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Abstract The design and simulation of an on-line algorithm whichreates the
safe maneuvering envelope of aircraft is discussed in tApep The trim enve-
lope is estimated using probabilistic methods and effidiagti-fidelity model based
computations of attainable equilibrium sets. From this #hvelope, a robust reach-
ability analysis provides the maneuverability limitatsoof the aircraft through an
optimal control formulation. Both envelope limits are peated to the flight crew on
the primary flight display. In the results section, scerssie considered where this
adaptive algorithm is capable of computing online changdkd maneuvering en-
velope due to impairment. Furthermore, corresponding tgsda display features
on the primary flight display are provided to potentiallyan the flight crew of
safety critical envelope alterations caused by the impaitm

1 Introduction

In all transportation systems, but especially in civil d&wia, safety is of paramount
importance. Many developments focus on improving safetgléeand reducing the
risks of life threatening failures. In a recent study by then®nercial Aviation
Safety Team (CAST) and the International Civil Aviation @njgation (ICAQ), it
can be observed that loss of control in flight (LOC-I) is thestfoequent primary
accident cause. This study is based on a statistical aralf/sircraft accidents be-
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tween 2002 and 2011, and indicates that this category atstumas much as 23%
of all fatal aircraft accidents and involves most fatasift§. LOC-I can have various
causes, occurring individually or in combination, such agstem malfunction, at-
mospheric disturbances (e.g. turbulence or icing), anslddsituational awareness
by the crew. An important aspect during operations undetesysnalfunction or
atmospheric disturbance is that the crew needs to maintaneaess through pos-
sibly time changing degradation of aircraft performancarahteristics. The CAST
established a specialized international safety analgsimtto study the apparent
growing trend in loss of Airplane State Awareness (ASA) by flight crew. This
team has produced recommended safety enhancements thdeinesearch to de-
velop and implement technologies for enhancing flight crexaraness of airplane
energy state (SE 207)[2]. The approach developed in thisrdapuses on increas-
ing awareness of the boundaries of the safe flight envelopevelich the pilot can
maneuver without losing control over the plane. These baried can be updated
based on possibly time changing flow of information regagdire aircraft state.

A variety of methods conforming to this concept have beerstigated in pre-
vious studies. The most straightforward methods includelviinnel testing, flight
test experiments and high-fidelity model-based computatioattainable equilib-
rium sets or achievable trim points[23], possibly with Ibifation analysis [7] or a
vortex lattice algorithm combined with an extended Kalméterfil6]. More com-
plex methods include formulating flight envelope estimats a reachability prob-
lem and solving this with level set methods and Hamiltorebaequations [15],
possibly with time scale separation [5] or semi-Lagrandgsel sets [19]. Alterna-
tive methods rely on linearization and region of attractoalysis [20], determining
controllability/maneuverability limits in a quaternidrased control architecture[3]
or robustness analysis for determination of reliable fliggimes [22]. An approach
suggested by Boeing uses Control-Centric Modeling, dyndlexible structure and
load models [24]. In the frequency domain, stability masgian be estimated in real
time via nonparametric system identification [8]. More feed techniques inspired
by flight dynamics exist as well, such as determining the mumn lateral control
speed[6]. In this approach, the trim envelope is estimatesugh efficient high-
fidelity model-based computations of attainable equilibrisets based on aero-
dynamic coefficient identification from air data, inertialdaGPS measurements.
The corresponding maneuverability limitations of the miftare then determined
through a robust reachability analysis (relative to the tenvelope) through an op-
timal control formulation and based on the principle of tismale separation. The
theoretical underpinnings covering the overall approaehawailable in previous
publications[12, 21].

The structure of this paper is as follows. In Sec. 2, the edton of the envelope
boundaries is discussed. The method for presenting thesniation to the crew is
elaborated in Sec. 3. Sec. 4 discusses some relevant djgplieaample scenarios.
Conclusions and recommendations can be found in Sec. hetuglated research
based on the results presented here is described in Sec. 6.
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2 Estimation of the envelope boundaries

The safe maneuvering envelope is a fundamental propertyecéircraft's design
and overall current state of health. By definition it deteresi the overall capability
of the aircratft. If actively monitored in time, it may funoti as an early warning sys-
tem as well as provide anticipatory guidance to help avad tf control. For exam-
ple, automated planning tools may use it to help pilots lafdlg under emergency
landing conditions[17], or when combined with a display &ymesult in overall bet-
ter pilot awareness of the state of the aircraft. This candséqularly useful when
an automation system switches off. Additionally, the pbgdiased maneuverabil-
ity envelope can be analyzed separately from the contrategly, and knowledge
of the envelope may for example unmask control limitatiolbsided by adaptive
controllers, and even lower barriers to the introductiommfre advanced uncon-
ventional control strategies[9]. For these reasons, ingmtanethods for tracking
aircraft maneuverability in real-time may effectively pglilots avoid inappropriate
crew response and further prevent or recover aircraft frpseticonditions. Gen-
erally, the maneuvering envelope is the set of safe airstate and control inputs.
Unfortunately, because of the underlying nonlinear aftachgnamics, it is challeng-
ing to calculate this set of states accurately and rapidbugh to provide the pilot
or automation system with reliable information in a diveasel rapidly changing
environment.

2.1 Mathematical model postulation and parameter identiton

The aircraft model used for this simulator study is the nedir RCAM (Research
Civil Aircraft Model) simulation model, which is represative of a large two-
engine jet transport with general characteristics of a viddy, conventional tail
and low wing airplane configuration with twin turbofan enggrlocated under the
wings[14]. The physical dimensions are similar to an AirA800 aircraft, with
flight characteristics representative of a large jet trarsip landing configuration
(flaps at 32.5 deg and gear down) at sea level. A selection éfiNR@odel data is
provided in Table 1.

Table 1 Selection of parameter values for RCAM model

[ Constants |  Aerodynamic Coefficients | Input Bounds |
Cp, — 0.1599
S=260n? Cp, = 05035 Cp, = —0.015

T € [2054641092Q N

m = 120x 10°kg | Cp, = 21175 Cy, = —2.15
g=98Lmys | Cl,— 10656 Cr, =140 | < {‘}313'3] zdoea "
p = 1225kgm3| Ci, = 6.0723 Cyy = —2.87 0,200 deg

Cy,
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Nonlinear aircraft dynamics with higher dimensions canib®ified by consid-
ering the principle of time scale separation[5]. The stiteedf time scale separation
is analogous as applied for the fault tolerant control ator developed earlier[9].
The overview can be found in Fig. 1, which illustrates thatreerdimensional non-
linear problem is decoupled in three consecutive three nfsweal optimization
problems.

high bandwidth ‘ ‘ middle range ‘ low bandwidth ‘
dynamics kinematics dynamics kinematics
o aerodynamic aerodynamic
i moments P [ forces { 4
o, q a K, v
= = = =
S, r s
¥ F, AV
aircraft aircraft aircraft aircraft
dependent independent dependent independent

Fig. 1 Separation of dynamics over high bandwidth, middle range andbhndwidth

2.1.1 Model postulation

A nonlinear 3D aircraft example is considered. Main focuthaf research is on the
slow aircraft dynamics as specified in Fig. 1, involving tkeaalynamic forces lift,
dragD and sideforc®;ero Also the pitching momeril, as part of the fast dynamics,
has been included in the model but this moment can be coesideparately from
the aerodynamic forces, thanks the the principle of timéessaparation, see Fig.
1. The acting forces on the aircraft are illustrated in FigoR2a symmetric flight
condition.

Fig. 2 Acting forces on the aircraft model, source: Lygeros[15]

For the complete 3D situation, the equations of motion artemras follows[9]:
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Fa, —Wsiny = mv (1)
Fa, cos¢ + Fa, sing + Wcosy = —mVy (2)

Where the aerodynamic forces can be simplified assuming smetynamic an-
glesa and:

Fa, = TcosBcosa —D(V,a) ~T—-D(V,a) (3)
Fa, = —Tsina—L(V,a) =~ —-L(V,q) (4)
Fa, = —Tsinfcosa + Yaero(V, B) ~ Yaero(V, B) ®)

with the following expansions for lift, dragD and sideforc&;ero

D(V,q) = q_S(CDO +Cp, +<:Da2a2) 6)
L(V.a) = GS(Ci, +Ci, ) )
YaerolV. B) = GS(Cy;B) ®)

where the dynamic pressuge=1/2pV?2.
The aircraft dynamics are combined in the following mattixisture:

. S .
{V] - [—‘Z’mVZCD0 —gsmy} N H I+

_%ﬁvz (CDO,U +CDGZO{2>
y —J cosy 0| m

0
g%v (CL, +Cu ) cosp ] * { %quﬁﬁ S'”‘P}
)

where thrusfl and angle of attackr are treated as virtual inputs, based on the
time scale separation principle as illustrated in Fig. 1.afine matrix structure in
the inputs is obtained by simplifying for small angles ofakta and sideslig3.

The pitching moment structure typically varies for evemcaift type. For this
specific model, a model structure selection analysis[18a8]provided the follow-
ing structure:

C _ T
Cm:Cmo+Cnha+cmq5qv+cm5e58+0mh|h+CmTﬁ (10)
% qdeng

2.1.2 Parameter identification

In order to characterize the flight envelope of a particularaft, the as of yet unde-
termined aerodynamic coefficients need to be reconstrucdied) available sensor
measurements. This is a necessary step, that essentmtlysfiabove described dy-
namics model to any particular aircraft, or aircraft sintigia of higher fidelity. An
inertial sensor package, consisting of rate gyros and exmekters, provides an-
gular rates and accelerations as well as specific forces.dssumed that a state
estimation algorithm[13] is available, taking into accosansor disturbances (bi-
ases and/or noise), and compensating for them.
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The forces in the body fixed reference frame are reconstidcten:

Xot = MAC Yot = MA Zigt = MA (11)
X T —Xeot Y _Z
Cx = S Cr = R C = 7S (12)

where A, Ay and A; are the specific forces as measured by the accelerometers.
The force coefficients in the body fixed reference frame aga thransformed to the
aerodynamic reference frame using

—Cp cosa O sina cosB sin 0 Cx
Croero | = 0 1 0 |-[—sinBcosBO|-|Cy]. (13)
—C_ —sina 0 cosa 0 0 1 Cz

Finally, the pitching moment coefficient is reconstructeairf the corresponding
moment equation

M _ Alyy+ pr (Ixx—1z2) + (pz— rz) Ixz

Cm:q—ia? q& ’

(14)

wherelyy, lyy, 177, andly, are the components of the inertia matrix in the body axis,
and wherep, g, andr are respectively the roll, pitch, and yaw rate components of
the body-axis angular velocity.

The above defined flight dynamics model provides the meaonsghrwhich one
can assess the flight performance capability of the airckHdtvever, it depends
on a set of effective aerodynamic coefficients, which shb@dstimated from the
combination of available sensor data and the known phygitationships between
guantities specified by the model. The aerodynamic coefficgiector to be identi-
fied for the forces is defined as:

T
cC= [CDoacDaaCDazchocha] )

and the moment coefficient vector is:

T
m= [%)Cmgacm%7cfn 7th7Cﬁ‘lT:| .

A specialized Bayesian probabilistic approach was deesldp infer the un-
known aerodynamic coefficients from the noisy sensor measeints and to quan-
tify the estimation uncertainty; an overview of which is yided next. More infor-
mation about the identification procedure, including resswan be found in Schuet
et. al. [21].

A state measurement procesg®) = [V (k), y(k)] is defined, which proceeds, for
k=1,2,...,m—1, according to a midpoint-Euler discrete approximation:

x(k+ 1) = x(K) 4 hf(%,u;¢) + T(K), (15)
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wheref(x, u; c) represents the continuous flight dynamics model33,the vector
of known virtual inputs at time instandg

u(k) = [T, a.,B]",

h is the time-sample resolutiork = [x(k) + x(k+ 1)]/2 is the midpoint, and
1(k) ~ 4/(0,hS71) is the additive independent and identically distributediSa
sian measurement noise process. While the maneuverabdidgins linear inc, it
is still nonlinear inx andu, and the midpoint-Euler approximation enables better
representation of the true nonlinear system, for negkg#alditional computational
cost. The inverse covariance mat8xs an important statistical parameter that char-
acterizes the process noigék), which will also be estimated from the observed
data.

In similar fashion, one can also define processes for thdexooeeter measure-
ments

Xa(k) = AxC+ Ta(k),

whereAy is a matrix, depending oa(k), that implements the combination of (13)
and (6)—(8). Finally, the moment measurement process isatkés

Xm(K) = Mym + tn(K),

whereMy is a row vector implementing (10), that depends on the mommertel
input variables. Alsor, and 1, represent independent additive Gaussian measure-
ment noise terms for the accelerometer and moment measoteméth associated
inverse covariance matri®, and scalar inverse varian&, respectively. Further-
more, the moment measurement process is independent of/tizentts and ac-
celerometer measurement processes, and can therefoeabeltby a separate in-
ference process, that follows the same approach used tdtefaerodynamic force
coefficients summarized next.

Focusing on the estimation of the force coefficient vectdhe above measure-
ment model equations and Gaussian noise distribution gggm enable one to
specify the multivariate probability density function fpdor the measured data
given the model parameters

p(X, X3|C,S, Sy, U), (16)

where X, X4, andU represent matrices containing the entire history of state,
celerometer, and input data measurements, respectivelgugh Bayes’ Theorem,
thelikelihood pdf (16) can then be combined with appropriate prior infaforato
determine th@osteriorpdf

p(C, Sasa|x7xa7 U) (17)

that specifies the probability density of the unknown patamealuesc and inverse
measurement noise covariance matrices, given all of thereéd data and prior
information. The optimal parameter estimate is then founddiving
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maximize p(c, S, Sy X, Xa, U) (18)

with respect to the unknown aerodynamics coefficiangd inverse covariance
matrix termsS andS,.

With the modeling and additive noise assumptions used idehigation, the pos-
terior pdf (17) is log-concave in any one of the varialieS, or S; when the other
two variables are held fixed. This enables the efficient cdatfmn of a local opti-
mal estimate using a block coordinate descent method td Itheasolution process
into steps that require solving simple convex optimizapooblems. Furthermore,
the coefficient parameter estimation uncertainty and Bagesodel evidence can
also be estimated using closed form expressions. See [Pdéfails.

2.2 Estimation of the trim envelope

One important feature of the maneuverability model (9) & fhenables a rapid
numerical analysis of the trimmable states. To see how tleiksvfirst note the
definition of the set of trimmable states is

{x|f(x,u;c) =0, (x,u) € 2}, (19)

whereZ represents the set of overall allowable states and vinymits. This set is
important because it represents an a-priori safe manehiligranvelope.

For the maneuverability model, and a given aerodynamicrpeier vectorc,
characterizing the set of trimmable points then involvetrggthe top and bottom
equations on the right hand side of (9) equal to zero. Theboéquation is solved
for angle of attackx in terms of the other variables in that equation, which do not
include thrusfl. The top equation is then solved fbiinto which the previous solu-
tion for a is substituted. The result is a closed form solution for #epuired thrust
and alpha needed to achieve trim for any given trim state dmer @irtual inputs.
This enables a fast numerical sweep to determine the noregdrim envelope as
follows:

1. Setup a grid of state values 8. For most practical applications a coarse reso-
lution is sufficient.

2. Fix values for roll anglep and side-slip anglg, and make them equal to the
current values.

3. For each point in the state grid solve for the thiusind angle of attack needed
to achieve trim.

4. Return only those points for whichanda are within 4.

A crude visualization of th€V, y)-trim envelope is then obtained by simply plot-
ting the trimmable points from the above calculation. Initidd, one should check
whether the achieved trim points are stable. This involVesking the eigenvalues
associated with the local linear approximation to (9) ahetsicn point, and as be-
fore a closed form expression can be found. The entire caatipatis fast enough
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on a modern PC to enable dynamic re-computation as airaaétitons change, or
to compute extended envelopes by sweeping over valuesdodf3.

The actual maneuverability calculation for a grid covertsi9 points is com-
pleted in 21 ms on a.8 GHz MacBook Pro. The calculation includes a check for
stability[21]. An example trim envelope is shown in Fig. 3idais based on the
RCAM simulation model.

Value of angle of attack for trim point Value of thrust for trim point

vldeg]
a [deg)
y [deg]

5 70 65 70 75 80 85
v [mis] V imis]

(a) Values of angle of attack for trim points (b) Values of thrust for trim points

Fig. 3 Trim envelope for the RCAM model and required inputs for triairs

In Fig. 3, it can be seen that the trim envelope boundariesngpesed by the
input saturation limits. The upper boundary corresponasagimum thrusfax =
410920N, the lower boundary is imposed by minimum thiiggt = 20546N. The
range for the angle of attack results in the boundaries tgft{ = 14.5°, prior to
stall) and right @min = 0°). It can also be observed that more thrust is needed for
larger flight path angles, because the thrust force has tateract the exponentially
increasing drag force, since a larger angle of attack odoursiower speeds. Ana-
lyzing the range of thrust values over airspeed for condligitt path angle, shows
that more thrust is needed for a further speed decrease I&8lovis. This region
corresponds to the range of the angle of attack 4.5°. Analysis of the Lift-Drag
Polar and the power required curve, shown in Fig. 4, confilrasthis region is the
back side of the power curve, and that= 69m/s is the minimum drag airspeed.

2.3 Estimation of the maneuvering envelope

In this context, the preferred interpretation of the safeewaering envelope con-
siders reachability from the trim envelope. The stable amdrollable trim envelope

is considered an a-priori safe set. The backwards reackable defined as the set
of states from where (at least one point in) the trim envelogre be reached. The
forwards reachable set is defined as the set of states whicheceeached from (at
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Lit Drag Polar x10' Power required curve

minimum power airspeed !

65 70
Tosl H a=45deg . i v [mis]

x10° Corresponding trim drag curve

minimum drag airspeed

2 025 ¥ 65 70
CcD[-] V [mis]

(a) Lift-Drag Polar (b) Power required curve

Fig. 4 Lift-Drag Polar and power required curve of the RCAM modelfaom that minimum drag
airspeed i% = 69m/s, and the region to the left is the back side of the power curve

least one point in) the trim envelope. Then the safe manewydlight envelope
is the cross section between the forwards and backwardbablgcsets. This in-
terpretation is illustrated in Fig. 5. In addition to theesa&ivelope, the backwards
reachable set is considered as the survivable flight eneelsiper an upset due to
damage, turbulence, a wake encounter etc., it is possitilarig the aircraft back
to a safe trim condition as long as the current flight conditisituated inside the
backwards reachable set.

safe operating set = safe flight envelope
backwards reachable set F g
= survivable flight envelope

forwards reachable set

a-priori safe set

= trim envelope

-

Fig. 5 Safe maneuvering envelope as intersection between forwattbackwards reachability,
modified from source: van Oort[19]

The aim is to perform a combined forward and backward redlityabnalysis
from the trim envelope as efficiently as possible, for or-iimplementations. Based
on previous research[4], level set methods are an excallerdidate. Finally, ro-
bustness is an important aspect to be considered in thisxtcad well.

It has been shown in the literature that maneuvering eneatsfimation through
reachability can be reformulated in the optimal controhfeavork[15]. Consider a
continuous time control system:
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x=f(x,u,4A) (20)
withx e R", ueU CR™ A e D CRK f(-,-): R"xU — R", a function:

1():R" >R (1)

and an arbitrary time horizofl > 0. Let % ;y1denote the set of Lebesgue and
bounded measurable functions from the intefty&l] toU. Define@(7,t,x,u(-),A)as

the state trajectoryA are defined as parameter uncertainties. Given a set of states
K C R", the reachability question can be naturally formulatecareimg the rela-

tion between the s& and the state trajectorieg of Eqg. (20) over the horizoit .
Problem of interest is the following:

Robust reachabilityDoes there exist & € % g1) and at € [0, T] such that the
trajectory@ of the statex satisfiesx € K, irrespective ofA?

The optimization problem can be formulated as a pursuitiesagame over the
horizonT > 0 with target seK C R" [5]. It is assumed that is trying to bring or
keep the state in the skt whereasA is trying to drive it out ofK. To ensure the
game is well-posed, is restricted to play non-anticipative strategies withpees to
the unknown uncertainties.

For the types of safety problems considered here, a set tidlistates has to
be established such thatcan win the game, in other words the set Reach can be
characterized as follows:

Reachohust(t,K) = {x € R"|VA € D,3u € % 1),
3—[ 6 [t7T}7¢(T7t7X7u(')7A) 6 K}

As done elsewhere in the literature[15], the charactedmadf this set can be
done according to the principle of duality:

Reach(t,K) = (Inv (t,K))° (22)

Through this principle, it can be characterized as an INFIdibblem[15]. The crux
is to include theA’s as disturbances in the optimization function, they ojgpibe
optimization over. Consider a closed s#t, that can be written as the level set of
a continuous functioh: R" — R, i.e.K = {x € R"|| (x) > 0}. As a consequence,
the Invariance optimization formulation becomes|[5]:

Inv(t,K) = {x € R"|Va(x,t) > 0} (23)

with:
Vo(x,t)=inf  sup min | (@(T,t,x,u(-),A)) (24)
U(-)E%; 1) AcD TELLT]
This can be reformulated into an Hamilton-Jacobi-Bellm&artial Differential
Equation[15, 5]:
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o\, . . N,
—= (Xt min inf  sup—= (x,t)f(x,u,4) > =0 25
dt ( ) )+Te[t’T]{u(.)69]/[t_T]Aeg X ( b ) ( ) ) )} ( )

whereV, (x,T) =1 (x) holds for backward integration ang (x,t) =1 (x) applies
to forward integration. These HIB PDE’s can be solved byl Isgts, for which a
toolbox is available in Matla®[18].

A more elaborate discussion of the optimization strategy the detailed ap-
proach followed, is discussed by Lombaerts et al[12].

2.4 Maximum bank angle calculation

The maximum bank angle can be calculated as the bank angle at which the vertical
component of the maximum attainable lift vector balancesskight vector of the
aircraft. This means that banking the aircraft at the curegrspeed beyond this
maximum angle will result in a stall. This concept is illegtd in Fig. 6.

Lcosy Lcosycosg

Fig. 6 Force balance between lift and weight in a turn

Equilibrium of forces in the vertical plane requires that:
Lcosycosp =W (26)
Rewriting for bank anglep:

W
Leosy ¢ 1/opv2scosy’

cosp = (27)

For extreme bank angles the following relationship can bele:

W W
LmaxCosy C|_ma>(:l'/2pVZSCOSV7

COS@nax = Clyax =Clo +CloOmax  (28)
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Therefore, it can be stated that:

W
+ = 4min{ arcco ,35° 29
Bhax { 5( Co 1 /va P) SCOSV> } (29)

whereCy, ., = C, +CL, 0max In this calculation the current values for airsp&éd
and flight path angle are used, the up-to-date values @y andC_, as provided
by the identification algorithm, as well as the maximum argjlattackamax. For
normal maneuvers of a conventional civil airliner, the maxim bank angle is not
expected to exceed 35

Reducing speed will restrict the available bank range teefovalues oft @hnax.
At stall speed, no bank authority will be left. Some typicalues for the nominal
RCAM model are given in Table 2.

Table 2 Some typical values of maximum bank angle at different airspedee RCAM model
Vm/s] af°] @max(’]

75 3 £60
59 9 =£35
53 145 =0

3 Additional information provided to the pilot over the cockpit
displays

The information obtained from the envelope estimation i@lgo can then be pre-
sented to the pilot. This is done in the primary flight disp(B¥D). The speed and
flight path angle boundaries, which apply for the currentkbangle and sideslip
angle, are shown on the relevant parts of the PFD. Also thk bagle limits are

displayed on the PFD.

The calculated true airspeed boundaries (TAS) are com/¢oténdicated air-
speed (IAS) by taking into account altitude varying air dgrand presented on the
speedtape at the left hand side of the artificial horizon @RRED. The flight path
angle informatiory is translated into vertical speédand presented on the vertical
speed tape at the right hand side of the artificial horizohénRFD.

Safe envelope information presented on the vertical spesel &s illustrated in
Fig. 7, is absent in current PFDs. In this new setup, the afirs mark the vertical
speed ranges where no equilibrium can be established. ttigerathis means that
speed will increase in the lower amber region, even for idtedt, and that speed
will decrease in the upper amber region, even with full thriike red barber poles
mark the ranges where the maneuverability envelope isltefiractice, this means
that it is impossible to reach this range and return to trithini5 s for each direc-
tion. For the bank angle limits, the amber region is statithen35 marker. The red
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barber regions indicate where stall will occur and are deiteed by the maximum
bank angle as calculated in Sec. 2.4.

Trim and Maneuverability Envelope

150 200 250 300 350 400 450 500

1AS [knots]

Fig. 7 The envelope limits as displayed on the primary flight display, faow they are driven by
the envelope calculation

4 Application examples

Two main application examples have been considered ingkisarch, both scenar-
ios have an impact on the speed boundaries of the safe flightogre. The first one

is a generic simplified icing scenario, the latter is an uadcifed stabilizer deflec-

tion. The nature of both scenarios is elaborated in detiéd; ahich the calculated

effects on the envelope are analysed. Finally the obsenatre verified from a

flight dynamics point of view.

4.1 Icing scenario

In specific atmospheric conditions, ice accretion is pdesin the aircraft wings.

In this example, it is assumed that the regular thermaliaatsystems, which are
conventional equipment on all civil airliners, are opergtbut are not successful in
removing all and/or preventing any ice being built up on thiegs. This example

will focus on the impact of ice accretion on the flight perfamse envelope of the
aircraft.
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4.1.1 Impact on the simulation model

The influence of icing can be injected into the maneuvetghiiodel through two
primary mechanisms. First, changes in the flight dynamiesepresented through
the aerodynamic parameters. Typically, icing will deceslifs C, and increase drag
Cp. For this simplified example, all lift coefficient€(, andC,,) have been scaled
down by 20%, and all drag coefficients;, Cp,, andCDaz) up by 20%. The second
mechanism is modeling diminished control authority thiotige set#Z of overall
allowable virtual inputs. For example, the maximum perihissangle of attack
may diminish due to icing. In this generic example, the stalile of attaclamax is
reduced from 14° to 8, in addition to the coefficient changes, and its impact on
the safe flight envelope has been analysed.

4.1.2 Effect on the safe flight envelope

Fig. 8(a) shows that a 20% decrease in lift combined with a 2@¥ease in drag
results in a shift of the trim envelope towards higher aiesfseand lower flight path
angles. The following force equilibrium equations expltis physically:

CL(a) %pVZS: W cosy ~W (30)
T—CD(a)%pVZS:WsinymWy (31)

Due to the reduced lift capability, it can be seen in Eq. 30dHagher airspeed is
needed to compensate for the aircraft weight. On the othmt, temn increase in drag
means that less net excess thrust is available for climb irB8EgIf the maximum
angle of attack limitomay is reduced, then there is a further reduction in maximum
lift capability, which is translated into a shift to the righf the left limit of the trim
envelope, as shown in Fig. 8(b). Note that a decreasg,ig leads to the loss of any
possibility to establish trim below approximatafy= 70my/s.

‘Comparison of rim envelopes of the damaged and undamaged RCAM model ‘Comparison of trim envelopes of the damaged and undaraged RCAM model
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Fig. 8 Comparison of trim envelopes of the damaged and undamaged RCAMI mod
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Next theV, y maneuvering envelope is calculated for bank aggte 0, with and
without generic icing scenario involving 20% decreasefirféirce and increase in
drag force, and with an additional envelope degradationasioe caused by a re-
duced maximum angle of attack. This example builds furtimethe results for the
trim envelope, as presented in Fig. 8. The intersection wfdods and backwards
reachability is defined as the safe maneuvering envelopdsasidown in Fig. 9.
The time horizon in this example is setTat= 5s. This choice is based on the time
constants of the considered relevant dynamics. The bluangalar contour corre-
sponds to the rectangle with the largest area which can bendrethe trim envelope
of the nominal aircraft as depicted in Fig. 3. Similarly tleel tontours correspond
to the rectangles with the largest area which can be spanribd trim envelopes of
both damage scenarios in Fig. 8(b).

Analysis of safe set Analysis of safe set
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(a) Effect of 20% decrease in lift coefficiefit) Additional envelope degradation caused
and 20% increase in drag coefficient by reduction of maximum angle of attack

Fig. 9 Calculation of safe maneuvering envelope sets through foraudcbackward reachability
analysis ovelT = 5s, based on calculated trim envelope boundaries and ideh&iBrodynamic
parameters. Upper left envelope areas correspond to nomirfajwation.

Comparing undamaged and damaged envelope boundaries steindluence
of the damage characteristics. In Fig. 9(a), it can be seadrttie safe maneuvering
envelope shift is similar as for the trim envelope. A highpeed range is needed
to compensate for the loss in the lift force coefficient, and as large positive
flight path angles can be reached due to the smaller excesg tfrost due to the
increased drag. In Fig. 9(b), it can be seen that the rastricin maximum angle
of attack leads to a further shrinking of the maneuveringetape, especially for
slower speeds since stall will occur for higher airspeeds.

Extensive Monte Carlo analyses have been performed in toderify the accu-
racy of the boundaries of the estimated maneuvering enesldfhese analyses have
been based on the non-simplified aircraft model, ignorirgassumption that the
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aerodynamic angles andf should be small. All these Monte Carlo analyses have
confirmed that the results provided here are accurate andh@aimplifications
hold for the current ranges of the aerodynamic angles, namel [0°;14.5°] (no
icing) andf € [-5°;45°]. This is an important conclusion which makes a relevant
on-line safe maneuvering envelope estimation tool mucterfeasible.

4.1.3 Maximum bank angle in icing conditions

Since the total maximum lift capabili, .., of the aircraft characteristics will de-
crease in an icing scenario, while the total weightvill remain unchanged, it can
be expected that this will have a significant impact on theimas bank angle. As
a consequence c@gax Will increase, which corresponds to a decreas@jg. The
effect and comparison without icing is shown in table 3.

Table 3 Some typical values of maximum bank angle at different airsptedhe RCAM model
with and without icing

V [m/s] 84756659 53
@hnax[°] With ice||+ 60|+ 50{+ 35{~ 0| 0
(ax[°] NO ice ||+ 66|+ 60|+ 49|+ 35~ 0

4.2 Stabilizer misalignment

Another scenario considered in this study, was a nose datrtistn misalignment,
which generates a pitch up moment. The disturbing moment thea be coun-
teracted by the elevators, which come close to their sébarditnits. This results
in significantly stricter upper envelope limits on speed aliichb rate. For practi-
cal purposes, it is important to achieve zero angular ratasna all body axes, in
order to establish a stabilized final approach. Relying owtle’s second law for
rotations:M, = | W+ w x | @, the requirement fow = 0 as well asw = 0, results
in the requirement that the total aerodynamic monmMgt(the pitching moment M
around the Y-axis in the specific case considered here) dt@tqual to zero.
Considering Eq. (10) for this specific case:

C : T
Cm:0=Cnb+C|m0!+Cmqu+Cmae5e+ Cm, i +Cmf@ (32)
~—— ng
q=0 disturbance

for the combination of the required pitch raje= 0 and the disturbandg caused
by the misaligned stab, together with the given trim valumsaingle of attaclax
and thrusfT calculated earlier, a specific value for elevator deflecigis needed
in order to balance the total Eq. (32), while taking into agticthe upper saturation
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limit of the elevatofd,,,,. EQ. (32) is an additional trim requirement, besides Eq. (9)
In most conventional flight conditions without stab misahgent, Eq. (32) has no
effect on the shape of the trim envelope. However, the impadhe trim envelope
is significant for large angle stabilizer misalignment, as be seen in Fig. 10.

arspeed s

@i =0 (®) in = —6° © = -8

Fig. 10 V,y trim envelopes for different stabilizer misalignment scenafiwsank anglep = 0
and sideslip anglg = 0. Elevator saturation limits are30° and+20°.

Fig. 10(a) shows that the required elevator deflections fstahilizer stuck at
0° vary between-8° and 15 over the entire trim envelope, which is well between
the elevator saturation limits 30° and+20°. However, Fig. 10(b) and 10(c) show
a totally different situation for a stabilizer misalignmiext 6 or 8 nose down re-
spectively. The pitch up moment which is generated reqisigsificant elevator
deflection and they hit their maximum limit &§,,,, = 20° within the trim envelope
calculated based on lift an drag. This additional input t@mst results in the fact
that the envelope is significantly smaller. For level flight 0°, the conventional
maximum airspeed of = 135nys is reduced t&% = 100nys fori, = —8° to pre-
vent elevator saturation. This is relevant information,jchhincreases the crew’s
situational awareness significantly in this type of scemari

5 Conclusions and recommendations

The methods presented in this paper have three distinggiébatures. First, instead
of linearizing the full aircraft dynamics model, a repretsgive compact nonlinear
model has been determined. This enabled rapid numericgbuttions, which are
more representative of the aircraft performance than wbeldbtained through lin-
earized models. Second, the integrated modular approaclviimg system identifi-
cation — trim envelope calculation — maneuvering envel@peutation leverages the
same dynamics model to estimate the safe flight envelope dronently available
flight data as provided by current sensor packages on-baoalrdidiners, while also
establishing confidence regions biased towards greatertaiaty when insufficient
input excitation is available. Furthermore, the systenmifieation process makes
the global approach adaptive for (unintentional) confiarechanges and damage,
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which has been shown in the application examples. Thirds#iie maneuvering
envelope maximizes the options pilots or automation systeave to recover the
aircraft in damage scenarios, while remaining robust toutiheertainty in the sys-
tem identification process. The net result is an increaseibiliey for developing
advanced aircraft diagnostics that provide the bottom hiremeuverability of the
aircraft as an output, and this is expected to have impogpplications to flight
planning, trajectory generation, guidance algorithms, @itot displays.

6 Further research

The display features presented here, providing up to dédgeflight envelope in-

formation to the flight crew, have been evaluated in the AdedrnConcepts Flight
Simulator at NASA Ames Research Center to investigate thgaainon aircraft en-
ergy state awareness of the crew. Commercial airline crews flown multiple

challenging approach and landing scenarios in a relevaritoerment simulating
the airspace around Memphis International Airport. Mor&ile and extensive re-
sults of this specific simulator study can be found in Ref].[11
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