flight trajectories of time horizon
2Tf, i.e.,

X = &(Ty), ® € Sa(2T, K). (13)

To solve for the membership function uz(x), the safe flight trajectories can be divided into the forward part and the
backward part as

Sa.r 2Ty, K) = {®(t) |® € Se(2T7, K),1 € [0,Tf] } . (14)
Se.b(2T7, K) = {®(t)|® € Se (2T, K), 1 € [Ty, 2T7]} . (15)

Similarly, define two more PDFs fx,(x) and fx, (x) of random variables
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X;=®(T7),® € Sp (277, K) (16)
and

X, = ®T7), ® € Sg,, 2Ty, K). 17)
Then, the membership function can be reformulated as

fo(x) : be(x)

maxyern fx, (X) - fx, (x)

Mi(x) = (18)
It should be noted that the following fuzzy sets can be constructed as the fuzzy counterparts of the crisp forward and
backward reachable set Ry(Ty, K) and Ry, (T, K).

) (x)
Ry(Ty.K) = {(x € R, pg, (x) = #);&m)} "
X € f

Ao 0= [ € Koy 0= )| -

Then the probabilistic flight envelope is the product t-norm of R¢(T, K) and Rp,(T, K) scaled by a factor such that
the center of the envelope has a membership value of 1. The difference between the crisp set and the fuzzy set definition
of the safe flight envelope is illustrated in Fig. 2 for a univariate case.

[ Forward reachable set
I Backward reachable set
I Product t-norm
[ safe flight envelope

Membership value

L,

State

a) Classical flight envelope b) Probabilistic flight envelope

Fig. 2 Comparison of the classical and the probabilistic flight envelope definition for a univariate case.

I11. Envelope Estimation by MC Simulation

A computationally-feasible methodology to estimate the probabilistic flight envelope defined by Eq. 12 with high
dimensions is discussed in this section. This methodology applies MC simulations to obtain kernel density estimators
of PDFs fx,(x) and fx, (x).

MC simulation is a computational algorithm that uses random sampling to obtain a numerical estimation of
probability distributions [36]. A general MC simulation routine starts by generating random input variables and
conditions. Then, deterministic analysis is performed for a sample of the random variable. This process is repeated
for different random input variables and conditions. Finally, the probability distribution is calculated based on the
obtained samples. This method has not been applied to envelope estimation yet. The closest application is the workspace
determination in robotics [37].

To estimate the envelope, two MC simulation routines are performed to obtain the probability distributions of X
and X, respectively. First, a random point in the trim set is selected as the initial state. Then, pseudo-random open-loop
control inputs are selected, which should be effective to explore the boundary of the flight envelope. The selection
method is discussed in Sec. III.A. With the initial state and control inputs specified, a flight trajectory of time horizon T
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can be simulated by solving the forward dynamics Eq. 1 or the backward dynamics Eq. 5 under desired flight conditions.
The states at time 77, of which the envelope is to be estimated are stored as one sample. This sampling process is
illustrated in Fig. 3. With a large size of samples generated, the probability distributions of Xy and X} can be estimated
by kernel density estimation, details of which are discussed in Sec. III.B. Finally, the membership function of the
probabilistic flight envelope is calculated by Eq. 18. A flowchart of the whole process is shown in Fig. 4.

Trim set -
Forward trajectory
Forward sample
—> Backward trajectory

@® Backward sample

Fig. 3 Illustration of the sampling process in MC simulations.

—C—

A 4 A 4
Forward dynamics Backward dynamics
X, X,

lqi

Random trim point
sampling X,

v

Pseudo-random control
input sampling &(¢)

v

Flight trajectory
simulation

v

Record estimated
statesat 7,

sample size < N

Kernel density estimation

o () oty (%)

y

Membership function
calculation £ (x)

Fig. 4 Flow chart of envelope estimation with MC simulation.
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A. Extreme Control Effectiveness Method

The key to a reliable estimation by MC simulation is to avoid severe underestimation. With limited sample sizes,
the specific control inputs that steer the aircraft to the boundary of the flight envelope may not be sampled. Thus, the
estimated envelope can be too conservative. Therefore, a reliable estimation relies heavily on a good sampling of the
random control inputs.

To conquer this problem, the so-called extreme control effectiveness method was proposed for envelope estimation
with MC simulation. This method examines the derived equation for the optimal control in the level set method (Eq. 10).
For a full degree-of-freedom aircraft model, only the dynamics of rotational and translational velocities are directly
dependent on the control surface deflections via aerodynamic forces and moments.

Define the effective states in envelope estimation as

Xe=[uvwpqgrll. (29

The dynamics of x, can be expressed in the incremental form as

f(xe,8) = Koo+ J ' JalAG, (22)

where x. ¢ is the state derivatives at the current time step, Aé is the incremental deflections of all active control surfaces
and the incremental thrust,

. diag (L, L L} o
j - 1ag(,,6m m) J_l}’ (23)
T
5o [T [ (2F) (95" (2R (9Me\" (9My\" (oM 24)
d M ER 36 36 ER ER 36 :
Thus, according to Eq. 10, we have
av v -
60 Aix) = o n] W, (25)

171 -
Aui,max’ P (x, t)Jile,-i <0
Auf = a’i; ) . (26)
A“i,min’ ox (x, t)Jile,-i >0
e

In Eq. 26, the only unknown term is the gradient of the level set function 0V /dx.. As will be discussed in the
following paragraph, this variable determines the optimal exploration direction at the current state. Instead of solving
the HIB-PDE for the optimal value, this variable is replaced by a random variable W whose elements are subject to an
identical normal distribution with zero mean, such that a random exploration direction is selected. This random variable
is sampled at each time step. So, the following strategy of optimal control selection is proposed for the extreme control
effectiveness method.

,W; ~ N(O, 1), @7

Au® A’/‘i,max, Wj_le,~i <0
u; = -
! Attimin, WJI 4.0 >0

where j € {u,v,w,p, q,r}. In this way, the population to sample the control inputs reduces significantly from all
admissible control inputs U to limited combinations of extreme control inputs. This reduced population, however, still
includes all possible optimal control selections in the level set method. In this way, this method is very efficient by only
sampling control inputs that are effective in exploring the boundary of the flight envelope as supported by the level set
method.

This method is named extreme control effectiveness method because of its physical implementation. Eq. 27, in
essence, aims to optimize a weighted sum of control effectiveness in three translational and three rotational directions.
The randomly-sampled partial derivative terms W; can be regarded as weights to aim for the extreme control effectiveness
in that particular direction. So the control input samples generated with this method explore a particular direction of the
vector W = [W, W, W,, W, W, W, ] in the flight envelope with extreme control effectiveness.
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B. Kernel Density Estimation

Density estimation is the process to construct estimators of the probability density functions fx,(x) and fx, (x)
based on samples of Xy and X;,. The commonly applied density estimation methods include non-parametric ones such
as histogram and kernel density estimation [38] and parametric or semi-parametric ones such as orthogonal series
estimation [39] and maximum penalized likelihood estimation [40]. Since no prior knowledge is available about the
structure of the envelope, a non-parametric method is preferred. In addition, the probabilistic FEP system requires a
continuous estimator as will be discussed in Sec. IV.B. Thus, kernel density estimation is applied in this paper.

To estimate the density of a d-dimensional random vector

X=X, X, ... Xa)" (28)
by N samples
Yi = Oits Yize o yia) i = 1,2, ., N, (29)
the multivariate kernel density estimator is given by
FO) = = ) K - yp) = — iﬁk(x"_”") (30)
= — Hx —y)= ———— WATA
N & Y Nhihyooha 5 h;
where k(-) is the kernel function for each dimension satisfying
J k($)dg = 1. (3D
Usually, a Gaussian kernel function
KO = o=t (32)
=——e¢
Varn

is used. The bandwidth A; is comparable to the bin size in the histogram, which normalizes the kernel by characterizing
the range affected by one sample in the estimator. The bandwidth can be selected by the Silverman’s rule of thumb
[38, 41]

(d+2)N (33)

1/(d+4)
4
hj = O'j ]

C. Advantages and Limitations

This method originates from the intention to circumvent the numerical calculation of partial differential equations,
which is not feasible for complex aircraft models with high dimensions. In addition, this MC-simulation-based envelope
estimation method demonstrates additional advantages over conventional reachability analysis.

First, the conservativeness of the estimated envelope is guaranteed, since sample points are associated with particular
flight trajectories and control inputs for reconstruction, whereas for the level set method, only the indirect evolution of
the level set function is concerned.

Second, the estimated envelope is probabilistic in the form of fuzzy sets, which gives additional information about the
difficulty to reach a certain point within the envelope. This is especially useful in FEP system design. The aggressiveness
of FEP can be altered by specifying different a-cuts of the fuzzy set (i.e., different thresholds of the membership
function), depending on applications. Furthermore, it can detect the approaching of the envelope boundary in advance
by the gradient of the membership function as shown by the predictive probabilistic FEP law proposed in Sec. [V.B.

Finally, this method provides great flexibility to design desired envelope databases. The exact same routine can be
applied to any set of states to be protected. Stochastic components such as disturbances can also be directly augmented
to simulations since the estimation has already been probabilistic.

On the other hand, it should be noted that this method can not totally circumvent the curse of dimensionality.
Despite the fact that a reasonable estimation is always available, the required sample size to achieve the same level of
reliability still grows exponentially with the dimensionality. Nevertheless, the base of the exponential complexity for the
MC-simulation-based method is usually smaller than that for the level set method. It was shown in Ref. [42] that the
required sample size to maintain the same level of the mean integrated squared error (MISE) is
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Nieq = O (MISE~ ). (34)

For comparison, the level set method has a time complexity of O (Ng”), where N is the number of computational
grid points in each dimension [43]. So the envelope estimation with MC simulation has a speedup factor of

7= (Ng : x/“MISE)d 35)

over the level set method. For example, when N, = 20 and MISE = 1 x 1073, the speedup factor  ~ 3.56<.
In addition, this method is still not efficient enough to be conducted online, a database approach is preferred to
estimate the reduced envelopes for different damage cases offline when used in fault-tolerant flight control.

IV. FEP System Design with Probabilistic Envelope

As discussed in Sec. I, the ultimate goal of envelope estimation is to avoid LOC by augmenting the flight control
laws to constrain the aircraft within the estimated envelope. This augmented part in the FCS is known as FEP systems.
This section continues to discuss the design of FEP systems with the probabilistic envelope defined in Sec. II.C and
estimated in Sec. III.

With the classical flight envelope definition, FEP systems are almost always implemented by limiting certain signals
in the FCS. This can be achieved by direct state-command limiting, or indirect limiting of control surface deflections or
virtual controls with a mapping of the envelope boundaries to avoid dependence on specific controller structures [32].
Such approach is also applicable to the probabilistic envelope by binarizing it with a threshold setting. An approach
with dynamic command limiting is discussed in Sec. IV.A. However, such hard constraints not only are impractical as
discussed in Sec. II.C, but also make the FCS totally blind before the limits are activated, which affects the ride quality.
Therefore, a novel probabilistic FEP is developed in IV.B, which utilizes the additional information provided in the
probabilistic envelope to react earlier and render more gentle protective actions. Instead of hard command limiting, this
method modifies commands throughout a flight.

In general, online FEP systems with probabilistic envelope estimated offline consist of two parts: 1) an envelope
database that generates an envelope metric at the current state in real-time as My, = Meny(x) and 2) FEP laws
that modify the references of protected states based on the envelope metric as Xgp = Xfep (Xref, Meny). The detailed
formulation of these two parts is discussed in the following sections.

A. State-Constraint-Based FEP

The state-constraint-based FEP starts by converting the probabilistic envelope to a classical envelope with absolute
boundaries. A threshold of the membership function is selected. Assuming an uncorrelated normal distribution for
fx(x), the threshold value at koo is

pg = €2, (36)

The k¢ value can be tuned for appropriate aggressiveness of FEP in specific applications.
The envelope metric is then constructed as a matrix of maximum and minimum constraints of protected states as

Menv(x) = [xmin(x) xmax(x)] . (37)

These state constraints are defined as follows. When the current state is in the estimated envelope, the constraints are
defined as the maximum and minimum values for each state to stay within the envelope with the other states unchanged.
When the current state is outside the estimated envelope, the constraints are defined the same as the closest point that is
within the envelope. This definition is illustrated in Figure 5 for a bivariate case.

The FEP law for the state-constraint-based method is direct command limiting. The envelope-protected reference is
a saturation function of the original reference with the upper and lower limits defined in Eq. 37 as shown in the following
equation.

Xfep = Max [Xmin, DN (X max, Xref)] » (38)

10
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x X2 Estimated Current state
2
Estimated /v envelope x(t)

X2,max ®) / envelope “‘\

Current state £ 3

Y x(t) X2,max(t)

'

Flight trajector
" Flight trajectory € ! Y

X2,min ()
xz,min(t)
X1,min () X1,max(t) X1 X1,min (£) X1,max(t) X1
a) Current state is in the envelope b) Current state is outside the envelope
Fig. 5 Definition of dynamic state constraints for a bivariate case.
B. Probabilistic FEP

For probabilistic FEP, the envelope metric stored in the envelope database is constructed as a function of the
membership value pz(x) with

Meny(x) = In (max (ug(x), €)), (39)

where € is a small constant. This metric describes how much the current state needs to be protected. A zero means no
protection is needed, whereas a value of In e means maximum protection is needed. In addition to the global evaluation,
the amount of protection applied to each protected state is furthermore determined by the gradient of the envelope
metric in that direction. A larger gradient means the protection can be more effective by modifying the command in that
direction. Thus, the probabilistic FEP law is proposed as

Xfep = Xref + X(x), (40)

with
— _ T
) { (Meny () Ago)Kfep Jh0), Zem(x» Mo @
, env(¥) < Mo

where M, is the threshold to activate envelope protection, Ky is a diagonal gain matrix, Jepy = 0 Meyy/0x is the
gradient of the envelope metric.

Comparing both FEP methods, the advantages of the probabilistic FEP are that 1) the aggressiveness of FEP can be
altered online by tuning the threshold M, and the gain vector K¢, without re-calculating the whole envelope database,
2) the modification to the command is predictive, which starts before reaching the envelope boundary, and 3) the
boundedness of the modification term is guaranteed, which completes the boundedness proof of PCH as will be shown
in Sec. V. On the other hand, the state-constraint-based FEP guarantees to constrain the command within a fixed region
in the state space, so its behavior is more predictable. A comparison of the applied FEP strategies for both methods is
illustrated in Fig. 6 for a bivariate case.

V. Multi-Loop NDI Controllers with Command Modification

Both types of FEP systems discussed in the last section interact with the controller by modifying the command. This
command modification is trivial for single-loop controllers as the command can be arbitrarily selected. However, the
FCS usually utilizes the time-scale separation principle to simplify the controller design and is thus multi-loop. In a
multi-loop controller, the inner-loop command is generated by outer loops, which cannot be arbitrarily modified. To
solve this issue, the concept of PCH is extended to multi-loop NDI, such that outer loops are ‘aware’ of and adjusted to
inner-loop command modification. This section starts by introducing the general concepts of NDI and incremental NDI,
followed by the application of PCH in multi-loop command modification.

11
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a) State-constraint-based FEP b) Probabilistic FEP

Fig. 6 Comparison of FEP strategies for state-constraint-based and probabilistic methods.

A. The Concept of NDI and Incremental NDI

To tackle problems of complex gain scheduling and low robustness to model inaccuracy and failure observed in
conventional linear controllers, NDI was proposed to inherently include nonlinearity in control laws by inverting the
flight dynamics. Consider an n-loop affine system

X = bi(x) + Aj(X)xp41,i = L2, ., 42)

where x1, x2, ..., X, are time-scale-separated states, x,.1 = d is the control inputs. The multi-loop NDI controller of the
system consists of two parts for each loop: 1) a linear PID controller that generates the virtual control inputs as

t
de:
v,-(x) = x,- = Kp,ie,- + Ki,i I eidl + Kd,i%v (43)
0
where e; = x; com — X; is the tracking error, and 2) input-output linearization by inverting the dynamics
Xivtcom = A7 (6) (Vi) = bi(x)), (44)

that maps the virtual control of the ith loop to the command of the (i + 1)th loop or the final control inputs.

In order to handle model inaccuracy, incremental NDI was developed in Ref. [44-46] by applying NDI to the
incremental form of the dynamic equations, such that only the control effectiveness part of the model is relevant in
the controller design. In this way, the robustness is enhanced as the controller is not dependent on accurate internal
dynamics. The incremental approach applies first-order Taylor series expansion to the system (Eq. 42) at the current
states and inputs as

O(b; + A;xiy1)
+ _—

ox; Xi=X{,0
Xi+1=Xi+1,0

i~.', i — X, . . — X1, ’.=,,...,.
Xi ® X0 (x; = xi0) + Ai(x0) (¥ir1 = Xisr0),i = L2, m 43)

Apply the time-scale separation principle, the second term in Eq. 45 can be neglected. So, the system dynamics and the
input-output linearization are approximated to be

X;=Xi0+Ai(x0)Ax;1,i=1,2,..,n, (46)
Xirtcom = A7 (x0) (vi(x) = Xi0) + Xis10i = 1,2, oo A7)

It should be noted that the incremental approach proposes additional requirements on the control system [44, 47]: 1)
the controller should have access to measurements of state derivatives (especially derivatives of angular rates), and 2) the
system should have both fast sampling rates and fast control actions. Therefore, a combined approach is usually adopted
with the incremental approach for dynamic loops and the ordinary approach for kinematic loops whose equations of
motion are universal with no uncertainties.

12
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B. Multi-Loop NDI with PCH

When FEP systems are embedded in the framework of multi-loop NDI, the commands generated by outer loops
are no longer directly fed into inner loops, but modified by FEP systems. This will affect both the stability and the
tracking performance of outer loops, as NDI assumes stable linear inner-loop dynamics. Therefore, an additional
feedback to the outer loop is required to compensate for the discrepancy. In terms of controller structure, a similar
framework in multi-loop nonlinear control is observed in command-filtered backstepping [48, 49], which adds command
filters between loops, possibly with magnitude and rate constraints, to obtain derivatives of commands required in
backstepping. The discrepancy induced by command filters is compensated in outer loops. However, the goal of
command-filtered backstepping is still asymptotic stability of the whole system, regardless of saturation in command
filters. The compensation strategy thus amplifies future outer-loop commands when inner-loop commands are protected.
This will lead to more saturation in inner-loop FEP systems, which is against the safety requirements. In addition,
asymptotic stability is not always possible since FEP needs to override tracking of the reference when needed. Therefore,
the framework of command filtering is not suitable for the application of FEP.

Then, interest was drawn to another framework, namely PCH. PCH was originally proposed to avoid the effect of
input saturation on system identification by adaptive neural network [50, 51]. The concept was later expanded to general
flight control systems as a way to avoid and compensate for actuator saturation of control surfaces [52, 53]. It was
proved in Ref. [50] that the system will remain bounded with PCH when the modification to the command is bounded.
It is noted that the goal of command modification in FEP is also to minimize saturation or activation of FEP systems.
When inner-loop commands are protected by FEP systems, future outer-loop commands will be attenuated by PCH to
prevent future violation of the flight envelope. Therefore, PCH was selected as the command compensation strategy by
generalizing from only the innermost loop for input saturation to multiple loops for both input saturation and FEP.

Consider an affine system as Eq. 42. The block diagram of multi-loop NDI controllers with FEP and PCH is shown
in Fig. 7. As shown in Fig. 7, the original command generated by outer-loop NDI is now known as the reference signal
X;ref. This signal is protected by state-constraint-based or probabilistic FEP system with Eq. 38 or 40, and becomes the
envelope-protected signal x; gp. Then, the envelope-protected signal is compensated by PCH to be the final command
X;com to the inner loop. The following reference model is used for PCH.

Xicom = Kref,i (Xi fep — Xi,com) — Vh,i» (48)

where

Vhi = Ai(X) (Xiviref = Xis1fep) @

is the hedged virtual control due to inner-loop FEP, K. ; is the reference model gain.

Envelope
database

l

Xiref Xifep <> - > 1 |Xicom| Linear v; Xisiref | Innerloops & | & . x
— FEP = . $ - - —» —> — Al i
system OO Kreri [P 5 % ) controller NDI/ INDI actuator ircraft T

Vhjj x T

Fig. 7 Block diagram of multi-loop NDI controllers with FEP and PCH.

Xi+1,fep

VI. The ICE Aircraft Model

The proposed probabilistic envelope estimation and protection framework was implemented on a simulation model
of Lockheed Martin’s ICE aircraft. The ICE project was initiated at the former Wright Laboratory in 1993, aiming
to explore novel control surfaces for high-performance fighter aircraft to achieve low radar cross-section, high angle
of attack (AoA) effectiveness, low lift-to-drag ratio and reduced hinge moments [54]. Selected designs were later
undergone wind tunnel tests for aerodynamic data. This paper focuses on a land-based configuration of the ICE aircraft
(ICE 101-TV) with a tailless delta wing with a 65° sweep angle and a single engine. The following sections introduce
its control suite and the high-fidelity model used to test the framework.
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Table 1 Position and rate limits of the control effectors on the ICE aircraft.

Positive deflection Position limit [deg] Rate limit [deg/s]

Inboard LEF  Leading edge down [0, 40] [—40, 40]

Outboard LEF Leading edge down [—40,40] [—40,40]
AMT Trailing edge down [0, 60] [—150, 150]
Pitch TV qg>0 [—15,15] [-150, 150]
Yaw TV >0 [—15,15] [-150, 150]
SSD Trailing edge up [0,60] [—150, 150]
PF Trailing edge down [-30, 30] [—150, 150]
Elevons Trailing edge down [-30, 30] [—150, 150]

A. The ICE Control Suite

The ICE control suite consists of 13 control effectors of six types, namely inboard and outboard leading-edge flaps
(LEF), all-moving wing tips (AMT), fluidic multi-axis thrust vectoring (MATV), spoiler-slot deflectors (SSD), pitch
flaps (PF), and elevons. The configuration of these control effectors is illustrated in Figure 8.

[ Inboard leading-edge flaps (ILEF)
[ Outboard leading-edge flaps (OLEF)
Il All-moving wing tips (AMT)

[ Multi-axis thrust vectoring (MTV)
[Spoiler-slot deflectors (SSD)
[ Pitch flaps (PF)
Il Elevons (ELE)

Fig. 8 Control effector configuration of the ICE aircraft [35].

The baseline control of the ICE aircraft is provided by two symmetrically-deflected PFs and two elevons. Elevons
can provide both pitching and rolling moments by deflecting symmetrically and asymmetrically respectively. In addition,
two inboard and two outboard LEFs can provide lateral-directional control authority at moderate to high AoA. Yaw
control authority at very high AoA is rendered by two AMTs. Two specially-designed SSDs can open a slot through the
wing for air to flow in when deflected, to provide additional lateral-directional control authority at high AoA and in
transonic flight. However, SSDs also induce strong coupling with effectors downstream. These aerodynamic effectors
are supplemented by MATYV, which alters the direction of the thrust to provide additional forces and moments. This is
implemented in both pitch and yaw directions.

Depending on their characteristics, different positions and no-load rate limits are specified for the control effectors,
which are summarized in Table 1 [35]. The upper and lower boundaries of the control surface deflections are then

6,(1) = min (5max, 60 + SmaxAz)
) , (50)
61(0 = max (6mina 60 - 6minAt)

where 0max, Omin are the position limits, Oyax, Omin are the rate limits. These boundaries define the set of admissible
inputs U.

B. The High-Fidelity Model of the ICE Aircraft
The ICE aircraft is still in the development phase. However, a high-fidelity aerodynamic model was released based
on wind tunnel tests from Lockheed Martin for academic use. The core part of the model describes all the dimensionless
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aerodynamic coefficients of forces and moments with respect to states of the aircraft as well as control surface deflections
in the aerodynamic model body frame F™ (back-right-up). These coefficients are expressed by summations of terms
which model the contribution of the base airframe, aerodynamic control surfaces, and interactions between control
surfaces as

Ci =ZC11 (6’ M,a,ﬁ,p, q, r) (51)
J

where i € {F o Fyy Fry My, My, MZ}. The nonlinear terms C;; are stored in look-up tables (LUT) and interpolated by
cubic spline interpolation. Details of the aerodynamic database can be found in Ref. [55]. The contribution of the
throttle together with the MATYV is described by an additional thrust vectoring model as

Fy tv =T c0s Sty S€C Oyt
Fy 1v = T 08 Oy tan dyyy,
F; 1y =T sin Opyy,
Mx,tv = 0,
My, = =Tdy sin Opyy,
M_ s, = =Td), COS Gpyy tan Sy,

(52)

where 0pry and Oy are deflections of the pitch and yaw thrust vectoring respectively, d, is the moment arm of the thrust
force. The dynamics of the control surface deflections are modeled with second-order dynamics. The engine is modeled
with first-order dynamics. Three predefined mass configurations can be used for light-load, nominal, and heavy-load
cases. The above databases and models are embedded in a Simulink model that solves the equations of motion in
real-time. Simulation results can be displayed to the open-source flight simulator FlightGear for visualization. The
simulation model runs at 100Hz.

Previous research elaborated the model with a physical spline identification of the aerodynamic database [56] and an
incremental nonlinear control allocation (INCA) scheme which effectively allocates the desired aerodynamic moments
to control effectors [35]. The physical spline model identified each of the nonlinear terms C;; with a physical spline of
Oth-order continuity. Thus, the control effectiveness matrix

[ 17 9CE.;(6.%)

17 B 5
L5 qas
0CF,,;(6,x)

17 ysJ _
T

18 8CFZ,_,~(6, x) .S
I T (53)
219 a(:'M)(,_]((sax) . _Sb
= a8 1
9Cpy,, (8, x)
8 »J —o=
dCy. (6, x)
19 2] —
e P

can be updated efficiently in real-time by summing up the gradient of each spline model analytically for each aerodynamic
control effector. The control effectiveness of MATYV is obtained by directly taking partial derivatives of Eq. 52.

Since the control surfaces are highly redundant for the ICE aircraft, the input-output linearization (Eq. 47) of the
angular rate loop in the incremental NDI controller is not trivial. The INCA scheme searches for the best combination
of incremental control surface deflections that satisfies both the input-output linearization relation and the position and
rate limits of the actuators based on the dynamic control effectiveness matrix. This control allocation scheme is also
used in the controller design of this paper.

VIIL. Implementation
The detailed implementation of the probabilistic envelope estimation and protection framework on the ICE aircraft
is introduced in this section. This section starts by discussing calculation of the trim set and selection of protected states.
Then, the detailed controller structure with FEP is introduced.
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A. Trim Set

As the starting point of envelope estimation, the trim set of the ICE aircraft needs to be specified as the apriori safe
set K. Trimming aims to find the equilibrium points of the system by formulating a constrained optimization problem
that constrains state derivatives to zero.

This paper considers steady-state, straight, and level flights at altitudes between 10000 ft and 30000 ft and Mach
numbers between 0.4 and 1.2 as the trim set of the ICE aircraft. Individual trim points are optimized on an altitude-Mach
grid within this range. The trim points are then interpolated by cubic splines to form a continuous trim set. Only AMTs,
elevons, and pitch thrust vectoring are used to trim the aircraft for efficiency. Note that AMTs and elevons deflect
symmetrically in a level flight. Therefore, the following variables are optimized

Xyim = [T damt dele dplv Q']Ta (54)
with the following constraints
p=g=i=i=v=w=¢=0—-a=0. (55)
The objective function is formulated as
J =J1 + kyim - J2, (56)
where ki is a weighting factor,
2
r 2 2 2
Ji = T_ , J2 = dame[rad]” + deje[rad]” + dptv [rad] (57)
max

are the objectives of minimum thrust and minimum control effort respectively.

This constrained optimization problem is solved by a sequential quadratic programming solver. The trimmed AoA
at the nominal mass configuration is shown in Fig. 9. This process is repeated for different mass configurations and the
case without thrust vectoring to compare envelope estimation results in Sec. VIII. When thrust vectoring is not activated,
PFs are used to trim the aircraft.

I Fitted trim set|

O Trim points

e a
TR [ALERNENAR bRy
T T e
10 \\\\\\\\\\\\\\\“\\\\\\\\\\\\\\\\\\\\\\\\f \
\)\\\\\\\‘\‘\:‘:‘:‘\\\\\\\\‘\‘\‘\\\\\}\\\ h
““i“““““

KX

Trimmed a [deg]

25
Mach number [-] 12 g3 Altude [f]

Fig.9 Trimmed AoA at different altitudes and speeds with nominal mass configuration.

B. State Definition

This paper considers seven states in the FEP of the ICE aircraft, including altitude /, ground speed V;, aerodynamic
angles «, 8, and angular rates p, g, r, which can well characterize the agility of the aircraft. It should be noted that roll
angle ¢ and pitch angle 6 are not included. This is because high-performance fighter aircraft like the ICE aircraft should
be able to steer to virtually any attitude. Instead, angular rates are protected to limit specific dangerous maneuvers. In
this way, a seven-dimensional envelope database was established.
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However, the reachability analysis framework works with open-loop commands only. This limits the time horizon
for inherently unstable aircraft like the ICE aircraft, as the flight tends to be unstable with open-loop commands. For the
ICE aircraft, random open-loop commands can hardly stabilize the aircraft after 1.5s. This time horizon is smaller than
the characteristic time scales of altitude & and ground speed V;. Thus, the altitude and the speed are not protected in the
applied FEP systems, but only used as parameters to obtain the envelope of the other five states.

C. Controller Structure

The controller implemented in this paper is a two-loop controller, which consists of an outer loop of aerodynamic
angles ¢, @, § with ordinary NDI and an inner loop of angular rates p, ¢, r with incremental NDI. The outer loop is
selected to test high AoA maneuvers for which the ICE aircraft is optimized. So, we have

xi=[papl,x2=[pqrl’,xs=6. (58)
The dynamics of the outer loop are
0 .
4 1 y y 1 singtand cos¢tand »
. d BCR) (qu - WAx) _Tuv 1 v
X1 =—|lal = U’ +w +| w2in2 Ziw? | g
s L Gy SRRy LY —— 0 —|lr
Vid+w?2 | V2T V2 v Vi + w2 Vu? +w? (59)
0 as(x)
= [Da(x)| + |aa(x)| X2,
bg(x) ag(x)
where
Ay=Ay—gsind, A, = A, +gsingcos6, A, = A, + gcos ¢ cos (60)

are the linear accelerometer measurements plus gravity components. The NDI control law for the aerodynamic angle

loop is
-1

Pret|  [ag(x)] 0
X2 ref = |Gref | = aa/(x) Vi — ba/(x) . (61)
Tref ag(x)] bg(x)

The dynamics of the inner loop in the incremental form are

L 7% I ) P A P
dy= g =d7 | [My| = {a| % T |a] |~ |do| + T (x0. 60)A, (62)
r M, r | 7o

The INDI control law for the angular rate loop is

i Do
X3t = Seom = (J3) T |v2 = [do |- (63)
ro
It is assumed that the ICE aircraft is equipped with angular acceleration sensors to obtain measurements of angular rate
derivatives. The control effectiveness matrix of aerodynamic moments J 3’1 is updated at each time step by the onboard
aerodynamic database developed in Ref. [56]. Note that J Zl” is non-square for the ICE aircraft due to over-actuation.
The procedure to obtain the generalized inversion of the matrix is known as control allocation. In this paper, the INCA
scheme developed in Ref. [35] is applied.
The throttle of the aircraft is controlled by a separated auto-throttle loop. The auto-throttle loop applies INDI to the
following incremental dynamics of speed
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. 1
Vg = — (cosacos B Fx +sinf- Fy +sinacos B - F;) — gsiny
m
. 1 OF, OF, dF.
zVg,0+E(cosozcos/3-a—]f‘+sin/i’~6—;+sinozcosﬂ~a—TZ AT (64)

= Vg,() + ar(x)AT,

The new thrust setting is selected as

kT(V Jref — Vg) - Vg,O
ar(x)

where k7 is the proportional gain. This dynamic inversion is not trivial for the ICE aircraft, since 1) the thrust force can

be distributed in all three directions due to MATYV, and 2) the ICE aircraft can operate at high AoA and sideslip angles.

To sum up, the complete block diagram of the envelope-protected nonlinear flight control system with aerodynamic
angle commands is demonstrated in Fig. 10.

Teom =Tp + > (65)

R
? [P q7ep
| L
-1 Aircraft M
L Y, o a,(x) Inner loop & | % | x
protection controller Z;‘gg [0 rTeet actuator
leapt | TN e ~
0
‘‘‘‘‘‘ ba (%) .
,,,,,,, ap(x) .
Envelope | -7 KN
database | | - N
-
[P @ Tre 2,7 Linear | -1 | ,| Actuator
protection controller () dynamics
[par]
\

Fig. 10 Block diagram of FCS with FEP on the ICE aircraft.

VIII. Results

This section demonstrates the probabilistic envelope estimation results and performances of the proposed FCS with
FEP by a simulation platform built on the high-fidelity model of the ICE aircraft in Matlab and Simulink. The goals are
to validate the reliability of the envelope estimation with MC simulations and the effectiveness of the proposed FEP
strategies. Unfortunately, the envelope estimation results cannot be validated by directly comparing with other methods
such as the level-set method, as other methods are computationally impractical for this model. Therefore, it is validated
by comparing the estimated envelopes at different flight conditions to show a reasonable correlation to the size of the
envelope. In addition, improved controller performances should be observed when the aircraft is protected within the
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estimated envelope. The effectiveness of the FEP strategies is demonstrated by testing maneuvers that result in LOC
when no FEP is applied.

The procedures of the probabilistic envelope estimation described in Fig. 4 are demonstrated in Fig. 11. This baseline
envelope estimation was conducted with nominal mass configuration, no disturbance, and full control effectors. The
time horizon was selected as 1.5 s. These flight conditions were altered for comparison as shown in later results. The
sample size of the MC simulation is 10,000. The objective weighting factor in trimming kgin, is 1. Two 3-D slices of the
estimated envelope are plotted at 20,000 ft and Mach 0.85 to show the longitudinal and lateral envelopes respectively.
This routine starts with the raw MC simulation samples in Fig. 11 a), followed by the kernel density estimators of
reachable sets in Fig. 11 b). It can be seen that the kernel density estimators can well capture the distribution of the
samples. The probabilistic intersections of the reachable sets in Fig. 11 c) form the estimated envelope. Two a-cuts at
ko = 1,2 are plotted for the fuzzy sets to demonstrate the probabilistic nature of the estimation.

300 - Forward datapoints

300 I Forward reachable set 60 I Estimated envelope

Backward datapoints I Backward reachable set
150 150
Q 7 7
J= ) = D
g g’ g
(=2 o L= 2
-150 -150 3
-300 300
-90 -90
0
90 o B ’ o ¥ ’ 0 -
o - 9 -90 30
o [deg] 6 [deg] o [deg] 0 [deg] o [deg] 6 [deg]
‘ - Forward datapoints I Forward reachable set I Estimated envelope
Packward datapoints I Backward reachable set 60
TR W
80 80
30
=) = =
s, @ £ o 2o
< > =
-30
-80 -80
-60
-200 -200 60
100 0 100
0 0 ’ 60 w0 ? *
200 -100 g -40 -~
p [deg/s] rldegls]  pldegis] 200 -100 r [deg/s] p [deg/s] 0 degrsl
a) Sample points b) Reachable sets c) Flight envelope

Fig. 11 Demonstration of envelope estimation with MC simulation under the baseline flight condition. Inner
volume: the a-cut at 10, outer volume: the a-cut at 20-.

Since it is hard to directly illustrate the whole seven-dimensional envelope, covariance analysis was conducted to
show the characteristics of the results as in Fig. 12. The covariance matrices of the five protected states p, ¢, r, @, 8 were
calculated on a grid of 4 and V, and interpolated by fourth-order polynomials. The diagonal elements are square-rooted
to be the characteristic sizes of the envelope at 1o~ and denoted as

i = cov(i,i),i € {p,q,r,a, B}. (66)
The off-diagonal elements are normalized to be the correlations between two states and denoted as
cov(i,j) . . S
pij=———Lje{p.qr.ap},i#]. (67)
gi0j

It is observed that there is no correlation between longitudinal states ¢, @ and lateral states p, r, 8. The other 9 elements
are plotted. As shown in Fig. 12, the envelopes of roll and yaw rates enlarge with speed, whereas the envelope of &
shrinks with speed. The envelopes of ¢ and 8 peak at around 850 ft/s.
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Fig. 12 Covariance analysis of the estimated envelope under the baseline flight condition.

The estimation was validated by comparing various flight conditions. Fig. 13 shows different estimation results
under different time horizons, control effectors, disturbances, and mass configurations. 2-D slices of the envelope are
plotted both longitudinally and laterally at two different speeds (500 ft/s and 800 ft/s) to compare the envelope size.
It is shown that the size of the envelope grows significantly with the time horizon. The inclusion of thrust vectoring
especially helps enhance the maneuverability in the yaw direction but has less effect on other states. Severe disturbance
can enlarge the estimated envelope, as it may help steer the aircraft in the direction that enlarges the envelope under some
cases. As for the mass configuration, a lightweight configuration can also enlarge the envelope. All these correlations
agree with predictions.

In the envelope protection scheme, the ranges and resolutions of the states stored in the envelope database are shown
in Table 2. The applied linear controller gains for both loops and the auto-throttle are listed in Table 3, as well as the
compensation gains of the probabilistic FEP Kf,. The reference model gains in PCH Kif,; were selected the same as
the proportional gains of the same loop K}, ;. The threshold kg of the state-constraint-based FEP was selected as 3. The
threshold to activate the probabilistic envelope protection M is 0. All simulations of the controller start with a trimmed
flight at 20,000 ft and Mach 0.85.

The performance of the envelope-protected controller was tested by two sample maneuvers. The first command,
known as Maneuver A, is a triangular « signal with a base of 4 s and a height of 90 deg. The selection of triangular
signals over pulses or doublets is to demonstrate the difference between the two FEP strategies: state-constraint-based
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Fig. 13 Comparison of envelope estimation results under different flight conditions.

FEP only activates above a certain threshold, whereas probabilistic FEP activates throughout the flight. The controller
performance is shown in Fig. 14. The second command, known as Maneuver B, is a combined @-f command of two
consecutive triangular signals with opposite signs. The triangular signals have a base of 6s and a height of 50 deg. The
B signal lags 2s behind the « signal. The controller performance is shown in Fig. 15. The commands are prefiltered by a
low-pass filter. For both maneuvers, LOC is observed without FEP.

It can be seen that both FEP strategies are effective in protecting the aircraft against LOC. The state-constraint-based
method performs completely the same as a normal controller in the beginning. Then after the state constraints are
activated, the command steers to follow the estimated state constraints immediately. In contrast, the probabilistic method
actively modifies the command throughout the flight based on the membership value of the current state. Thus, the
aircraft response is smoother with better ride quality. A direct comparison of the controller performance in terms of
FEP is shown in Fig. 16 by the probabilistic envelope metric. A higher value means the aircraft is safer in the envelope.
However, it should be noted that both FEP strategies are flexible in aggressiveness by tuning the threshold value k¢ and
the compensation gain K., respectively.
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Table 2 Grid of the envelope database
Table 3 Summary of controller gains.

Min Max Res
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r [deg/s]  -60 60 30 K, 650 650 580 200 2.00 160 1.00
a[deg]  -60 60 5 K, 0.00 0.00 000 050 050 0.30 0.00
Bldeg]  -45 45 5 K; 000 000 050 090 090 0.00 0.00
Ve [fts] 400 1300 180 Kip 005 005 005 N/A 080 0.80 N/A

R[ft] 10,000 30,000 5000

Time [s] Time [s]

a) State-constraint-based FEP. b) Probabilistic FEP.

Fig. 14 Comparison of FEP performances for Maneuver A. REF: reference, FEP: command after FEP, PCH:
command after PCH, ACT: actual response, SFE: estimated envelope boundary.
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Fig. 15 Comparison of FEP performances for Maneuver B. REF: reference, FEP: command after FEP, PCH:
command after PCH, ACT: actual response, SFE: estimated envelope boundary.

IX. Conclusion
This paper presents a novel framework to apply high-dimensional envelope estimation and protection to aircraft
with complex nonlinear models. The framework extends the definition of the flight envelope to fuzzy sets and uses
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Fig. 16 Effectiveness of FEP in terms of the probabilistic envelope metric.

MC simulation with extreme control effectiveness sampling to circumvent solving the optimization problem directly.
In this way, the probabilistic envelope can be estimated conservatively and efficiently under flexible flight conditions
for no less than seven dimensions. Furthermore, the estimated envelope is stored onboard to provide online dynamic
FEP to a multi-loop NDI controller with both conventional command limiting and predictive probabilistic modification
strategies. Simulation results on a high-performance fighter aircraft show both good validity of the estimation and
effective protection capability to avoid LOC.

However, this framework still relies on offline estimation. Future work can be conducted to include aircraft damage
models to extend the application to fault tolerant control. It is also preferable to adopt close-loop commands in this
framework for envelope estimation of slow variables.
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Chapter 1

Introduction

Safety is the most crucial issue in all sections of aviation including flight control system
design. It was observed by various sources (Ranter, 2007; Boeing Commercial Airplanes,
2016; European Aviation Safety Agency, 12011) that loss of control (LOC) in flight is the
most common primary cause of fatal accidents. LOC occurs when the aircraft has left the
part of the state space where aircraft are safe to operate, which is commonly known as
the safe flight envelope (Kwatny et al), 2012). Unfortunately, the determination of the safe
flight envelope is not trivial even when the dynamics of the system are assumed completely
known. Highly nonlinear systems including advanced flight control systems usually rely on
reachability analysis to obtain the safe flight envelope. However, such envelope prediction
techniques suffer from the curse of dimensionality. The maximum dimension implemented is
four (Oort, Chu, & Mulder, 2011; [Seube, Moitie, & Leitmann, 2002).

When the safe flight envelope is known, flight envelope protection (FEP) systems aim to keep
aircraft within the envelope, ranging from control augmentation systems that help pilots iden-
tify the proximity of envelope boundaries through stick shakers or displays, to compensators
that directly modify pilots’ inputs in manual control, to constraints embedded in automatic
flight control system (Yavrucuk, Unnikrishnan, & Prasad, 2009). With the emergence of non-
linear and adaptive flight control, automatic envelope protection is more desired to modify
commands online when aircraft is close to the boundary of flight envelope or suffered dam-
age to achieve carefree maneuvering. Preliminary implementation of such concept has been
observed on modern commercial aircraft such as Boeing 777 and Airbus A380 to avoid stalls
or limit load factors.

On the other hand, in military applications, tailless aircraft emerge with the need of low
signature characteristics and reduced structural weight. In this way, the above challenges
are more prominent in the context of high-performance tailless aircraft with unconventional
control effectors, as

e tailless aircraft are inherently unstable with less directional control authority,

e with highly nonlinear dynamics and unconventional control effectors, the flight envelope
tends to be highly nonlinear as well,
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e extreme maneuvers are expected to be made which are closer to the boundary of the
flight envelope.

Flight control systems of such aircraft often involve model-based nonlinear control including
nonlinear dynamic inversion and backstepping with control allocation scheme.

One example of high-performance tailless aircraft is the Innovative Control Effectors (ICE)
aircraft designed by Lockheed Martin (Bowlus, Multhopp, & Banda, [1997). The ICE aircraft
is a tailless aircraft with a suite of 13 control effectors in total, including spoiler-slot deflectors
and thrust vectoring. With improved lift-to-drag ratio and reduced weight, the ICE aircraft
is highly maneuverable. It was observed in previous research (Matamoros & Visser, [2018)
that the ICE aircraft tends to steer outside the envelope without an FEP system.

1-1 Research Objectives

To tackle the above challenges, in terms of envelope prediction, this project will explore a
stochastic method to obtain a reliable and safe estimation of the flight envelope by Monte
Carlo (MC) simulation. Though being offline, this method is promising in solving envelopes
with high dimensions and complex dynamics within limited computation time and power,
while avoiding overestimation. In terms of envelope protection, an envelope-protected multi-
loop nonlinear controller will be developed with the functionality to automatically modify
commands to protect the envelope. The designed controller will be integrated with an onboard
envelope database obtained by the offline envelope estimation.

In this way, the goal of this project is to develop a computationally efficient algorithm for high-
dimensional envelope estimation and to design a nonlinear controller that constrains aircraft
within the estimated envelope while tracking desired commands. This envelope prediction
and protection algorithm will be tested by simulation with a high-fidelity model of the ICE
aircraft. Thus, the research objective is to

1. develop an envelope estimation method that can be efficiently solved for high dimensions
by MC simulation, and then

2. develop an envelope protection method to automatically restrict maneuvers that will
drive aircraft out of the estimated flight envelope by a nonlinear controller with com-
mand modification methods similar to command filtering (CF) and pseudo control hedg-
ing (PCH).

The validity of above methods is to be verified on the ICE aircraft by simulation. It should be
noted that the envelope estimation can be conducted offline and carried onboard by database
approach due to a practical limitation of onboard computational power. Thus, it may not
be effective when the aircraft is impaired or malfunctioning unless the case is already studied
and stored in the database.

The above objectives can be further divided to be achieved in sequence as follows.

1. To develop an MC simulation routine that can estimate envelopes of selected states.
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2. To develop a baseline multi-loop nonlinear controller that can handle state constraints
to provide envelope protection.

3. To establish an onboard model that can translate stored envelopes to state constraints.

4. To tune the controller parameters such that the envelope is protected while the controller
maintains satisfactory tracking performances.

This project will be innovative to apply multiple techniques into the framework of envelope
prediction and protection including stochastic MC simulations to estimate the safe flight
envelope and multi-loop nonlinear controller with envelope prediction by a database approach.
With these techniques, this project will be the first to explore the envelope of the ICE aircraft,
despite that LOC is already often observed in previous research.

1-2 Research Questions

To reach the aforementioned project objectives, the following research questions are formu-
lated.

1. How can the full safe flight envelope be estimated with limited computational power?

e What states and state combinations are useful in envelope protection?

e How is the apriori trim set determined which served as the starting point of enve-
lope estimation?

e How should the open-loop control inputs be sampled with?
e How is the validity and accuracy of the envelope estimation?

— Is it under-estimated or over-estimated?

— How is it compared with reachability-analysis-based methods such as the level
set method?

— How is it affected by the fidelity of the simulation model?

2. How can the estimated envelope be applied as state constraints in a multi-loop nonlinear
controller?
e How should the offline envelope estimation results be stored onboard?
e What command modification method is the most appropriate?

— What are their modification strategies when approaching the boundary of the
envelope?

— How is their robustness under model inaccuracy?

3. Is the proposed envelope prediction and protection method effective in reducing LOC-
related accidents compared to the baseline incremental nonlinear control allocation
(INCA) method?

e What representative LOC modes should be investigated?
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Figure 1-1: The work breakdown structure of the project.

e To what extent can the violation of flight envelope be avoided?

e How is tracking performance affected by the introduction of envelope prediction?

Based on the above discussion of research objectives and questions, the work is broken down
as shown in Figure [I-1]

The rest of the preliminary report organizes as follows. Chapter 2l surveys the state of art in-
flight envelope prediction and protection as well as control system design of the ICE aircraft.
The design of the ICE aircraft and corresponding Simulink model are also discussed. Chapter
Bl targets at the gap in current research and presents methodology applied in this research.
Chapter @] demonstrates and discusses current results. Chapter [ concludes the report and

proposes plans for the next phase of research.
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Chapter 2

Literature Survey

This chapter aims to investigate available methods for envelope prediction and protection, in
order to select suitable methods to be applied to the ICE aircraft in this project. Since the
project deals with three distinctive topics, namely envelope prediction, envelope protection,
and the ICE aircraft, the literature review surveys the state-of-the-art for the three topics
respectively as follows.

2-1 Envelope Prediction

As discussed in Chapter [I the key to reducing LOC accidents by control system design is
to obtain a reliable estimation of the flight envelope. Various applications rely on this in-
formation. In fault-tolerant flight control, the flight envelope of impaired aircraft is needed
in the reconfiguring controller (Tang et al), 2009). It is also useful in display design to in-
crease situation awareness of pilots (Lombaerts et all, 2015). More directly, it is used to
support FEP systems to reduce the workload or achieve automatic control as in this project
(Yavrucuk et all, 2009; [Falkena, Borst, Chu, & Mulder, 2010).

Intuitively, the flight envelope describes the set of all possible flight conditions where an
airplane is constrained to operate (Helsen, Van Kampen, Visser, & Chu, 2016). However,
the conventional envelope only deals with slow variables like altitude and airspeed in steady
or quasi-steady conditions to achieve upset prevention (Ruijgrok, 2009). To identify LOC,
five envelopes were defined in (Russell & Pardee, 2000), all of which are two-dimensional.
However, this type of envelope fails to take the dynamics into account and is usually empirical
from flight tests (Helsen et all, 2016; Kwatny et al), 2009). Therefore, a new type of envelope
is defined as all the possible states where an airplane can reach from and be controlled back
to a set of initial flight conditions within a given time horizon, which is also known as the
dynamic envelope (Oortl, 2011) or the immediate envelope (Tang et al., 2009). The set of
initial flight conditions is usually selected as the trim set, where all the state derivatives can
be regulated to zero. This is also the type of flight envelope that will be discussed in this
research. Definition 2=I] and are used for the remaining part of the report.
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Definition 2-1 (Trim set) A state space where aircraft can stay indefinitely.

Definition 2-2 (Dynamic flight envelope) A state space where aircraft can reach
from and fly back to the trim set within a finite time horizon.

Due to its critical position in safety, the flight envelope prediction has been investi-
gated by various methods. Results of flight tests or wind tunnel tests were directly
applied in (Bokovic, Redding, & Knoebel, 12009; |[Roemer, Tang, Bharadwaj, & Belcastra,
2008). Model-based computation of achievable trim points was conducted in
(Goman, Khramtsovsky, & Kolesnikov, 2008). Bifurcation analysis (Kwatny & Allen, 2012)
and a vortex lattice algorithm combined with an extended Kalman filter (Menon et all, [2011))
were used in the online estimation of impaired aircraft. Among all the methods, the most
rigorous and extensively studied method is the reachability analysis, which will be explained
in detail in the following section.

2-1-1 Reachability Analysis

It has been proved that the flight envelope estimation problem can be formulated as a reach-
ability problem with the optimal control framework by studying possible trajectories of the
dynamic system (Lygeros, 2004). This formulation is extensively applied in envelope predic-
tion (Lombaerts, Schuet, Wheeler, Acosta, & Kaneshige, 2013; Nabi et all, 2018). Consider
an autonomous nonlinear system

& = f(x,0), (2-1)

with € € R™, § € U C R?®, where U is the set of admissible inputs. All the states @« that
can be reached from a set K with at least one admissible input § € U within a time horizon
Ty form the reachable set R(T, K). A similar definition is the invariant set I(7', K), which
describes all the states x that can be remained in a set K with any admissible input § € U
for any time in a time horizon Ty. Mathematically, the above definitions are expressed as

R(Ty, K) = {2(r) € R"36(1) € Ujg.r,). 37 € [0.T7l, 2(0) € K, (22)
I(Ty, K) = {x(0) € R"|Vé(t) € Ujo,ry), VT € 0, T¢],x(T) € K}. (2-3)

Furthermore, it was proved that the following principle of duality holds
R(Tf¢K) = (I(vaKC))Ca (2'4)

where A¢ denotes the complement of A.

Similar definition can be applied to the same system but runs backward in time,
x=—f(x,0). (2-5)

In this way, the reachable set for the original system Rf (T ', K) is known as the forward reach-
able set, where as that for the backward system Rb(Tf, K) is known as backward reachable
set.

If K is selected as the apriori trim set of the aircraft, Rf(T ', ) defines all the states the
aircraft can reach within T from steady state; Rb(Tf, K) defines all the states the aircraft can
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safe
backwards operating set
reachable set forwards
reachable set

Figure 2-1: Schematic of reachability analysis in envelope prediction.

,2011)

be controlled back to steady state within 7. In this way, the flight envelope to be estimated
is the intersection of the above two reachable sets

Edyn(Tf7K) :Rf(Tf7K)mRb(Tf7K)7 (2_6)

according to the definition of dynamic envelope. Figure 2=I] summarizes the relation between
reachable set and envelope prediction.

Various methods are available to solve the reachable set. For linear systems, convex optimiza-
tion (I@m&n_&_ﬂelmnksﬂ ) and geometric methods which describe the set with geo-
metric primitives m M ) were developed based on the convexity of the reachable set.
For nonlinear systems, widely studied methods include the distance-fields-over-grids method

(Helsen et all, [2016) and the level set method (Nabi et all, 2018; Lombaerts et all, 2013;
Zhang, Visser, & Ch ﬂ u)_d), possibly with the semi-Lagrangian method (Oort et al J Uul
or time-scale separation (IKiLSJQs_&_L;LngéJ, |20_Qd) The distance-fields-over-grids method
uses a predefined grid of the state space as the target states and optimizes the control inputs
at each time step such that the distance between the final and the target state is minimized.

For the system Eq. 2=1] the optimal-control problem aims to minimize

1
J = 3ll2(T)) - gyl . (2-7)

where g, is one grid point. Thus, the convex hull of all optimized final states forms an
estimation of the reachable set.

The level set method formulates the level set of invariant sets V(x, t) from the level set of the
trim set [(x) by an optimization problem and solve it by a partial differential equation

ov

. . ov
E($7 t) + M- c[0,7y] {lnftsEU%(ma t)f(il’:, 6)} =0, (2'8)

which is known as Hamilton-Jacobi-Bellman partial differential equations (HJB-PDE). The
invariant set can be converted to the reachable set by Eq. 24 A MATLAB toolbox is
available to solve the HJB-PDE for the level set method m, @)
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However, the common problem with these methods to numerically solve the optimal control
problem and/or the partial differential equations is the high computational load for nonlinear
systems with higher dimensions (Lombaerts et all, 2013). The maximum dimension imple-
mented is four (OQort et all, 2011; [Seube et all, 2002). The common solution is simply re-
stricting investigation to problems with low dimensions, usually by introducing virtual inputs
to simplify the system dynamics (Tang et all, 2009). The maximum dimension implemented
is four (Oort et all, 2011); [Seube et all, 2002).

2-1-2 Monte Carlo Simulation

Given the above problem, an idea was proposed to repeatedly sample the control inputs that
may be selected in the optimal control framework of the level set method randomly, instead
of solving the HJB-PDE for the exact optimal control inputs. This concept, in general, is
known as MC simulations. Unfortunately, there is no research to apply MC simulations in
flight envelope estimation yet. The closest application is workspace determination in robotics
(Guan, Yokoi, & Zhang, 2008), where a robotic system was randomly simulated to obtain its
physical limits geometrically. However, only simple geometry and kinematics were considered
in this research.

A general MC simulation follows the following procedure (Mahadevanl, 1997):

1. generate random input variables based on their probability distributions,
2. perform deterministic analysis and record the results,
3. repeat Step 1 and 2 for a number of times, and

4. calculate the probability of occurrence based on the results.

In this project, the sampling of initial states and control inputs plays the most important role,
as it determines if the results of the simulations are valid when compared with the framework
of the reachability analysis.

Another side product of this method is that a probabilistic envelope can be generated to
show how likely a state is within the envelope instead of an absolute boundary obtained by
the level set method. To convert the point cloud obtained by MC simulation to a proba-
bility distribution of the reachable set, i.e., Step 4 in the MC simulation procedure, density
estimation is needed (Silverman, 1986). The commonly used density estimation methods
include histogram, kernel density estimation (Heidenreich, Schindler, & Sperlichl, 2010), or-
thogonal series estimation (Efromovich, 2010), and maximum penalized likelihood estimation
(Eggermont & LaRiccia, 2009).

Histogram divides bins in each dimension of data and counts the number of sample points
in each bin. Then, the probability density for all points in the same bin is defined as the
number of sample points over the bin size. The main problem with histogram is that it is
not continuous at the boundary of each bin. Kernel density estimation improves histogram
by replacing fixed bins with a continuous kernel function. Consider a multi-variate case, to
estimate a d-dimensional random vector

X = (X1, Xo, ..., Xg)T (2-9)

Mingzhou Yin Envelope Estimation and Protection of Innovative Control Effectors (ICE) Aircraft



2-2 Envelope Protection 39

by n samples
Yi = (Yi1, Yizs s Yia) 50 = 1,2, 0,1, (2-10)

the multivariate kernel density estimator is given by

ZKH ~u) _nh1h2 hdZHk ) (21

=1 j=1

where h; is the bandwidth of the jth variable, k() is the kernel function for each dimension
satisfying

/OO k(z)dx = 1. (2-12)

Usually, a Gaussian function is used. The bandwidth is comparable to the bin size in his-
togram, which determines the range of data that is involved in the estimator. The bandwidth
can be selected by the Silverman’s rule of thumb (Silverman, [1986; Heidenreich et al., 12010)

4 } 1/(d+4)

hj=0; {(d+2)n : (2-13)

where o; is the standard deviation of the jth variable.

Orthogonal series estimation decomposes the probability density function into orthogonal
series (usually trigonometric) and estimates weights of orthogonal terms. Maximum penalized
likelihood estimation solves for the probability density function that maximizes the likelihood
to obtain the same sample, while penalized for the 'roughness’ of the function.

2-1-3 Trimming

Trimming is the process of finding the equilibrium points of the system
(Kampen, Chu, Mulder, & Emden, 2007). Although this is not the central task of this
research, in estimating the flight envelope by reachability analysis, an apriori safe set is
needed, which is usually selected as the trim set. This is because the aircraft can stay
indefinitely inside the trim set, which is inherently safe. This will be the starting point
of reachability analysis. Trimming is usually implemented by formulating an optimization
problem that constrains state derivatives to zero. The cost function can be selected as thrust
or control deflections. The trim set can be solved by ordinary nonlinear solvers such as the
interior-point method and sequential quadratic programming (SQP) (Nocedal & Wright,
2006), interval analysis (Kampen et al., 2007), and bifurcation (Ananthkrishnan & Sinha,
2001).

2-2 Envelope Protection

With the estimated flight envelope available, the objective of envelope protection is to ensure
the states of the aircraft remain within the bounds specified by the envelope, preferably in
both autopilot modes and manual control (Tomlin, Lygeros, & Sastry, 1998). This can be
done by open-loop cueing to pilots (Gingras, Barnhart, Ranaudo, Ratvasky, & Morelli, 2009;

Envelope Estimation and Protection of Innovative Control Effectors (ICE) Aircraft Mingzhou Yin



40 Literature Survey

Hossain, Sharma, Bragg, & Voulgaris, 2003), or integrated into the flight control system. The
latter method is to be investigated in this project. The objective of the FEP system is
to override pilot’s command when the aircraft is about to cross the pre-defined safe flight
envelope. This has been implemented in many types of controllers, including hybrid control
(Tomlin et all, 11998), model-based predictive control (Falkena et all, 2010), and adaptive
neural networks (Yavrucuk et al., 2009). Among them, one of the most convenient ways is
to impose envelope protection in model-based nonlinear control such as nonlinear dynamic
inversion or backstepping by command modification (Slotine & Li, [1991). This section first
introduces the framework of advanced flight control systems, followed by available command
modification methods.

2-2-1 Advanced Flight Control System

An airplane is a highly nonlinear system. However, conventional flight control systems only use
classical linear control theory and cope with nonlinearity by dividing the workspace into sepa-
rate operating regimes with gain scheduling (Enns, Bugajski, Hendrick, & Stein, 1994). This
is clearly not suitable for FEP systems as no universal control law is available for command
modification. This type of controller also suffers complex gain scheduling, low robustness to
model inaccuracy and fails to include failure detection and fault tolerant control. Therefore,
advanced flight control systems were developed to include nonlinearity in control laws by in-
verting the flight dynamics. Two famous methods are nonlinear dynamic inversion (NDI) and
backstepping. To enhance robustness to model inaccuracy, controllers can be made adaptive
or incremental. The former updates the aircraft model based on measured aircraft response;
the latter only includes the control effectiveness part of the model to reduce the effect of
model inaccuracy. The incremental approach will be applied to this project.

Nonlinear Dynamic Inversion & Backstepping

Consider an affine nonlinear system
@ = £(z) + ()9, (2-14)

the NDI controller consists of two parts: 1) a linear controller that generates the virtual
control input v(x) = @&, which is usually a PID controller, and 2) input-output linearization

§ =g (@) (v(z) — f(z)), (2-15)
that maps the virtual control to the actual input.

In the application of flight control, the controller is usually designed in multiple loops, making
use of the principle of time-scale separation. For multi-loop systems, NDI controllers assume
the reference to the inner loop controller is the same as the real aircraft response. Thus,
different loops can be totally separated. However, no analytical stability proof is available
for this assumption. This theoretical flaw is solved by backstepping, which adds a cross term
between loops that compensates the difference between the reference state and the actual
aircraft response. The tracking error of this method was proved to be asymptotically stable
(Sonneveldt, Chu, & Mulder, 2007).
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Consider an n-loop affine system
&; = fi(xi) + gi(xi)Tiv1,i=1,2,...,n, (2-16)

where x1,xs,...,x, are states, d = x,41 is the control input. The backstepping method
proposes the following cascaded equations to obtain the control input.

1 .
o = a(—K1Z1 - fi+9r) (2-17)

1 . .
i = —(=gi-12i-1 — Kizi — fi + &;-1),i = 2,3, ...,n, (2-18)

7

where K are linear control gains, «, is the control input, z; are tracking errors to @; with

21 =21 —Yr, 2 = L; — Oj—1- (2—19)

The Incremental Approach

In order to handle model inaccuracy, an incremental form of backstepping was devel-
oped at Delft University of Technology (TU Delft) (Acquatella, Kampen, & Chu, 2013;
Lu, Van Kampen, & Chu, 2015) by modifying a backstepping controller such that only the
control effectiveness part of the model is relevant in the controller design. The internal dy-
namics part of the system is approximated by state derivatives. In this way, the controller
is less dependent on accurate dynamics, and the robustness of the controller is enhanced.
Consider a nonlinear system as in Eq. 2=1] the incremental approach linearizes the system at
the current time step in realtime as

n o(f + g9)

ox T=x
5=00

T ~ @ (x —@o) + g(xo) (6 — do), (2-20)
where xy and &y are the states and inputs at the current time step respectively. Ap-
plying the time-scale separation principle, the second term in Eq. [B-201 can be ne-
glected since the variation of states is much slower than that of control inputs. Similar

method can also be applied in nonlinear dynamic inversion (Sieberling, Chu, & Mulden, [2010;
Simplcio, Pavel, Kampen, & Chu, 2013; |Acquatella, Falkena, Kampen, & Chu, 2012).

It should be noted that the incremental approach proposes additional requirements on the
control system as follows (Acquatella et all, 2013; Sieberling et all, 2010).

e The controller should have access to measurements of state derivatives (especially deriva-
tives of angular rates). This can be obtained directly by angular acceleration sensors,
or by differentiating and filtering the gyro measurements from the inertial measurement
unit.

e To legitimize the time-scale separation, the system should have both a fast sampling
rate and fast control action.

Therefore, it is suggested to apply the incremental approach for dynamic loops, and the
ordinary approach for kinematic loops since their equations of motion are universal with no

uncertainties.
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Figure 2-2: Schematic of full trajectory nonlinear flight control system.

Structure of the flight control system

There are different control modes for flight control systems depending on their applications.
In manual control, the rate command attitude hold (RCAH) mode is often implemented
(Falkena et all, [2010), where pilots give commands of attitude derivatives q.STe I3 0, ¢ from the
stick. This command is intuitive to pilots and reduces workload. The controller integrates the
input and uses it as the reference together with a zero side-slip angle 8 command. In auto-
pilot modes, higher levels of control are implemented including aerodynamic angles u, a, 3,
the velocity vector Vi, x,v (or u,v,w), and the position x¢,ye, ze. The schematic of a full
trajectory control system is illustrated in Figure 2=2

The equations of motion for the above control modes are summarized in Eqs. 2-21] to 2=2§]
(Sonneveldt, Van Oort, Chu, & Mulder, 2009; Lombaerts, Looye, Chu, & Mulder, 2010).

Position

Velocity vector

Mingzhou Yin

4 |%e Vj cos x cosy
|| = Vg sin x cosy (2-21)
Ze —Vysiny
1 0 0 F, 0
0 ey O Ty |Fy| +Toe | 0] ], (2-22)
0 0 — mlvg F, mg
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where F, F,, F, are aerodynamic and propulsion forces in the body frame,

cos acos f3 sin 3 sin «cos 3
Ty = |—cosasinfcosp +sinasing cosfBcosp  —sinasin B cos pp — cos asin
—cosasin fSsiny —sinacosp  cosfBsing  — sinasin 8sin p + cos a cos

(2-23)

is the transformation matrix from the body frame to the velocity frame,

cosycosy sinycosy —sinvy
Tye = | —siny cos x 0 (2-24)
cosxsiny sinysiny cosvy
is the transformation matrix from the earth frame to the velocity frame.

In the body frame, we have

FRIKZ —qw+rv—gsin9+%
hal _ ; By N
! ru+pw+gcost9s1n¢+ﬁz (2-25)
w —pv + qu+ gcosf cosd + =
Aerodynamic angles
—uv ) —vw »
d | 2 2 2 2
r

0
1/uQ_|_,w2 */’LL2+U)2
P [u(A; + gcospcosf) —w(A; — gsind)]
u? 4+ w
+ 1 [—uv v? vw ’

Ay —gsind) + (1 — —)(A i ) — — (A, 0
N Ewr: ng( gsinf) + ( %2)( y + gsingcosb) vg2( + g cos ¢ cos 0)

where A;, Ay, A, are linear accelerometer measurements.

Euler angles

q 1) 1 sin¢gtanf cos¢ptanf| |p
T 6] =10 cos ¢ —sin¢ q (2-27)
P 0 sing¢secf cos¢psech| |r
Angular rates
a |P M, P P
a q| = I My —lq| xI|q , (2_28)
M, r T

where M,, M,, M, are aerodynamic moments in the body frame,
Ia:ac _Izy _Iarz
I=\|\-1, I, —I,. (2-29)
_sz _Izy Izz

is the inertia matrix.
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Figure 2-3: Second-order command filter with magnitude and rate constraints.
(Farrell, Polycarpou, & Sharma, [2004)

2-2-2 Command Modification

With the FEP system, the command to the controller will be modified to satisfy the state
constraints specified by the envelope database. A second-order filter is often used which can
handle magnitude and rate constraints. The block diagram is shown in Figure 2=3]

However, in a multi-loop controller, the modification of intermediate state commands
or control inputs will affect the stability and tracking performance of outer-loop com-
mands. Thus, outer loops need to be compensated based on the difference between
the original and modified inner-loop commands. Two commonly-used methods on this
are CF with tracking error compensation (Farrell, Polycarpou, Sharma, & Dong, 2008;
Dong, Farrell, Polycarpou, Djapic, & Sharma, 2012) and PCH (Johnson & Calise, 2000,
2001). CF originated from the need to find an alternative way to obtain derivatives of com-
mands which is required in the backstepping controller design, as it is usually extremely
tedious to derive them analytically in a multi-loop system. When the filter is augmented with
magnitude and rate constraints, this method can also constrain the states and control inputs.
PCH was originally proposed to avoid the effect of input saturation on system identification by
adaptive neural network. The concept was later expanded to general flight control systems as
a way to avoid and compensate for actuator saturation of control surfaces (Lombaerts et all,
2010; Holzapfel, 2004).

Currently, the applications of the above two methods are limited. CF is used in multi-loop
backstepping; PCH is used in the inner loop of adaptive nonlinear dynamic inversion for input
saturation only. Here, the background controller structures are omitted. Eqgs. to
characterizes their approaches to command modification in particular.

Consider a system
T = .f($a 6aCt)7 (2'30)

with actuator dynamics

Sact = .f((sacta (sc) (2'31)

where 4. is the input command from the controller. The state command x,..; will be modified
by

Command filtering
we = H(s)(Tref — X) (2-32)

x=—-Kx+ [f(mv éact) - f(ma 66)] (2_33)
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[ Inboard leading-edge flaps (ILEF)
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Figure 2-4: Control effector configuration of the ICE aircraft.
(Matamoros & Visser, 2018)

Pseudo control hedging
:i:c = Kref(zcref - :I)c) — Vp, (2—34)

vy = f(x,0.) — f(x, dact) (2-35)

where . is the modified state command, H(s) is the dynamics of the command filter, usually
selected as a second-order filter, K is the same as the linear controller gain, K.y is a separate
reference model gain.

2-3 The Innovative Control Effectors Aircraft

The ICE project was initiated at the former Wright Laboratory in 1993, aiming to explore
novel control surfaces for high-performance fighter aircraft to achieve low radar cross section
characteristics, high angle of attack effectiveness, low lift-to-drag ratio and reduced hinge
moment (Dorsett & Mehl, [1996). Selected designs were later undergone wind tunnel tests at
Lockheed Martin Tactical Aircraft Systems (LMTAS). Two distinctive baseline configurations
were developed for land and carrier applications respectively. The land-based configuration
has a tailless delta wing with a 65° sweep angle. The carrier-based configuration has a canard-
delta planform with a 42° leading edge sweep angle. Both configurations use a single engine.
The thesis focuses on a land-based configuration of the ICE aircraft ICE 101-TV.

2-3-1 The ICE Control Suite

After investigation and flight tests, six types of control effectors are included in the cur-
rent design applied in this research, namely leading edge flaps (LEF), all moving wing tips
(AMT), multi-axis thrust vectoring (MATYV), spoiler-slot deflectors (SSD), pitch flaps (PF),
and elevons, which will be discussed as follows. The configuration of those control effectors
are illustrated in Figure 2-41
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Leading edge flaps Four LEF are used on the ICE aircraft, including two inboard ones
and two outboard ones. With asymmetric differential deflections, LEF can provide
lateral-directional control authority at moderate to high angle of attack (AoA). They
are effective in roll coordination and stability augmentation at high AoA and low speed
(Dorsett & Mehl, 1996).

All moving wing tips AMT can rotate completely around the Y, axis, to provide yaw
control authority as well as coupled rolling moments. They are used for yaw control
at very high AoA (Dorsettl, 1997). The direction of AMT deflections is constrained to
trailing edge down for radar cross section reduction.

Multi-axis thrust vectoring MATYV can alter the direction of thrust from the engine to
provide additional moments. On the ICE aircraft, thrust vectoring (TV) is implemented
for both pitch and yaw directions. This gives the ICE aircraft addition control authority
to fulfill agility requirements at high AOA.

Spoiler-slot deflectors SSD is a kind of spoilers that open a slot through the wing for air to
flow in when deflected. They are superior to conventional spoilers in providing lateral-
directional control authority at high AoA and in transonic flight. However, SSD have
strong interference with other control effectors downstream. When they are activated,
the control effectiveness of elevons will be reduced.

Pitch flaps PF provide baseline pitch authority and contribute to longitudinal trim. Al-
though two PF are used, they are designed to move symmetrically only, and thus con-
sidered as one control effector in controller design.

Elevons Elevons serve as both elevators and ailerons for conventional aircraft. The two
elevons can provide both pitching and rolling moments by deflecting symmetrically and
asymmetrically respectively.

To sum up, the total number of independent control effectors is thirteen, which is highly
redundant. Depending on their characteristics, different position and rate limits are specified
for the control effectors, which are summarized in Table 2=1] (Matamoros & Visser, 2018).
The dynamics of LEF deflections are described by

1800
H = . 2-36
1(8) = 518y (s 7 100) (2-36)
The dynamics of other control surface deflections are described by
4000
Hy(s) = (2-37)

(s +40)(s + 100)"

2-3-2 The High-Fidelity Aerodynamic Model of the ICE Aircraft
The ICE aircraft is still in the development phase, so there is no physical prototype available
to test the algorithm developed in this research. However, there is a high-fidelity aerodynamic

database of the ICE aircraft based on wind tunnel tests from Lockheed Martin for academic

Mingzhou Yin Envelope Estimation and Protection of Innovative Control Effectors (ICE) Aircraft



2-3 The Innovative Control Effectors Aircraft 47

Table 2-1: Position and rate limits of the control effectors on the ICE aircraft.

Positive deflection Position limit [deg] Rate limit [deg/s]

Inboard LEF  Leading edge down [0, 40] [—40, 40]

Outboard LEF  Leading edge down [—40, 40] [—40, 40]
AMT Trailing edge down [0, 60] [—150, 150]
Pitch TV i>0 [~15,15] [~150, 150]
Yaw TV >0 [~15,15] [~ 150, 150]
SSD Trailing edge up [0, 60] [—150, 150]
PF Trailing edge down [—30, 30] [—150, 150]
Elevons Trailing edge down [—30, 30] [—150, 150]

use. In this research, this database will be used in aircraft modeling, envelope prediction, as
well as controller design.

The core part of the model consists of a set of look-up tables (LUT), which describes all
the aerodynamic coefficients for forces and moments with respect to states of the aircraft as
well as control surface deflections other than TV. In detail, the aerodynamic coefficients are
defined in the aerodynamic model body frame F™ (back-right-up) with

X Y A
= — = — = — 2-
L M N
= — = — = 2_

where [X Y Z]7 is the vector of aerodynamic forces, [L M N]7 is the vector of aerodynamic
moments, p is the air density, V is the true airspeed, S is the total wing area, b is the wing
span, and ¢ is the mean aerodynamic chord. These coefficients are expressed by a summation
of terms contributed by the base airframe, different control surfaces, and interactions between
control surfaces. Each term is evaluated by a single LUT, with a total of 108 LUT. Mach
number M, angle of attack c, sideslip angle 3, and control surface deflections § € R are
directly involved in the LUT. Body angular rates p, ¢, r and the true airspeed V are indirectly
involved in linear terms.

The contribution of TV and the throttle is described by the following TV model.

Fx 1y = T cos(dpy) sec(dyty),
Fy 4y =T cos(dpty) tan(dyz),
Fz 1 =T sin(dp),
Mx 4, = 0,
My 1, = —Td,, sin(dpty),
| M7 4 = —=T'dy, cos(dpry) tan(dysy),

(2-40)

where d,, is the moment arm of the thrust force.

This aerodynamic database is embedded in a Simulink model that solves the equations of
motion for aircraft in realtime by evaluating the LUT. Cubic spline interpolation is used
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to interpolate LUT. Thus, the model can simulate the response of the aircraft under three
different mass configuration by giving open-loop control surface deflections and thrust settings.
The model can output 26 common states of aircraft, which are assumed to be available for
controller design in this research.

This model provided by Lockheed Martin was elaborated at TU Delft. A physical spline
model was developed in (Peijl, 2017), which converted all the LUT into physical splines
to enhance continuity and computational efficiency. This spline model will be used as the
onboard aerodynamic model for the flight control system design. The control effectiveness
matrix can be obtained by calculating the Jacobian of the aerodynamic coefficients, which
is not possible with the original LUT. Since the control surfaces are highly redundant for
the ICE aircraft, an INCA scheme was implemented in (Matamoros & Visser, 2018), which
can allocate all the control surface deflections to obtain desired aerodynamic moments. The
simulation results can be displayed to the FlightGear interface [ for visualization.

It should be noted that the ranges of the available data for aerodynamic coefficients are
limited. Thus some parts of the flight envelope can stretch into parts where there are no
experimental data available. In practice, the data tables are extrapolated by clipping or
linear extrapolation.

2-3-3 Previous Research on the ICE Aircraft

Most of the previous research on the control system of the ICE aircraft focused on
baseline control system design and the control allocation problem of the ICE aircraft.
The system was linearized at different conditions and controlled by a linear controller in
(J._F. Buffington, 1999; Nieto-Wire & Sobel, 2011). Sliding mode control was applied in
(Shtessel, Buffington, & Banda, 2002; [Peng, Wei-wei, & Zhi-giang, 2009). Linear control al-
location was implemented in (J. M. Buffington, [1997) and extended with the weighted pseudo-
inverse method in (Davidson, Lallman, & Bundick, 20014, 20011).

At TU Delft, the aerodynamic characteristics of the control effectors were modeled with
physical splines based on the available flight test data (Peijl, 2017). The physical spline
model is stored onboard to generate Jacobians of aerodynamic forces and moments with
respect to states and control surface deflections in realtime. This spline model is used to
design an INCA controller for angular rate control with NDI (Matamoros & Visser, 2018).
As the ICE aircraft is significantly over-actuated, the input-output linearization in Eq.
is not trivial. The INCA method searches for the best combination of incremental control
surface deflections that satisfies the position and rate limits of the actuators and

0% (, 8)

o5 A6 =d.. (2-41)

0®(x,9)

where is the control effectiveness matrix obtained from the onboard spline model,

d. is the desired incremental aerodynamic moment from the NDI controller. Linear solvers

'FlightGear is an open-source flight simulator. It can be used to demonstrate the controller performance
intuitively.

Mingzhou Yin Envelope Estimation and Protection of Innovative Control Effectors (ICE) Aircraft



2-3 The Innovative Control Effectors Aircraft 49

are used including redistributed weighted pseudo-inverse and active-set-based quadratic pro-
gramming. This control allocation scheme will also be used in this research. However, no
research is related to the flight envelope or the LOC problem for the ICE aircraft.

To sum up, solid algorithms are available for envelope estimation but too computationally
intensive to directly apply to the ICE aircraft. Envelope protection can be implemented with
additional filters at different places in the flight control system but has not been applied
to IBS controllers. Furthermore, no research has been conducted about the flight envelope
for the ICE aircraft. In this way, this research aims to bridge the above research gaps, as
discussed in the following chapters.
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Chapter 3

Preliminary Methodology

This chapter discusses the methodology of the project. On a high level, the two sub-tasks in
this project, namely envelope prediction and envelope protection, are relatively separated on
their own. On the other hand, the results of envelope prediction are used as the database
to implement envelope protection. Therefore, it was planned to first independently develop
algorithms for envelope prediction and protection, and then process the envelope estimation
results to fit the requirements of envelope protection in the form of state constraints. In this
way, the performance of envelope protection can, in turn, validates the envelope estimation
algorithm. A schematic of this general methodology is illustrated in Figure[3-11 The following
sections discuss the detailed methodology of the two parts of the project.

3-1 Envelope Estimation with MC Simulations

As discussed in Section[2-1] the available deterministic methods for envelope estimation within
the framework of reachability analysis suffer from high computational complexity. This prob-
lem is even more crucial in this project, as the dynamics of the ICE aircraft are so complex
that no analytical system equations are available. The response of the aircraft can only be
obtained by Simulink simulation which requires an evaluation of 108 data tables or physical
spline models at each time step. In this way, the MC simulation approach is proposed in this
project as a more flexible and robust approach to envelope estimation.

According to Definition 2-2] the general idea of envelope estimation with MC simulations
is to generate two point clouds that consist of sample points in the state space that an
airplane can reach from and fly back to the trim set respectively, by simulation with random
control inputs. The intersection of the two point clouds forms the estimated envelope. In
this project, the following steps were conducted to obtain a probabilistic flight envelope
estimation: 1) define relevant states to be estimated, 2) obtain apriori trim sets, 3) conduct
MC simulations, 4) generate probabilistic flight envelopes, which are discussed in the following
sections respectively.

Envelope Estimation and Protection of Innovative Control Effectors (ICE) Aircraft Mingzhou Yin



52 Preliminary Methodology

. — Data Flow
A-Priori :> Logic Flow
Trim Set ~#=% Implementation Sequence
e ~~“~\
¢ ',/’ \\‘
Envelope Support Envelope
Estimation Protection
I — ¢——— | (command modified
(MC simulation) Validate nonlinear controller)
!
\ / ',' Testx%Validate
On-board e
Envelope | «~ LOC Prevention
Database vs.

Tracking Performance

______

Figure 3-1: The schematic of the overall methodology.

3-1-1 State Definition

The first thing to be determined in envelope estimation is what are the relevant variables.
In this project, the estimated envelope is applied in FEP systems as constraints of reference
signals of controlled states. Thus, the estimated states should be preferably selected from
the states that can be directly involved in flight control systems, which are summarized in
Table B=Il Among these fourteen states, the absolute values of horizontal position z, y and
yaw angle 1 have no meaning in envelope estimation since they can take any value. In
addition, since high-performance fighter aircraft like ICE aircraft can safely roll and pitch in
any direction, roll angle ¢ and pitch angle 6 should not be restricted. Finally, heading angle
x and flight path angle v determine the course of the aircraft but are not directly related
to the aerodynamic characteristics of the aircraft. So, they are less important in envelope
estimation.

Therefore, the flight envelope of the remaining seven states is expected to be estimated in this
project, namely vertical position z (or altitude h = —z), ground speed V,, angle of attack a,
sideslip angle 5, and angular rates p, ¢, r. It should be noted that in practice, only envelopes
within a limited time horizon can be estimated due to limited computational power. This time
horizon was selected as around 1 s in much previous research (Helsen et al.), 2016; [Nabi et al.,
2018). For slow variables like altitude and ground speed, this is significantly smaller than
their characteristic time scales, i.e., the aircraft can not reach the envelope boundary within
the time horizon. As a result, the estimated envelope of these two states are not suitable to
be used directly in protection, but can serve as parameters in protection of other states.

3-1-2 Trim Set Estimation

To find the starting points of MC simulations, the apriori trim set is obtained by formulating
and solving a constrained optimization problem. This project considers steady-state and level
trim points. A grid of pitch angle 0 is selected, and optimal corresponding angle of attack
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Table 3-1: Relevant aircraft states in flight control systems.

Category Name Symbol Unit
- x m
Position - Y m
- z m
Ground speed Vy m/s
Velocity vector Heading angle X rad
Flight path angle v rad
. Angle of attack @ rad
Aerodynamic angle Sideslip angle 3 rad
Roll angle 10) rad
Euler angle Pitch angle 0 rad
Yaw angle P rad
Roll rate D rad/s
Angular rate Pitch rate q rad/s
Yaw rate r rad/s

« is SOlVGdE Two different control surface configurations are applied to trim the aircraft as
follows.

e With TV: Left and right AMT, left and right elevons, and pitch TV,

e Without TV: Left and right AMT, left and right elevons, and PF.

It is noted that since only level flights are considered, both the two AMT and the two elevons
are locked to move symmetrically only. The above variables together with the thrust form
the vector to be optimized as

T = [T damt dele dptv a]T (3'1)

or
& = [T dgmt dete dpy a]”. (3-2)

The following constraints are proposed for level and steady-state trim points.

The aircraft responses are obtained by running the high-fidelity aerodynamic model of the
ICE aircraft for one time step. T'wo objectives are relevant for this problem, namely minimum

thrust )
T
n=() (34

'In the final implementation, only straight trim points are considered. Instead, interest was drawn to
include trim points at different speeds and altitudes.
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where T,,q. is the full thrust, and minimum control effort
Jo = dame[rad]? + dee[rad)® + dpy[rad]? + d,yp[rad)?. (3-5)
So, the objective function is formulated as
J = J1 + ktrim - J2, (3-6)

where k is a weighting factor. This constrained optimization problem is solved by an SQP
solver. The trim points at different 6 are interpolated by smoothing splines to form the trim
set.

3-1-3 Monte Carlo Simulation

An accurate estimation of the flight envelope by MC simulation relies heavily on a good
sampling of the forward and the backward reachable sets. By the nature of this approach, the
reachable sets are not overestimated, as each sample of the sets is attached to a known initial
state and a known trajectory. However, a poor sampling of random control inputs can lead
to significant underestimation of the reachable set, as the specific control inputs that drive
the aircraft to the boundaries of the flight envelope may not be selected. Furthermore, it is
not practically possible to apply conventional deterministic approaches to high-dimensional
envelope estimation with a complex aircraft model like this project for comparison.

To conquer this problem, the so-called extreme control effectiveness method was proposed for
envelope estimation with MC simulation. This method examines the derived equation for the
optimal control in the level set method, which is the most widely-used and mature technique
in envelope estimation (see Section 2=I-T)). In the level set method (Nabi et all, [2018), the
optimal control to find the boundary of the flight envelope is selected as

* : %
0" = argmin H = argmin o - (zc, ) - f(2e, ), (3-7)

where H is the Hamiltonian to be minimized, V is the level set for the invariant set, x. are
the state variables that are explicitly dependent on the control inputs, f(x.,d) are the system
dynamics. For the ICE aircraft, the control surfaces deflections have an explicit influence on
both aerodynamic forces and moments, so x. is selected as [u v w p ¢ r]7. Rewrite dynamics
of z. (Egs. and 2-28) in the incremental form, we have

f(ma 6) ~ m‘e,O + j_leA57 (3'8)
where

T — dlag(%v%7%) 0

J_l 0 J—l ’ (3_9)

T, is the state derivatives at current time step, m is the mass, J is the initial matrix, Ad is
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the incremental deflections of all active control surfaces and the incremental thrust,

OF;
06
OF,
00
OF,

_ 00
Ja= |22 (3-10)
00
oM,
00
oM,
|55

is the full Jacobians of forces and moments. The Jacobians for control surfaces other than
TV are obtained by the spline model developed in (Peijl, 2017); the Jacobians for TV and
the thrust are obtained by taking partial derivatives of the TV model (Eq. [2=40) analytically.

Thus,

(3-11)

At — {Au@max, e (@ )T g <0

Aui mins gﬂ‘; (w,t)Jfle’.i >0
In Eq. B=11l the only unknown term is the partial derivative of the level set function %
Instead of solving the HJB-PDE as in the level set method, the term is randomly sampled at
each time step in this approach, assuming an identical normal distribution for each element.
In this way, the simulations only sample in all possible optimal control selections in the
level set method. This method is named as extreme control effectiveness method because
Eq. BTl aims to minimize a weighted control effectiveness in three translational and three
rotational directions. The randomly-sampled partial derivative term can be regarded as a
weighting vector which describes how important it is for the aircraft to obtain extreme control
effectiveness in each direction. So, only sets of extreme control inputs can be selected in MC
simulations such that the aircraft is controlled towards the boundaries of the flight envelope.

Other issues considered in the MC simulations are listed as follows.

Initial states The initial states used in the simulations are randomly selected from the trim
set for each sample.

Time horizon The selection of time horizon Ty will significantly affect the size of the esti-
mated envelope. It should be noted that since the ICE aircraft is inherently unstable, it
is difficult to stabilize the aircraft for a long time horizon with open-loop control inputs.

Disturbance The approach gives freedom to apply any kind of disturbance or gust into
simulations due to its probabilistic nature.

Backwards system For an autonomous system, the following two formulations are equiva-

lent.
i(t) = f(a(t),u), 2(Ty) = oy (3-12)
i(Ty —t) = —f(2(Ty — 1), u),z(0) = z¢ (3-13)
So, to run the aircraft model backward in time, the signs of all dynamics equations are
inverted.
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3-1-4 Probability Density Estimation

By running MC simulations for the original and the backward systems, two large samples of
the forward and the backward reachable sets y;, yp; are obtained. By definition, the desired
dynamic flight envelope is the intersection of the above two sets. To calculate the intersection
from the two samples of reachable sets, Definition B=I] and [3=2] were proposedE

Definition 3-1 (Safe flight trajectory) A trajectory in the state space for a finite
duration of Ty that starts and ends in the trim set.

Definition 3-2 (Probabilistic dynamic flight envelope) The multivariate probabil-
ity density function of the states of aircraft at time T /2 for all safe flight trajectories
of duration T%.

Definition does not define an absolute boundary of the envelope, but uses a probability
density value to indicate how likely a point in the state space is within the envelope. In
this way, flexibility is maintained to choose from a more conservative envelope to a more
exaggerated envelope for different applications. It should be noted that since the aircraft
can stay indefinitely in the trim set, safe flight trajectories of duration T’ actually cover
all safe flight trajectories of duration Ty < T . In this way, Definition is comparable to
Definition Similarly, the probabilistic form of Eq. was proposed as

dom (i) = 95 (@) gs ()
o Iy 95 ()gs(-)dV’

where gen, is the probabilistic dynamic flight envelope, gr, g, are the probability density
functions of the forward and backward reachable sets respectively, V defines the whole state
space of the aircraft.

(3-14)

The probability density functions of the forward and backward reachable sets gr(x), gy(x)
are estimated from the samples by probability density estimation methods discussed in Sec-
tion 2-I-2l Since no information is available about the shape of the envelope, the non-
parametric method, kernel density estimation is more appropriate for this project. This is
achieved by applying Eqgs. 2=11] and 2-13] to the samples y;;, yp;, with a Gaussian kernel
function

k(z) = ——e 27", (3-15)

To convert the probabilistic dynamic flight envelope to a normal dynamic flight envelope
with absolute boundaries, a threshold of the probability density can be selected. Assuming
an uncorrelated normal distribution of the probabilistic dynamic flight envelope, the threshold
value at ko is

po(k) = e 2% . max Jenv (), (3-16)

where d is the dimension of the state space. In this way, the k value can be tuned to find the
suitable size of the envelope for specific applications.

2The definition of probabilistic envelope is further formalized in the paper as fuzzy sets.

Mingzhou Yin Envelope Estimation and Protection of Innovative Control Effectors (ICE) Aircraft



3-2 Envelope Protection with Nonlinear Controller 57

Compared with conventional reachability analysis, the MC simulation approach proposed here
is much more flexible and feasible, as 1) the states to be estimated can be freely selected, 2)
the aggressiveness of estimation can be controlled by a threshold value, and 3) other flight
conditions like disturbances can be included. On the other hand, it should be noted that this
method can not truly overcome the curse of dimensionality, as the sampling points needed
for density estimation to achieve the same level of reliability still grow exponentially with
the dimensionality. However, this method can always provide reasonable results with current
computational capacity.

3-2 Envelope Protection with Nonlinear Controller

Based on the estimated flight envelope, the envelope protection part aims to always constrain
the aircraft within the specified flight envelope. The FEP system proposed in this project acts
upon an ordinary nonlinear flight control system. The general idea is that when the pilot’s
command is not violating the flight envelope, the aircraft is controlled by a normal incremental
nonlinear dynamic inversion (INDI) controller. When the pilot is giving a command that
drives the aircraft outside the envelope, the FEP system detects the trend and activates to
modify the pilot’s command

To achieve this, an envelope database needs to be established which updates constraints of
states in realtime from the estimated envelope. At each time step, the state command of each
loop is monitored by comparing with the state constraints specified in the envelope database.
If the command violates the state constraints, a saturation filter is applied to the command.
On the other hand, when commands of inner loops are modified, the tracking performance and
even stability of the outer loops will also be affected. In addition, the violation of inner-loop
envelope is fundamentally caused by inadequate outer-loop commands. Thus, an additional
feedback term to outer loops is needed to compensate for the difference between the original
and envelope-protected commands of inner loops.

To sum up, two additional components are needed in the envelope-protected nonlinear con-
troller: a filter to constrain the command within the state constraints specified in the envelope
database, and a command modification term to compensate for the discrepancy in inner-loop
commands due to FEP. The schematic of the controller is illustrated in Figure

The following sections elaborate the schematic in Figure by explaining the overall con-
troller structure, the design of the envelope database and the approach to command modifi-
cation.

3-2-1 Controller Structure

The controller implemented in this project is a two-loop controller, which consists of an outer
loop of aerodynamic angles ¢, «, 8 and an inner loop of angular rates p, q,r. The outer loop
is controlled by an NDI controller since this loop is governed by kinematic equations with no

3This section only considers the state-constraint-based FEP but not probabilistic FEP.
4In the final implementation, the inner-loop compensation comes after the FEP system.
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Figure 3-2: Schematic of the envelope-protected nonlinear control system.

uncertainty. The dynamics of ¢, «, 8 are shown in Eqgs. B=26] and P-27], and denoted as

¢ 0 ag(x)| [p
al = |[bo(xz)| + |aa(z)| |qf - (3-17)
B bs() ag(x)] [r

So the NDI control law for this loop is

dt

-1

DPc a¢($) U¢($) 0
g¢c| = |aa(x) Vo(T)| — |ba(x) ) (3-18)
Te ag(x) va(x) bs(x)

where [v4(z), vo(z), v5(z)]T are the virtual controls from the linear controller, [pc, gc, )T are
the command to the inner loop.

The inner loop is controlled by an INDI controller with INCA developed in
(Matamoros & Visser, [2018). The dynamics of p, ¢, r in the incremental form are
Po
= QO + J_le($0, JO)Aaa (3_19)
To

=0 3.

where [ is the inertia matrix as in Eq.[2=29] 4 is the control surface deflections, Jy(xo, dg) is
the control effectiveness matrix of control surfaces deflections on aerodynamic moments.

So the INDI control law for this loop is

Vp(a:) Do
Ab. = J; (x0,80)T | |vg(z)| = |do]| | (3-20)
vr(x) 70

where [v,(z),vy(z), vy (x)]T are the virtual controls from the linear controller.

Note that it is assumed that the ICE aircraft is equipped with angular acceleration sensors
to obtain measurements of angular rate derivatives.

The throttle setting of the aircraft is controlled by a separated auto-throttle loop. This
auto-throttle loop applies INDI to the following dynamics of airspeed

L1
V, = —(cosacosf - Fy +sinf- F, +sinacos - F,) — gsiny. (3-21)
m
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Rewrite in the incremental form with respect to the thrust T,

Vg—VsLO‘Fm(COSOfCOSﬂ' T +Sln6-a—T+smacosﬂ~ 8T>dT

(3-22)
- .9,0 + gT(m)dTa

where "/970 is the current derivative of airspeed, gr(x) denotes the control effectiveness of the
thrust on the airspeed. Thus, the new thrust is selected as

kr(Vydes — V) — Vo

T.=1Ty+
gr(z)

, (3-23)

where Tj is the current thrust, k7 is a proportional gain factor.

It should be noted that this dynamic inversion is not trivial for the ICE aircraft, since 1)
the thrust force can be distributed in all three directions due to MATV as shown in the TV
model (Eq. 2-40), and 2) the ICE aircraft can operate at high angles of attack and sideslip
angles.

3-2-2 The Envelope Database

The envelope database aims to convert the probabilistic flight envelope estimated in Sec-
tion B-T] into magnitude constraints of aircraft states such that they can be directly applied
to the nonlinear controller.

Based on the current controller design, five states, namely angle of attack «, sideslip angle
B, and angular rates p, q,r are protected. The roll angle ¢ is not protected to maintain the
agility of the ICE aircraft. Since the estimated envelopes are nonlinear, the constraints of
each state are dependent on the current values of the five states as well as two slow variables
altitude h and ground speed V. Therefore, a total of 10 multivariate functions are stored in
the envelope database, namely

f11 = Pmac (P, @, 7y @, B3 R, Vy), fi2 = Pmin(p, 457, o, B3 b, V),
J21 = Qmaz (D, ¢, 7 @, By 0, V), fa2 = Gmin(p, 4,7, v, B b, V),
f31 = Tmaz(p: @, 75 00, By h, V), f32 = Tmin (P, 75 v, By b, V), (3-24)
[ = amaa(p; g7, 0, By 1, V), fao = cumin(p, 4,7, 0, B3 B, V),
f51 = Bmaz(p: @75 ¢, By h, V), f52 = Bmin(p: ¢, 7, o, By h, V).

The 10 functions of state constraints are stored in the form of 7-D LUTs. First, a threshold
of the probability density value is selected for the probabilistic flight envelope, to determine
the boundary of the flight envelope. Then, a 7-D grid is established as data points of the
database. For each point within the grid, the maximum and minimum values for each state
to stay within the envelope are evaluated while keeping the other states unchanged. These
maximum and minimum values are stored as the maximum and minimum constraints for this
state at the current data point. This idea is illustrated in Figure B3| for a simplified 2-D
case. When the current state is outside the estimated envelope, the constraints are defined
the same as the closest point that is within the envelope.
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Figure 3-3: Example of realtime state constraints generation in 2-D.

When integrated into the control system, the current states of the aircraft (p,q,r, o, 8, h, Vy)
are the inputs to the database. By evaluating the 10 LUTs, the envelope database can output
the maximum and minimum constraints of the five variables (p,q,r, a, ) to the envelope
protection filter in realtime.

3-2-3 The Command Modification Approach

As discussed in Section 2-2-2] two approaches, namely CF and PCH are available to in-
clude state or input constraints in nonlinear controllers. To demonstrate their strategies in
command modification, the dynamic models of the two approaches (Egs. to 2-30)) are
combined as the following.

Command filtering

o= H(s)Tres — H(s)s n K[f(:z:, Oact) — f(x,6.)] (3-25)
Pseudo control hedging
K,.s
c— - Lre s s Oact) — » Oc -2
v = gl et e @) — Fla 0] (3-26)

It can be seen that the two methods actually share a similar structure in command modifi-
cation, except that they have different filter terms and more importantly, they have different
signs for the second term of deviation update. In other words, they apply the opposite com-
mand modification strategy to inner-loop envelope protection (or actuator dynamics). CF
imposes an even larger command when the previous command is not fully achieved, whereas
PCH reduces the command. This difference in strategy results from their application. CF al-
ways strives for the best possible tracking performance, whereas PCH aims to avoid actuator
saturation only. In the application of envelope protection, the objective is similar to PCH,
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which is to avoid ’saturating’ the flight envelope. However, PCH is only defined for the inner-
most loop but not for outer loopsﬁ Thus, the command modification strategy applied in this
project is based on the structure of CF which is applicable to multi-loop systems but applies a
similar strategy to PCH, which reduces further commands when inner-loop commands violate
the flight envelope. This is achieved by reversing the sign of the deviation update term. So
the following equations are applied to modify the command in this project.

Ljc = H(S)(mi,ref - XZ) (3'27)
Xi = —Kxi — [f(@i,xiv1,c) — F(Tis Tig1rer)] (3-28)

5An extended version of PCH in multi-loop is used instead of the modified command filter in the final
implementation.
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Chapter 4

Preliminary Results

This chapter demonstrates preliminary results obtained with the methodology discussed in
Chapter Bl The first example shows results of envelope estimation for three longitudinal
states 0, «,q. First, the trim set generated by fitting nonlinear-optimized trim points is
illustrated in Figure =1l Then, Figure plots raw sampling points generated directly from
MC simulations with the proposed extreme control effectiveness method. These sampling
points were translated into probability density function of forward and backward reachable
sets by kernel density estimation, three different percentiles of which are shown in Figure [4=3]
It can be observed that the estimated reachable sets can capture the shape of the distribution
of the sampling points and cover most of the sampling points within the set. Finally, the
probabilistic flight envelope was obtained by calculating the probabilistic intersection of the
above two sets as shown in Figure =4l and

x10*

Fitted trim set|
29r| o Trim points

Fitted trim set|

©  Trim points

25

Trimmed « [deg]
n
(2]

Trimmed thrust [Ibs]
(4]

-30 -20 -10 0 10 20 30 40 50 -30 -20 -10 0 10 20 30 40 50
0 [deg] 0 [deg]

Figure 4-1: Fitted trim set of « (left) and the thrust (right) with respect to 6.

Another example estimates the flight envelope of four lateral states ¢, 3, p,r to demonstrate
the flexibility of this MC-simulation-based envelope estimation method in the selection of
states. The estimated reachable sets and the final flight envelope are shown in Figure

and [4=1 respectively. Parameters used in envelope estimation of the above two examples are
summarized in Table E=11
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Table 4-1: Summary of parameters in examples of envelope estimation.

Parameter Symbol Value Unit
Flight condition

Altitude h 20,000 ft

Ground speed Vy 880 ft/s

Mach number M 0.85 -

Mass configuration - Nominal -

Selected control effectors - All 13 -

Disturbance - None -
Trim set

Resolution of 6 grid - 5 deg

Objective weighting factor Ktrim 1 -

Nonlinear solver - SQP -

Solver tolerance € 1x107* -
MC simulation

Time horizon Ty 1 S

Sampling size N 10,000 -

Step size of simulation dt 0.01 S

Rate of control system Setr 100 Hz
Kernel density estimation

Grid points for each dimension Ngrid 100 -

Kernel function
Plotted percentiles

Gaussian function
0.199, 0.739, 0.971
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Figure 4-2: Sampling points of MC simulations in longitudinal envelope estimation.
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Figure 4-3: Estimated probabilistic forward and backward reachable sets in the longitudinal
direction.
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Figure 4-4: Estimated probabilistic safe flight envelope in the longitudinal direction.
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Figure 4-5: Estimated probabilistic safe flight envelope in the longitudinal direction, projected
in the 6-« plane.
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Figure 4-6: Estimated probabilistic forward and backward reachable sets in the lateral direction.
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Figure 4-7: Estimated probabilistic safe flight envelope in the lateral direction.
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Table 4-2: Summary of parameters in demonstration of envelope-protected nonlinear flight con-

trol system.
Parameter Symbol Value Unit
Baseline NDI controller

Step size of simulation dt 0.01 S
Rate of control system fetr 100 Hz
Selected control effectors - All 13 -
Linear controller gain (angle loop) Ky angle [1.50, 2.40, 1.65] -
Linear controller gain (rate loop) Ky rate [5,5,5] -

Envelope database

Grid of altitude h 10,000, 20,000, 30,000 ft
Grid of Mach number M 0.4, 0.8, 1.2 -
Grid points for other dimensions Ngrid 25 -
Selected percentile - 0.916 -
Example manuever
Roll angle command Oc 50 deg
Angle of attack command Qe + 50 deg
Sideslip angle command Be + 10 deg
Time constant of command prefilter tof [10, 2.5, 4] s

To apply the estimated envelope to envelope protection, the 7-D envelope database was gener-
ated, of which comparisons at different attitudes and speeds are illustrated in Figure and
by projecting the envelope onto the a-8 plane. It can be seen that the size of the flight
envelope changes at different altitudes. Both the size and the shape of the flight envelope
differ for different Mach numbers.

With this envelope database, the envelope-protected nonlinear flight control system was tested
with a high-angle-of-attack maneuver as illustrated in Figure [4-10 Both the commands of
a and B violated the state constraints during the simulation. However, the FEP system
successfully detected this and modified the command such that the aircraft response remained
within the prescribed flight envelope throughout the simulation. Parameters used in this
demonstration of the envelope-protected controller are summarized in Table
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Figure 4-8: Comparison of the a-3 envelope for different altitudes at Mach 0.8.
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Figure 4-9: Comparison of the a-3 envelope for different Mach numbers at FL200.
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Chapter 5

Conclusion

To prevent LOC of the ICE aircraft that was observed in previous research, this project
proposes a feasible methodology to estimate the safe flight envelope of the ICE aircraft and
automatically protect the aircraft within the estimated envelope with the framework of non-
linear flight control. This methodology applies a novel probabilistic approach to envelope
estimation by conducting MC simulations with control inputs that strive for extreme control
effectiveness. In this way, the computational complexity issue of conventional envelope esti-
mation methods is tackled for high-dimensional and complex systems. In addition, a unique
command modification approach is integrated to an NDI controller to actively constrain the
state commands in a multi-loop setup. Early results show that this solution can successfully
estimate the flight envelope for any given set of states and effectively protect the aircraft
against too aggressive commands.

However, this solution still suffers the following limitations.

e The proposed envelope estimation method is still not efficient enough for realtime ap-
plications. Thus, a database approach is used to store the estimated flight envelopes.

e The proposed envelope estimation method cannot be validated by comparison with other
methods, as it is not computationally possible for other existing methods to estimate
the envelope of the ICE aircraft.

e The methodology can only be validated by simulation since no physical model is avail-
able for testing.

Based on the implemented framework, the project will continue to work on validation of the
estimated envelopes. Different parameters and flight conditions will be tested for their effects
on the flight envelope. Case studies will be conducted to compare the controller performance
with and without FEP systems.
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Appendix A

Documentation

The whole envelope estimation and protection framework implemented in Matlab / Simulink
consists of three parts: trimming, envelope estimation, and envelope protection. The scripts
and result files are documented respectively as follows.

A-1 Trimming

trimICE.m The main script to generate the trim set of the ICE aircraft. Individual trim
points are optimized and then interpolated to form the trim set. The grid points and
flight conditions are specified here.

constraint_ICE.m Defines the constraints of the optimization problem by running the
Simulink model of the ICE aircraft.

cost_ICE.m Defines the cost function to be optimized. Objective weighting factor ki, is
specified here.

ICE_v3.slx The ICE aircraft model with direct control surface deflection commands.
init_massProperties.m Initializes the mass properties of the ICE aircraft.

test_trim.m Test aircraft responses of generated trimmed flights.

The output trim-set files include the following variables.

alt_grid, M_grid The grid of altitudes and Mach numbers where trim points are calculated.
massConf Mass configuration setting of the trim set.
noTV True if TV is deactivated.

trimPoint List of all trim points. Rows correspond to trim point entries. Columns corre-
spond to trimmed states and control surface deflections.
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trimPointInterp Surface interpolation objects sfit of states and control surface deflections
to be trimmed.

A-2 Envelope Estimation

runShooting.m Generates samples of the probabilistic envelope by MC simulation. Flight
conditions are specified here.

findPdf.m Constructs kernel density estimators of samples and generates the probabilistic
envelope database. Estimated states and their grids are specified here.

plotTraj.m Checks trajectories of selected sample points for verification.

dbGeneration.m Generates the state-constraint-based envelope database from the kernel
density estimator. The threshold is specified here.

paramDbGeneration.m Covariance analysis of the results and generation of the parametric
probabilistic envelope database.

findPdf_2d.m, plotting_2d.m Generates a simplified 2-D envelope database for demon-
stration. Estimation results at different flight conditions can be compared.

init_ICESim_shooting.m The main script to initialize each MC simulation.

init_initState.m, init_trimPoint.m Generates a random trimmed flight from the trim
set.

init_loadICEAeroDatabase.m Loads the aerodynamic database of the ICE aircraft.
init_massProperties.m Initializes the mass properties of the ICE aircraft.
init_modelParameters.m Initializes other model parameters of the ICE aircraft.
ICESim_MC_shooting.slx The ICE aircraft model with extreme control effectiveness control.
ICESim_MC_shooting_backward.slx The ICE aircraft model with extreme control effective-

ness control and backward dynamics.

The output estimation result files include the following variables.

T The time horizon of estimation.

dt_s Sampling time of the control inputs.

massConf Mass configuration setting of estimation.

noTV True if TV is deactivated.

turb Turbulence setting of estimation: 0 - none, 1 - light, 2 - moderate, 3 - severe.

state List of sample points. Rows correspond to sample points. Columns correspond to
recorded states.
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rand_tp List of random trim points. Rows correspond to sample points. Columns correspond
to trimmed states and control surface deflections.

rand_ctr List of random control input sampling weightings. Rows correspond to sample
points. Columns correspond to weightings in different directions.

pdf_env List of simplified 2-D kernel density estimators at different speeds and altitudes.

pdf _fullEnv Full 7-D kernel density estimator.
The state-constraint-based envelope database consists of the following variables.

grid The grids of all the states in LUTSs.

state_con Matrix of state constraint LUTs. Rows correspond to protected states. Columns
correspond to minimum and maximum constraints. Each element is an LUT of one
state constraint value.

The probabilistic envelope database consists of the following variables.

grid The grids of all the states in the LUT.
lut The LUT of probability density values.

prob_max The maximum probability density value.
The parametric probabilistic envelope database consists of the following variables.

alt_range, v_range The interpolated ranges of the parametric model.

fitParam Parameters of the covariance interpolation. The first two dimensions correspond
to elements in the covariance matrix. The third dimension corresponds to parameters
in surface interpolation by fourth-order polynomial method poly44.

sigma List of all calculated covariance matrices. The first two dimensions correspond to the
h-Vy grid. The last two dimensions correspond to elements in the covariance matrix.

A-3 Envelope Protection

init_ICESim_FEP.m The main initialization script for the NDI controller with FEP. All tun-
able controller parameters are specified here.

ICESim_FEP_PCH.slx The ICE aircraft model with NDI control of aerodynamic angle com-
mands and FEP.

generateManeuvers.m Generates sample maneuvers in the form of time series.
init_ctrParameters.m Initializes other preset controller parameters.

init_loadICEAeroDatabase.m Loads the aecrodynamic database of the ICE aircraft.
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init_loadManeuver.m Loads the selected sample maneuver for simulation.
init_massProperties.m Initializes the mass properties of the ICE aircraft.
init_modelParameters.m Initializes other model parameters of the ICE aircraft.
init_trimPoint.m Initializes the aircraft at a specified trim point.

plottingCtr.m Plots controller performances based on logged signals from simulation.
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Appendix B

Additional Results

B-1 Trim Sets

In addition to the trim set with nominal flight conditions shown in the paper, the trim sets
with other mass configurations and without TV are shown in Figure [B-1l
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Figure B-1: Trim sets at different flight conditions.
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Additional Results

B-2 Characteristic Size and Correlations of the Envelope

The developed non-parametric envelope databases with kernel density estimator consist of
8,621,250 data points. Therefore it is impossible to directly present the results. So the char-
acteristic sizes of each state and the correlations between states are presented at different
speeds and altitudes to demonstrate the estimation results. These values are obtained by cal-
culating the covariance matrices of the probabilistic database. The correlation terms between
longitudinal and lateral states are zero. The other terms are summarized in Table [B-1] to [B-9

Table B-1: Characteristic size of the p-envelope [deg/s].

Vy [ft/s] 400 580 760 940 1120 1300
10,000 76.9 79.2 847 89.0 89.8 90.5

15,000 73.4 76.7 839 883 88.6 89.8

h [ft] 20,000 71.0 75.1 82.3 86.3 87.8 87.2
25,000 69.2 74.1 80.5 86.2 87.3 87.9
30,000 650 71.1 786 86.1 86.8 87.9

Table B-2: Characteristic size of the g-envelope [deg/s].

V, [ft/s] 400 580 760 940 1120 1300
10,000 54.0 55.5 58.7 56.3 482 424
15,000 53.7 54.7 57.7 56.8 46.5 41.7

h[ft] 20,000 49.3 527 575 54.7 437 39.9
25,000 458 51.1 552 51.7 42.0 40.0
30,000 43.1 492 526 486 41.0 383

Table B-3: Characteristic size of the r-envelope [deg/s].

V, [ft/s] 400 580 760 940 1120 1300
10,000 24.4 275 337 368 37.5 380
15,000 23.9 26.8 318 355 358 36.5

h[ft] 20,000 227 257 30.6 349 358 36.3
25000 21.9 248 28.6 339 346 343
30,000 21.3 235 27.0 317 33.6 344

B-3 Sample Maneuvers

Two sample maneuvers are used to test the controller in this project.
high AoA command, whereas Maneuver B is a combined high AoA and high sideslip angle

Maneuver A is a
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Table B-4: Characteristic size of the a-envelope [deg].

Vg [ft/s] 400 580 760 940 1120 1300
10,000 21.2 20.7 20.8 19.1 155 13.3

15,000 21.6 21.2 20.7 19.3 154 13.5

h [ft] 20,000 20.5 21.1 21.0 19.1 154 138
25,000 199 21.2 21.2 18.8 152 13.8
30,000 189 20.6 20.7 182 15.0 13.7

Table B-5: Characteristic size of the S-envelope [deg].

V, [ft/s] 400 580 760 940 1120 1300
10,000 12.6 14.6 17.8 17.9 16.6 16.7
15,000 124 14.3 172 179 164 16.6

h[ft] 20,000 11.9 139 16.8 17.6 16.6 16.8
25,000 11.3 133 157 171 161 16.0
30,000 10.7 123 144 157 152 15.3

Table B-6: Correlation between p- and r-envelope [-].

Vy [ft/s] 400 580 760 940 1120 1300
10,000 0.20 0.21 0.19 0.11 0.11 0.15

15,000 0.17 0.17 0.15 0.11 0.11 0.13

h [ft] 20,000 0.16 0.19 0.18 0.13 0.10 0.09
25,000 0.14 0.16 0.16 0.14 0.10 0.05
30,000 0.11 0.16 0.18 0.15 0.14 0.12

Table B-7: Correlation between p- and S-envelope [-].

V, [ft/s] 400 580 760 940 1120 1300
10,000 -0.14 -0.17 -0.18 -0.12 -0.13 -0.11
15,000 -0.12 -0.14 -0.14 -0.11 -0.12 -0.13

h[ft] 20,000 -0.10 -0.16 -0.16 -0.14 -0.15 -0.14
25,000 -0.06 -0.11 -0.15 -0.15 -0.16 -0.13
30,000 -0.01 -0.11 -0.16 -0.15 -0.17 -0.16

command. The reference trajectories of the maneuvers are shown in Figure. [B-2 and [B-3
The prefilter is a low-pass filter with a time constant of 0.4s.
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Table B-8: Correlation between r- and -envelope [-].

Vy [ft/s] 400 580 760 940 1120 1300

10,000 -0.38 -0.49 -0.59 -0.62 -0.66 -0.70
15,000 -0.36 -0.47 -0.57 -0.62 -0.65 -0.67
h [ft] 20,000 -0.31 -0.44 -0.56 -0.62 -0.65 -0.68
25,000 -0.26 -0.40 -0.51 -0.61 -0.63 -0.65
30,000 -0.22 -0.35 -0.45 -0.53 -0.59 -0.63

Table B-9: Correlation between ¢- and a-envelope [-].

Vy [ft/s] 400 580 760 940 1120 1300

10,000 0.68 0.65 0.57 0.46 0.30 0.11
15,000 0.68 0.65 0.57 046 0.25 0.08
h [ft] 20,000 0.64 0.65 0.60 0.46 0.22 0.07
25,000 0.61 0.65 0.62 046 0.20 0.08
30,000 0.58 0.63 0.61 045 0.19 0.06

50

= = = Original reference
90 x Prefiltered reference
3k - = = Original reference §
80 [ Prefiltered reference| 7 E_ 0
70F <
60
_ 50 . . . . 3 . . . .
S 50k 0 2 4 6 8 10 12 14 16 18 20
E_ Time [s]
Laor 50
30+ - — - Original reference
Prefiltered reference
20 F 3
2 0
10F oF
0
0 8 N
Time [s] % 2 4 6 8 10 12 14 16 18 20
Time [s]
Figure B-2: Reference time trajectory of
Maneuver A. Figure B-3: Reference time trajectory of
Maneuver B.
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Appendix C

Parametric Envelope Database

One drawback of the non-parametric probabilistic envelope database in the form of LUTs is
its large size. The applied database for the ICE aircraft has a size of 62.3 MB. In addition,
high-dimensional LUTs can only be interpolated linearly in realtime due to computational
limitations. To solve these issues, it is observed that the distribution of the membership values
resembles a multivariate Gaussian function for states p, q, r, «, 8. Therefore, possibilities were
explored to use a Gaussian parametric model to describe the membership value in these five
dimensions. Interpolation is still used for the remaining two dimensions h and V.

A multivariate Gaussian distribution can be fully parameterized by a mean vector p and a
covariance matrix . The mean vector is assumed to be 0 for each state. The covariance
matrix is interpolated at the current speed and altitude by a fourth-order polynomial based
on the covariance matrices calculated at the h-Vj grid shown in Section [B-21 In this way, the
envelope metric can be calculated with a semi-parametric model.

The parametrization can significantly reduce the size of the envelope database and obtain
similar envelope metric values at normal altitudes and speeds. A comparison of FEP perfor-
mances is shown in Figure for the parametric and the non-parametric databases. The
Maneuver B is used as the command. The simulations activated both the parametric and the
non-parametric models for comparison. The blue lines use compensation terms derived from
the non-parametric model for FEP, whereas the red lines use the parametric model. It can
be seen that both models can accomplish the task of FEP. However, it should be noted that
the parametric model cannot compensate for suboptimal altitudes and speeds of the aircraft
since the database is essentially reduced to 5-D with speed and altitude only as parameters.

More sophisticated parametric models can also be explored like spline models. However, this
is beyond the scope of the project.
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0 [
Non-parametric metric w/ non-parametric FEP
-0.5 — — —Parametric Metric w/ non-parametric FEP VAR
Non-parametric metric w/ parametric FEP / e -
— — —Parametric Metric w/ parametric FEP RS

Metric of envelope [-]

0 2 4 6 8 10 12 14 16 18 20
Time [s]

Figure C-1: Comparison of FEP performance for the parametric and non-parametric databases.
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