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Featured Application

Architecture assessment for inversion based fixed-wing UAV control, supporting early
decisions on whether an envelope feedback path should be retained before higher fidelity
actuator, allocation, or hardware testing.

Abstract

Envelope feedback can improve a fixed-wing UAV state margin while increasing the com-
mand and input demand needed to realize it. We compare all eight combinations of speed
force, angle-of-attack force and angle-of-attack moment at common gains in one inversion-
based architecture. On 48 reused development cases, nested differences and independent
directional Taylor propagation give the same outcome classifications. Angle-moment-only
CAT and speed-force/angle-moment CVAT complete all cases with positive sampled mar-
gins, whereas angle-force configurations exhibit background-dependent input-request
terminations. A frozen protocol for independent-input numerical evaluation then assesses
four configurations on 100 new cases in two sampling ranges. CAT and CVAT complete all
50 cases in each range with positive sampled margins. CFULL completes 49/50 and 42/50.
The stronger angle-margin target remains unmet. Common-state diagnostics trace force-
path changes through command acceleration to elevator demand. A second-order attitude
command tracker removes six terminations in a separate five-case comparison but increases
position RMSE by 4.49-7.03 m on common complete pairs. Prescribed state-estimation
errors substantially reduce completion. These results show task- and command-realization-
dependent tradeoffs within the tested architecture. Conditional power accounting identifies
retained coupling terms without establishing stability or invariance. The findings are lim-
ited by finite numerical resolution, qualified sampling, instantaneous actuation and the
absence of atmospheric or hardware validation.

Keywords: fixed-wing unmanned aerial vehicle; flight control; trajectory tracking; envelope
shaping; angle of attack; feedback path selection

1. Introduction

Fixed-wing unmanned aerial vehicle (UAV) controllers often convert guidance objec-
tives into virtual force or attitude commands and then into moments and control surface
inputs. Guidance and path following methods organize desired motion [1,2], while con-
strained tracking methods address performance under vehicle limits [3]. This layered
realization is central to the engineering problem studied here. During turning and deceler-
ation, airspeed or angle of attack feedback may move the aircraft farther from a selected
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boundary, but the same feedback also changes the attitude command used to realize the
requested force. If that command is differentiated for rotational feedforward, the effect
propagates to moment and surface demands. In controller development, an added pro-
tection path is therefore valuable only if its state level benefit is commensurate with the
downstream demand that must be realized by the aircraft. Tracing this demand can inform
subsequent actuator, allocation, hardware in the loop, and flight evaluation. Nonlinear
inversion, command derivative generation, and constrained allocation all highlight different
parts of this implementation chain [4-7].

Fixed-wing UAVs serve mapping and infrastructure-monitoring tasks that require co-
ordinated motion along acquisition routes. For example, Bakula et al. [8] used a fixed-wing
multisensor platform for levee mapping, combining flight strips, trajectory processing and
data calibration. This application motivates considering task execution and aircraft motion
together. We examine whether a margin-improving feedback path imposes a downstream
request that the chosen implementation can realize.

Relevant work addresses command modification and state constraints, aircraft enve-
lope protection, energy-based feedback construction, and input realization. Constraint
handling can enter this chain at several levels. Reference and command governors modify
the commands supplied to a stabilized system [9], whereas barrier Lyapunov functions
incorporate state constraints into the control storage [10]. Control barrier functions (CBFs)
impose derivative conditions associated with forward invariance and can be combined
with performance objectives in quadratic programs [11,12]. Higher order CBFs extend
this approach to constraints for which inputs appear after further differentiation [13],
with simultaneous state and input bounds requiring additional feasibility conditions [14].

In aircraft control, envelope protection has been studied using adaptive methods as-
sessed in piloted simulation [15], phase plane limits with backstepping [16], and CBF
quadratic programs [17]. Angle of attack constraints have been combined with saturation
and fault tolerant tracking [18]. Control Lyapunov and barrier functions have also been
applied to aircraft stability and safety [19], and flying wing envelope protection has been
evaluated in piloted simulation [20]. Related work addresses autonomous aerobatic ma-
noeuvres [21], attitude regulation near the envelope boundary [22], and nonlinear inversion
at high angles of attack for low aspect ratio flying wing UAVs [23]. These studies motivate
examining how the placement of envelope feedback affects the demands passed through a
particular realization chain.

For the present comparison, energy methods provide a way to derive force and moment
feedback from aerodynamic state gradients. Dissipativity relates storage change to supplied
power [24]. Port-Hamiltonian modelling and interconnection and damping assignment
use this relation in physical systems [25,26], and generalized canonical transformations
provide a basis for trajectory tracking [27]. Fixed-wing Port-Hamiltonian control and
passivity based cross track control incorporate aerodynamic state structure [28,29], while
energy based methods also address position tracking for atmospheric vehicles [30]. We
use the established recentering operation [31] to define storage gradients about moving
nominal targets.

The resulting feedback still has to be realized by the aircraft. Nonlinear dynamic
inversion provides one route from a virtual request to flight control inputs [4], with internal
stability depending on the input and output organization [32]. Incremental inversion and
adaptive variants address acceleration information, model dependence, and implemen-
tation delay [5,33]. Constrained control allocation distributes requests subject to effector
bounds [6,7], and active set methods provide numerical solutions [34]. Restricting pseudo
commands through an attainable moment set similarly accounts for lower layer author-
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ity [35]. Nonlinear inversion has also been applied to fixed-wing trajectory tracking during
ground taxiing, takeoff, and landing [36].

Protection placement has been examined by modifying the angle control organization
of the Flying-V [37], intervening at the pseudo control level [38], and connecting collision
avoidance and geofencing to lower level tracking [39]. Barrier filtering based on a closed
loop model accounts for how an intervention changes closed loop behaviour [40]. Passivity
preserving interventions [41] and port-transversal barriers [42] examine compatibility with
system energy and interconnection structure. Within one fixed inversion based tracking
architecture, we compare the margin benefit, tracking cost and realization demand of all
eight combinations of speed force, angle force and angle moment at common final gains.
This also tests whether a path behaves differently when the other paths are enabled.

Here a feedback path is a route by which the current state changes the requested aircraft
input. The speed force acts along the velocity direction and modifies the translational force
request. The angle of attack force acts through the translational angle gradient and also
modifies that request. Both force paths pass through aerodynamic inversion to change the
commanded attitude. The angle of attack moment instead enters the rotational moment
request through the sensitivity of angle of attack to body rotation. All three ultimately share
the same moment and surface realization. CVAT enables speed force and angle moment,
CFULL enables all three paths, and CV enables speed force alone. CAT enables only angle
moment, while CO0 retains the base tracking controller with all envelope paths disabled.
These five configurations are among the eight combinations obtained by independently
enabling or disabling the three feedback paths.

The assessment separates reused development conditions from new independent
inputs. The development evidence includes all eight configurations under two implementa-
tions of the same command derivative, common-state diagnostics and a finite neighbour-
hood of a difficult case. A second-order attitude command tracker tests a different command
realization. Further studies examine numerical resolution and prescribed state-estimation
errors. Finally, a frozen protocol evaluates four configurations on 100 newly generated cases
in two sampling ranges, without retuning on their outcomes.

The contribution is a numerical architecture assessment that connects sampled state
margins to tracking cost and downstream command, moment and input demand. Common-
state evaluation distinguishes direct changes in the control map from subsequent trajectory
divergence. Conditional power accounting identifies the coupling and discrepancy terms
that remain when a feedback path is removed. Its sign-indefinite terms leave stability and
invariance unproved. The findings describe task- and implementation-dependent tradeoffs
and identify questions for subsequent actuator-aware and flight evaluation.

2. System Model and Problem Formulation
2.1. Physical Model and Reference

The numerical plant represents a rigid fixed-wing aircraft with six degrees of freedom
and 13 integrated variables. Its aerodynamic polynomial structure and aircraft parame-
ters are taken from the Generic Transport Model (GTM) entries in the generic nonlinear
aerodynamic (GNA) model of Grauer and Morelli [43]. The project identifier T-2/GNA
denotes this adopted computational benchmark. Supplementary Sections S1 and S2 give
the coefficients, density law, and force axis convention.

Let J denote the north—-east-down inertial frame and B3 the body frame, with body
axes pointing forward, right, and down. The position r € R is expressed in J in metres.
The body velocity is v = [ug, vg, wp]T € R3 in metres per second. In inertial coordinates,
v = RvP. The matrix R € SO(3) maps body components into inertial components, where
SOB)={R:R'R = I3, detR = 1} and I; is the 3 x 3 identity matrix. A unit quaternion g =
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(90, qZ 1T € R*, with the scalar component first, represents the same rotation. The angular
velocity w € R? is expressed in B in radians per second. The integrated state is therefore
x=1[r",©®")7,4",w"]"T € RE. Altitude is h = —r5.

Subscripts 0 and a distinguish nominal controller parameters from actual plant parame-
ters. The nominal controller mass and inertia are 71, > 0 and J, > 0. The actual plant values
are m, > 0 and the constant positive definite inertia matrix J, € R in kg m?. With thrust
T in newtons along the first body axis and surface deflections & = [J,,,,6,]" in radians,

the plant obeys
# = RoP, 9P = —wx 0B +gRTe3 + (ff + Tey)/m,,
o= —3q ] w, q, =3l + [q,]0w, (1)
Jw=1,-wx]Jw.

Here e; = [1,0,0]" and e; = [0,0,1]" are coordinate basis vectors. The symbol ¢ denotes
gravitational acceleration, ff is the aerodynamic force in body components, and 7, is the
actual aerodynamic moment in body components, in newton metres. A dot denotes differen-
tiation with respect to time ¢ in seconds. The symbol T denotes transpose, and [a],b = ax b
defines the skew matrix of a three vector. Vector norms below are Euclidean. The unit
quaternion constraint leaves 12 independent local physical coordinates.

Wind is zero, so air relative and ground relative velocities coincide. Actual airspeed V,
angle of attack «, sideslip §, and dynamic pressure 4 are

V = |08, a = atan2(wg, ug), B = arcsin(vg/V), g= %p(h)Vz, (2)

where p is density in kg/m3. Angles are computed in radians and converted by 180/ for
figures and tables labelled in degrees. The implemented force and moment interface is

—Cpcosa + Cp sina b,,C;
fr=as Cy . T,=qS|C, |- (3)
—Cpsina — Cy cosa b,C,

The wing area S, span b,,, and mean chord ¢ have units m?, m, and m. The six dimen-
sionless coefficients Cp, Cy, C;,C;, C,,, C,, denote drag, side force, lift, roll moment, pitch
moment, and yaw moment. They depend on aerodynamic states, angular rates, and de-
flections. Sideslip enters the polynomial model directly. Equation (3) is the force mapping
used in the simulation and includes no additional sideslip rotation.

The desired position, velocity, and acceleration are the known functions r,(t), v, (t),
and a,(t) in I, with units m, m/s, and m/s?. The subscript d denotes a desired reference.
Each vector is interpolated independently with a cubic spline. Consequently, v; = #;
and a; = 9, hold only approximately in the implementation. This distinction is retained
in the power accounting. Table 1 gives the nominal aircraft parameters and controller
settings. The rotational gains are fixed implementation settings rather than tuning results
of this study.

Table 1. Nominal aircraft, controller, and numerical parameters. Actual plant parameters are per-
turbed only as specified in Section 4.1.

Quantity Value Unit

i 22.498181552 kg
S, b, ¢ 0.54831374208, 2.0875752, 0.278892 m?, m, m
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Table 1. Cont.

Quantity Value Unit
Joa1Jo22: Jo 33 1.7991704174, 5.7676495522, 7.3946310902 kg m?

Joas = Jos —0.1626981538 kg m?

g 9.80665 m/s?

K, 2.2498181552I, N/m

D, 17.99854524161, Ns/m

kg 80 Nm

K, 6l, Nmsrad!
Ky, K, 5,0.001 J

hy 0.0005 S
Relative/absolute tolerance 2x10-7/107° solver settings
Maximum/saved output step  0.02/0.05 S

Aircraft values follow the GTM entries in Ref. [43], expressed in SI units. Unlisted inertia entries are
zero. The gains K, and D, act on position and velocity errors, while kz and K, act on attitude and
angular rate errors. Because angular rate is reported in rad/s, K, has units of torque per angular rate,
Nmsrad~!. The weights xy, and x, multiply airspeed and angle of attack storage. The increment h;
is used in command differentiation and is distinct from the integration and output steps. Density
follows Supplementary Section S2.

2.2. Tracking Objective and Design Boundaries

Define the position and inertial velocity errors as e, = ¥ —r; and e, = v — v,;. The nom-
inal inertial force request without shaping is

Fy =my(a, —ges) — K,e, —De,, (4)

where m, is the nominal mass, K, > 0is a position gain in N/m, and D,, > 0 is a velocity gain
in N's/m. The notation > 0 denotes positive definiteness. Thrust, attitude, and aerodynamic
moments jointly realize this virtual force request.

The design objective is to track the prescribed trajectory while shaping the approach
to the actual state boundaries V > V. and & < a,,. These study boundaries describe the
state response of interest, not a certified stall envelope. The realization has its own limits
and preferences, listed in Table 2. In particular, the commanded angle «. may exceed the
preferred 10° while the actual angle remains below its design boundary. Finding a valid
command in the inversion bracket [0, 14°] is therefore a different question from maintaining
the actual state margins. In Table 2, M,, is the minimum saved sample angle margin &, — &
over a completed run, using the sampling convention in Section 4.4.

Table 2. Distinct design boundaries, preferences, and model domain checks.

Object Specified Value Meaning

Actual speed V V > 31.176889725 m/s Lower study boundary

Actual angle « a < 10° Upper study boundary
Moving centres Vi > Viinr & < Qax Nominal target feasibility
Command «, <10° Reporting preference

Inverse root 0<a <14° Search bracket

Thrust 0<T<120N Strict numerical guard
Aileron/elevator/rudder [-10,10]/[-20,10]/[—30,30]° Inclusive model domain guards
Stronger angle margin M, = 0.25° in at least 90% Original performance target
Speed recovery V—Vin=05m/s Interior recovery target

The actual angle boundary is not an identified stall angle. A guard violation stops the run. No
response after the limit is simulated.

The baseline uses the true plant state for feedback, zero wind, and no sensor noise or
estimator dynamics. Within the permitted input domain, the plant applies the requested
thrust T and surface deflections § instantaneously. Equality between controller requests and
applied inputs is the instantaneous-actuation assumption of this baseline. An input-domain
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guard checks the request after inversion and stops integration when it is inadmissible.
The same checks apply to every configuration. No clamped surface response, actuator lag,
or response after saturation is simulated. A separate sensitivity study replaces true-state
feedback with prescribed estimates while retaining the omission of sensor and estimator
dynamics (Section 4.2). The dynamic command tracker in Section 3.4 is upstream of the
instantaneous input interface and is not a servo model.

Completion means reaching the specified final time without a terminating model or
numerical check. A configuration with an angle path disabled can remain evaluable after
crossing the actual angle study boundary, so completion alone does not imply positive state
margins. Positive sampled margins additionally require a completed run with My, > 0
and M, > 0. The stronger 0.25° margin target is a separate performance criterion, and the
command preference and root-search bracket remain separate from both. None of these
labels is used as a synonym for continuous safety. Section 4.4 specifies their counting rules.

Notation guide. Symbols retain the definitions in Sections 2 and 3. The configuration
switches are listed in Table 3.

Symbol Role and Units

r,v%,0 Inertial position (m), body and inertial velocity (m/s).

Rqw Body-to-inertial rotation, unit quaternion, and body angular rate (rad/s).
V,a; Vy,a, Actual airspeed (m/s) and angle of attack (rad). Moving nominal centres.
ry,04 0y Desired inertial position, velocity, and acceleration (m, m/s, m/ s%).

e, e, ey e, Position, velocity, attitude, and angular-rate errors.

F,tz; T,¢ Virtual force (N) and moment (N m). Thrust (N) and surface requests (rad).

Command angle, attitude, and nominal-predictor rate and acceleration (rad,

a.,C.,w.,a . .
cr e e e dimensionless, rad/s, rad/s?).

By, B, W Dimensionless recentered storages and analytical total storage (J).

SV, SAF/SAT Binary switches for speed force, angle force, and angle moment.

M. M E.D Sampled speed/angle margins (m/s, rad), position RMSE (m), and peak
%4 war =rr ~F

physical force residual (N).
Prescribed state estimate and right attitude-error rotation vector (rad),

Zew €9 Section 4.2.
Algebraic/filtered attitudes and filter rate/acceleration (rad/s, rad/s?),
Cu P Cf y (Uf ’ af .
Section 3.4.
CF16, H-1, H-X 111? prsi /s command tracker. Original-range and expanded-range independent
A CI Within-case on-minus-off or explicitly named paired difference. Confidence
/ interval.

Table 3. All eight internal path combinations at the common final gains. CO retains the base tracking
controller. C; is registered in this revision. Geometry, plant, inversion-root and input-request
domains apply to every configuration.

Configuration sy SAF SaT Enabled Barriers
Co 0 0 0 none

cv 1 0 0 speed

CAF 0 1 0 angle

CAT 0 0 1 angle

CVAF 1 1 0 speed + angle
CVAT 1 0 1 speed + angle
Con 0 1 1 angle

CFULL 1 1 1 speed + angle
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3. Selective Envelope Shaping Architecture
3.1. Recentered Storage and State Geometry

We construct the shaping terms from storage gradients that vanish at the nominal
targets. Recentring supplies this property by subtracting the value and tangent of a convex
primitive at a selected centre [31], within the broader barrier Lyapunov function approach to
constrained control [10]. For a scalar state ¢, an interior centre ¢, and a twice differentiable
primitive ¢, define

B¢(€/§t) =¢(G) — P(G) — P (G (G — &), bq; =¢'(&) — (G- (5)

Primes denote scalar derivatives. The subscript t denotes a moving target centre and

not a derivative. The two dimensionless primitives are
V—-—Vu Kpax — &
¢V(V) == log —mml V> Vmin/ $o () = — log L' & < Amaxs (6)
oy O
where 0y, > 0 and ¢, > 0 have units m/s and rad, respectively, and make the logarithms
dimensionless. Their values cancel in the recentered expressions. Write 83, 3, and by, b,
for Equation (5) applied to these primitives. Explicitly,
1 1 1 1

_ b = — . 7
V- Vmin Vt - Vmir\, “ Xmax — & Xmax — & ( )

bV:

Both storage terms and their state gradients vanish at their centres, and the storage
terms diverge at their respective boundaries.

The centre V, = |lv,ll uses the desired speed. The centre &, is obtained by nominal force
inversion for the feedforward request m,(a; — ge;) at the desired velocity and reference
altitude. It expresses the nominal trajectory’s force requirement, distinct from the trim angle
of a perturbed plant. Reference generation checks that both centres are strictly inside their
domains before accepting a scenario.

Airspeed changes through translation, whereas angle of attack also changes through
body rotation. To express these two contributions, define the inertial unit velocity direction
t; = v/V, the body and inertial angle gradients g, g, in s/m, and the dimensionless body
rotation sensitivity hg by

[_wBr 0/ MB]T

_ _ _ B
8= " prwy ¢ ST Rew hy =gy x 0. (8)
On the regular domain V > 0 and u3 + w? > 0,
V=tlv i=glv+hyw. (9)

Thus the angle gradient has both translational and rotational actions. In coordinated
motion, hp points along the positive second body axis under the adopted convention.
The connection between aerodynamic states and energy based fixed-wing control is estab-
lished in prior work [28,29].

3.2. Three Selectable Feedback Paths

Let xy, and x, be nonnegative storage weights in joules. Define the following gradient
vectors with velocity units

Ky Ky
9y = m_thIr 0= m_obagjl (10)

0

both in m/s. The three selectable terms are

Fy=-Ds,, F,=-D,6, T, = —k,b.hp. (11)
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They are called V force, angle of attack (AoA) force, and AoA torque, respectively.
The first two are inertial force requests in newtons, whereas the third is a body moment
request in newton metres. These terms enter the force and moment requests through the
shared aircraft realization.
For binary switches sy, 45,547 € {0, 1}, the commanded inertial force and added body
moment are
-Fc = FO + SVFV + SAFPM Tenv = SATTy- (12)

The subscripts AF and AT identify the angle force and angle torque paths, and “env”
denotes the envelope shaping moment. A disabled path is omitted before its barrier is
evaluated, so switching it off also removes the corresponding logarithm evaluation.

For the isotropic D, used here, ¢/ g, = 0 makes the two force terms orthogonal. This
instantaneous geometry need not hold for arbitrary gain matrices and does not separate
their effects on the shared attitude and moment realization. Figure 1 shows that shared
route. All eight switch combinations test the three paths and their interactions through this
same realization route.

State and reference Force request Force realization

Physical state

Base tracking force Aerod - .
[N , erodynamic inversion

+ sy Speed force

Reference motion Attitude command C,

+ S, Angle force

A
X l
[}
8 .
3 Command motion
QL State and reference ) )
I Same command map and nominal field
©
&
T
DO DN
Moment realization Rotational tracking Nominal nested Directional Taylor
differences propagation
Requests + guards Motion from DO or DN -
Instantaneous actuation «
6-DoF plant + sS4 angle moment Use either DO or DN

All eight switch combinations retain base feedback.
Guards terminate integration; no post-saturation response is simulated.

Figure 1. Three independently switched envelope paths in the common tracking architecture. Force
paths change the force and attitude command, while the angle-moment path enters the rotational
request. DO uses nominal nested differences. DN independently differentiates the same nominal field
and command map by directional Taylor propagation. Either derivative branch supplies command
motion to rotational tracking. The dynamic alternative in Equation (22) replaces this command
triplet in a separate comparison. All eight switch combinations retain the base controller. Input
guards terminate the numerical model. Instantaneous actuation is assumed and infeasible requests
are not redistributed.

3.3. Aerodynamic and Rotational Realization

To realize F., we resolve it along the air path and solve a coupled lift-thrust in-
version within the dynamic inversion framework [4,32]. Define the actual climb angle
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v = atan2(—u,, ‘/v% + v%) and course x = atan2(v,, v;), where 7v; is inertial velocity compo-
nent 7. The orthonormal air path directions are ¢;, n,, = [—siny cos x, —siny sin x, — cos 17,
and n, = [—siny,cos x,0]". Then

X=t/F, Y,=n]F, Y,=nlF, N=\Y2+Y2, pu =atn2(Y,Y,). (13)

Here X is the tangential force, N is the magnitude of the normal force, and p, is the
commanded bank angle. The quantities Y,, and Y, are components of the normal force.
All four force scalars have units N. The nominal lift and drag at zero angular rate and zero
surface deflection are Ly(V,a,h) and Dy(V,a,h). The root for a. and the thrust request
projected through the actual angles are

_ Dy(V,a.,h)+X

N =Ly(V,a.,h) + [Dy(V,a.,h) + X]tana,, T cosacos

(14)

The denominator uses the actual angles. A positive projection, nonzero N, and a
bracketed root are required. A safeguarded Newton and bisection procedure searches
[0,14°]. Supplementary Section S3 gives its derivative and stopping rules. The requested
attitude that maps body coordinates into inertial coordinates is

C. = R.(OR, (1R, (1R, (a,), (15)

where R,, R, R; are right handed elementary rotations about their indicated axes. All
factors and C, are dimensionless 3 x 3 matrices. The force feedback determines this attitude
command. Switching a force path therefore changes the map to be differentiated.
Command motion is obtained by differentiating the feedback attitude along a local
nominal prediction field. Geometric control with moving references provides the rotational
feedforward structure [44], while command derivative generation and filtering are estab-
lished implementation issues in nonlinear control [45-47]. Let C(t, Z) denote the current
mapping from state and time to command attitude, with Z = (r, v, R, w). A local nominal
prediction ®_(Z;t) over signed time increment € uses ay = ge; + F./m, and is defined by

rt=r+ev+ %ezuN, vt =v+eay, R =Rexp(lwle), w'=w. (16)

The superscript + denotes a prediction for either sign of €, not the next accepted
physical state. Here exp is the matrix exponential. The predictor holds angular velocity
fixed and uses nominal translational acceleration, omitting actual angular acceleration and
plant parameter errors.

With h; = 0.0005 s, the implemented command rate @, and acceleration @, are obtained
from the following nested centred differences.

_ C(t + hL’ q)hl) - C(t - hL/ q)—hL)

€ 2h; ’
w. (t,Z) = Vee(skew(CCTDC)), (17)
ﬁc(t,Z) _ @C(t + hL/ thL) Z—hQC(t - hL/ cD_hL) )
L

Arguments (Z;t) of ® are suppressed in Equation (17). Each nested rate evalua-
tion constructs its own nominal neighbours and queries the known reference at those
times. For an arbitrary 3 x 3 matrix M, skew(M) = (M — M T)/2 extracts the skew part,
and vee inverts [-],. The computed rate and acceleration, marked by hats, are expressed
in command frame coordinates, in rad/s and rad/s?. They approximate command mo-
tion along the nominal predictor and require no future state measurements. Even as ii;
decreases, this construction retains the predictor’s frozen angular velocity and nominal

https://doi.org/10.3390/app162110932


https://doi.org/10.3390/app162110932

Appl. Sci. 2026, 16, 10932

10 of 26

acceleration. It therefore does not become differentiation along the actual perturbed physi-
cal trajectory merely by refining the increment. The difference is retained explicitly in the
command-motion terms of Section 3.6. The original ensemble and historical runs use this
D0 implementation. The DN implementation below is evaluated alongside D0 in the new
complete comparison. It does not replace the historical DO records.

We denote the original nested finite-increment implementation by D0 and add DN,
a second-order directional Taylor implementation of its zero-increment target. DN differ-
entiates the same algebraic command map and nominal field. It does not use the actual
perturbed plant vector field. Let

fN = ('U,aN,R[W]X,O), LN = at + DZ[ ]fN'

18
wl = Vee(skew(CcTLNCC)), al = Lywl. (18)

Each inner evaluation in Equation (17) reconstructs the nominal field at its own state.
Accordingly, DN includes the second directional term Ly F./m, in the velocity jet. Differen-
tiating a single curve with acceleration frozen at the starting point would omit this term.
The implicit aerodynamic roots are evaluated by the original bracketed solver and differenti-
ated by the implicit-function equations on regular branches. The separately stored reference
splines retain their own piecewise derivatives. The reference, gains, force request and

N N
c

algebraic attitude are retained. DN supplies w consistently in the rate error, transport,
and acceleration terms of Equation (20). Supplementary Section S3 gives the propagation
equations and rejection conditions. DN adds no dynamic state and is not a command filter.

For the geometric rotational errors, let A, = R' C, map command frame components
into body components, and let Q, = C/R. Define

eg = %vee(QC — QCT), en=w—-Aw, Y= %tr(I3 - Q). (19)

The trace operator is tr. The attitude error vector eg and scalar ¥ are dimensionless,
while eq, is a body angular rate error. Geometric attitude errors and feedforward terms
for moving references are well established [44]. The nominal total aerodynamic moment
requested here is

T.=wxJ,w—krer — K, eq — J[w],A@. + J A, + Tepny, (20)

where k > 0 is the attitude gain in Nm and K, > 0 is the angular rate gain in Nmsrad~!
when angular rate is expressed in rad/s. Denote the acceleration feedforward component
by T, = J A a.. For DO, Equation (20) uses the numerical command motion from Equa-
tion (17). The DN implementation substitutes Equation (18) consistently. Both add T,
to the moment request. The full nominal aerodynamic moment is inverted, so a separate
aerodynamic damping term is not added.

At a fixed state, the nominal moment is affine in the surface deflections and is written
as T, + B;6, where T is the moment at zero surface deflection in Nm and B; € R3*® has
units N m/rad. The implementation solves

§=B;'(t.— 1)) (21)

with a linear system solver, checks its conditioning, and applies the input guards. This
nonredundant 3 x 3 map has a unique exact solution at a fixed state when nonsingular.
If that solution exceeds a bound, a bounded allocator could trade moment error against
admissibility, but cannot be assumed to realize the same moment exactly by redistribution.
Constrained least-squares allocation provides such a residual-based design route [6,7,48].
It is not implemented here.
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3.4. Dynamic Attitude Command Tracker

To test dependence on command realization, let C, = C(t, Z) be the algebraic attitude
in Equation (15) and introduce

Q =CiC;, e =1tvee(@ - Q)

. _ (22)
Cf = Cf[wf]x/ af = (Uf = —wﬁef - ZCwnwf

The initialization is Cf(O) =C,(0,Z,) and we(0) = 0. The primary setting CF16 uses
w, = 16rad/s and { = 1. A unit quaternion and three rates add seven stored coordinates
to the 13-coordinate plant. The quaternion constraints reduce the number of independent
degrees of freedom. Equations (19) and (20) consistently substitute (C, wy, a5) for the
command triplet. Force inversion and thrust still use the original algebraic request, so
attitude lag can change force realization.

This tracker adopts the dynamic command-generation idea discussed in command
filtering [45-47]. Itincludes no rate clipping, actuator dynamics or compensation state and is
not a complete command-filtered backstepping or dynamic-surface controller. Their closed-
loop guarantees therefore do not transfer to this augmented aircraft. DN differentiates the
original nominal command field. CF16 changes the dynamics generating the command.
They are not successive numerical refinements of one method. Supplementary Section 517
gives the augmented interface and its limited theoretical scope.

3.5. Internal Controller Configurations

The full comparison crosses the three independent switches in Table 3. The previously
unnamed combination (0,1,1) is denoted Cy;; here. It combines angle force and angle
moment without speed force. All configurations retain the original base tracking, attitude
and rate feedback. Each enabled path uses its unchanged final weight, and the common
angle storage is counted once even when both angle paths are active.

The speed barrier is evaluated only when sy, = 1, and the shared angle barrier only
when s, r = 1ors,r = 1. Disabled barriers are skipped before evaluating their logarithms
or derivatives. Physical geometry, plant, inversion-root and input-request domains still
apply. Disabling angle shaping leaves the physical stopping rules unchanged. A completed
CO0 or CV trajectory can therefore have an observed negative angle margin. Such an outcome
remains in the common state-level assessment. At a common valid state, switching only s 47
leaves force, attitude command and its supplied motion unchanged. The direct total-moment
difference equals the angle-moment term. Closed-loop trajectories need not coincide.

In the complete development comparison, every configuration is evaluated under
D0 and DN. C0 is the internal unshaped baseline, not an external established controller.
The seven-mode study at x, = 0.01 ] remains a historical development record in Supple-
mentary Section S8. The new complete comparison uses xy, = 5] and x, = 0.001 ] without
tuning individual configurations.

3.6. Conditional Power Accounting and Local Analysis

The conditional accounting identity below tracks the coupling, effective inputs, com-
mand motion and reference inconsistency that remain after a path is removed. It holds
on regular intervals inside the stated domains. The retained sign-indefinite powers leave
closed-loop stability, dissipativity and positive invariance unproved, and do not determine
configuration performance. Removing AoA force changes the control request, but the same
angle storage still contributes to the analysis. We use storage and supply rates [24-26] to
follow the remaining coupling, realization, and command motion terms, including the
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supply terms relevant to passivity and barrier interventions [41]. For CVAT and CFULL,
the analytical storage in joules contains one AoA storage term,

W= %eIK,e, + %moegev +kg¥ + %egfoeg + Ky By + 1, B, (23)

The storage measures tracking errors and boundary approach for control analysis, not
battery or fuel consumption. We differentiate it on intervals with differentiable trajectories
and command maps, interior actual states and centres, regular aerodynamic geometry,
and constant plant parameters in Equation (1). Persistence of these conditions is assumed
rather than established by the identity.

LetF, = R(ff + Te;) be the actual inertial force excluding gravity. The reported
d};hys

physical force residual is = F, — F_. For error dynamics written with nominal mass,

the effective force and moment inputs are
ff
dy' = (my/m,)F, - F,, (24)
ff -
d> = ]OIal('rp —wx ] w) - (T, —wxJw).

Their units are N and N m, respectively. The mass and inertia factors account for writing
the actual dynamics with nominal controller parameters. Under parameter mismatch, each
effective input differs from its corresponding physical residual. The nominal algebraic
moment residual of Equation (21) is a separate quantity.

A second difference arises because the feedback attitude is evaluated along the physical
trajectory, while its supplied rate and acceleration come from the nominal predictor. The re-
sulting rate discrepancy enters the configuration kinematics, and the derivative discrepancy
enters the angular momentum dynamics. Together with the reference interpolation discrep-
ancies, these quantities are

P, =01ty p,=a;— 70,

0. =vee(C!C,), v=0 -, (25)
. dw, .

dc_aC—F—ﬂcch.

p, and p_ are inertial reference discrepancies in m/s and m/s>. The command rate
along the actual trajectory, )., and the discrepancies v and d.. are expressed in the command
frame. All derivatives in Equation (25) are along the physical trajectory. They are analytical
quantities and need not be directly available to the controller.

Lete, = e, +q,,. For CVAT, differentiation of Equation (23) gives the exact accounting
identity, under the stated domain conditions,

W = _éZTDZ)é‘U - e-(r)KweQ + HV + Hsz + Qext’ (26)
where the nominal coupling powers in watts are
Iy = moqya, — q,K,e, — xy ¢y (V) (V - VoV,
Il =m0 a;—0'K,e, — 0D, + x,b,hyA.@, (27)
— K@ (o) (@ — ap)dy,
and the physical, command motion, and reference power terms are

Pt = @, + 0)Td + el d + el J Ad, — krefAv

(28)
+e/K,p +mpe,p. .

In CVAT, F, is disabled but @ remains in the storage derivative away from the centre.
Its contribution appears in I1,4 and in the effective input powers. The omission therefore
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involves nominal coupling, moving centre power, and mass effects as well as the physical
force residual, rather than just GTdEhyS. Supplementary Section S5 derives the corresponding
balances for both configurations. Since switching the path also changes the command
coordinates, a comparison of their full power balances depends on the states and commands
at which they are evaluated.

This diagnostic evaluates a separately defined ideal model. Its matrix differs from
the implemented physical closed-loop Jacobian, so it supplies neither a physical stability
certificate nor a configuration ranking. For this calculation, let z = [e], e;, 1, el,]" € R'2,
where 1, is an infinitesimal attitude error coordinate in radians. A manually defined ideal
model 2 = A(t)z and symmetric quadratic storage matrix P () give

Q) =—(P+PA+ATP). (29)

The matrices are 12x 12, and P is one half of the Hessian of the specified ideal quadratic
storage. The full definition, matrix blocks, existing finite-grid results, and their limitations
are retained in Supplementary Section S6. Connecting this ideal construction to the phys-
ical closed loop would require continuous bounds and a justified coordinate mapping.
The conditional power identity does not supply that connection.

4. Numerical Study Design
4.1. Shared Model and Development Evidence

All studies use MATLAB R2018a, the plant in Section 2.1, and the common final gains
in Table 1, including xy, = 5] and x, = 0.001 J. Controllers retain nominal parameters
while each perturbed plant has constant case-specific mass, inertia and aerodynamic coeffi-
cients. Configurations share the physical initial state, reference and plant within a case. No
separately optimized gains are used to rank configurations.

The retained nominal manoeuvre starts at 38.1 m/s and altitude 365.76 m, turns toward
radius 159.1015625 m during 5-13 s, and decelerates to 31.8 m/s during 18-28 s. Indepen-
dently interpolated position, velocity and acceleration splines use a 0.005 s reference grid
with 0.5 s endpoint extensions. Figure 2 shows this reference. Interpolation discrepancies
are quantified in Supplementary Section S3.

The 48 accepted challenge cases E48 vary the task, initial state and plant using MATLAB
twister seed 3495 (Supplementary Section S11). They were reused for development,
weight selection and diagnosis and remain a development set. Initial states use perturbed-
plant trim plus offsets, so initialization assumes knowledge of that plant. The earlier
seven-configuration comparison and weight scan used a different angle weight and remain
historical records in Sections S8 and S9. The original three-configuration ensemble and its
47 common complete pairs are retained in Sections S10 and S18.

The final-gain comparison crosses eight configurations with DO and DN on E48, giving
768 logical runs. The archived nominal task NOO supplies 16 separately reported runs. Inputs
and decision rules were fixed before integration. No input was resampled, retrimmed or
removed after a termination. Baseline integration uses ode45, relative/absolute tolerances
2 x 1077/107?, maximum step 0.02 s, horizon 45 s and output spacing 0.05 s. DO uses
h; = 0.0005 s, independently of the solver step and output grid. Twelve switch edges use
on-minus-off differences and six interaction faces require all four matched trajectories to
complete. Supplementary Section S16 records the full matrix and selective refinements.

Common-state evaluation holds the physical state, reference and gains fixed while
changing the controller map. It separates direct path effects from trajectory divergence.
A prespecified nine-coordinate design around Scenario 26 contains 55 unique conditions
comprising 19 center/axis points, a 5 x 5 radius—speed slice and 16 signed joint points,
with shared nodes counted once. CV, CVAT and CFULL are evaluated under D0 and DN.
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Detailed ranges, event diagnostics and subsequent six-point noncenter refinements are in
Sections 514-516. These finite local conditions are not independent random evaluation
samples or a certified continuous neighbourhood.

(a) Reference path (b) Speed
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Figure 2. Nominal reference for the turning and decelerating numerical study. Panel (a) shows the
horizontal reference path, with arrows indicating the direction of travel. Panel (b) shows desired
speed, panel (c) prescribed curvature, and panel (d) nominal target margins for speed and angle
of attack (AoA). In panels (b—d), pale blue-gray shading marks the curvature transition from 5
to 13 s, and pale orange shading marks the deceleration from 18 to 28 s. All panels describe the
nominal reference and moving centres, before the tracking response or the 48 perturbed scenarios
are considered.

4.2. Command Realization, Numerical Resolution and Estimation Errors

The filter comparison reuses S01, 526, S07, S08 and S45 with all eight configurations
under DN and CF16. Main tolerances are 2 x 1078/10~19, maximum step and evaluation
spacing 0.005 s. S01/S26 are also refined to 2 x 107/10~!! with 0.0025 s maximum step and
spacing. Bandwidth sensitivities at 8 and 32 rad/s cover S01/5S26 only (Section S17).

A separate 70-run numerical study compares CVAT/CFULL at eight development cases,
varying tolerances, maximum step and DO increment separately. The common evaluation
grid is 0.005 s, with the historical 0.05 s subset retained. The design and case-specific limits
are in Section S18. Neither these checks nor DN provide a rigorous global error bound.

For estimation sensitivity, the controller receives Z; while the plant and evaluation use
the true state. Position, body velocity and body rate estimates add prescribed errors, while
R, = Rexp([ey],). Twelve independent stationary first-order autoregressive channels
are generated at 0.01 s with correlation time 0.2 s and linearly interpolated. Low-level
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stationary standard deviations are 0.2 m, 0.05 m/s, 0.05° and 0.05°/s for the four groups.
High-level values are four times larger on the same standardized streams. Five reused cases
and four configurations (CV, CAT, CVAT, CFULL) give 20 zero-error runs and 60 runs at
each nonzero level, with three paired streams per case. Integration uses 2 x 1078/101°
tolerances, 0.005 s maximum step and evaluation spacing, and DO with /; = 0.0005 s. This
prescribed-error study does not model an estimator, sensor hardware, wind or turbulence
(Section S19).

4.3. Independent Inputs and Prespecified Statistics

A protocol fixed configurations, gains, sampling, numerical settings and endpoints
before generating 100 new cases, with 50 in the original sampling ranges (H-I) and 50 with
all range half-widths enlarged by 1.5 about unchanged centers (H-X). Each case uses CV,
CAT, CVAT and CFULL, giving 400 integrations but 100 independent case inputs. The two
layers are analyzed separately. Input seeds are 27,192,601 and 27,192,602 using MATLAB
twister. Nominal reference qualification precedes outcomes. All rejected candidates are
logged. Inputs are checked for exact duplication against development and previously
accepted inputs, then sealed before integration. No tuning follows the independent-input
evaluation outcomes.

The independent study retains D0 and the baseline solver settings but evaluates at
0.005 s (9001 samples for a complete run). The reference qualification grid remains 0.05 s.
The two primary binary endpoints are completion and completion with both sampled
margins positive. Each uses all 50 cases per layer. Four exact two-sided paired McNemar
tests compare CFULL with CVAT (two endpoints in each layer), with one Holm family at
a = 0.05. Case-level bootstrap intervals accompany paired proportion differences. Individ-
ual proportions use 95% Wilson intervals. Continuous differences require joint completion
and use 10,000 case-level resamples for paired-median percentile intervals. Seeds, ranges,
qualification rules and complete outcome accounting are in Section S20. These conditional
distributions and finite samples do not establish a population success rate of one.

4.4. Performance Measures and Paired Comparisons

Each comparison changes the feedback paths in Equation (12) while holding plant
parameters, reference, initial state, gains, and numerical settings fixed within the case. We
first examine whether each configuration completes the manoeuvre. All configurations are
paired with CO, and all twelve switch edges and six faces retain their common complete
horizons and explicit sample counts. The historical CVAT/CFULL pair is also retained
for continuity.

For saved times t, k = 1, ..., n,, where n, is the number of samples in a completed
trajectory, define

My, = mkin(V(tk) — Vi), M, = mkin(ocmax —a(ty)),

1 1/2 N (30)
E, = (‘ > ||er<tk>||2) + Dp = maxdg™ (o)l
s =

The quantities My, M, E,, Dy have units m/s, rad, m, and N. E, is the position root
mean square error (RMSE) on the saved sample grid. Dr is a force realization discrepancy
and is not an energy or actuator work metric. Positive sampled margins require M;, > 0
and M, > 0 for a completed run. They do not bound extrema between saved samples.

The development ensemble counts use denominator 48. Each independent layer uses
50 so that an incomplete run remains part of the comparison. An incomplete run can-
not establish the full-horizon margin or command criteria. Its unavailable full-horizon
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values remain missing. It stays in the denominator, but an unobserved full-horizon crite-
rion is not relabelled as an observed state-boundary violation. The stronger criterion is
M, > 0.25° originally targeted in at least 90% of cases. The separate command preference
is maxy a,(t;) < 10°.

For the cases completed by both CVAT and CFULL, differences and ratios are com-
puted within each matched case before aggregation. Ratios use CVAT divided by CFULL.
Medians and the 95th percentile use sorted finite values and linear interpolation at rank
14 (n—1)p/100, where n is the selected case count and p is the percentile level. The resulting
historical summaries are descriptive statistics conditional on joint completion. Supplemen-
tary Section 518 adds post hoc paired-median bootstrap intervals without treating these
reused cases as an independent-input evaluation set. The 47-case subset does not replace
the all-case completion and threshold counts. A partial failed trajectory is used only for time-
local diagnostics. Its partial-horizon cost is not substituted for an unavailable full-horizon
cost. Supplementary Section S12 gives the exact failure and threshold conventions.

For the speed isolation comparison of C0 and CV, both runs begin with a positive speed
margin. The useful question is how quickly that margin recovers further into the interior.
With recovery target Ay, = 0.5 m/s and final time Ty = 20 s, we measure the accumulated
shortfall as

Tr
€y = [/ max(0,8y = [V(5) = Vi T4 t, (31)

evaluated by the trapezoidal rule on saved samples spaced by 0.02 s. Its unit is metres.
Recovery time is the earliest saved time at which the margin reaches A, and remains above
Ay —107? m/s at every later saved sample. Exposure and recovery therefore measure
approach to an interior speed margin. They do not measure recovery after crossing V..

5. Results

5.1. Complete Configuration Comparison

Of the 768 recorded E48 runs, 756 completed 45 s and 12 terminated at the elevator-
request lower guard. DO and DN agree on the completion and threshold classifications
(Table 4). CAF/CVAF terminate at S07, and all four AF-containing modes terminate at S26.
C0 and CV complete 526 with a negative sampled angle margin. Completion therefore does
not itself establish protection. CAT and CVAT complete all 48 cases with positive sampled
margins, but meet the stronger 0.25° angle criterion in only 38 and 37 cases. The best count,
38/48 (79.2%), remains below the original 90% target. All 16 separate NOO runs complete.
They do not enlarge the E48 denominator.

The twelve single-path contrasts in Figure 3 show background-dependent effects.
Under DN, adding angle moment to CO increases the minimum angle margin in 44/48
common complete cases (median 0.00725°), while increasing position RMSE in all 48
(median 0.06499 m). On CAT—CVAT, speed force increases speed margin in 25 cases and
decreases it in 23. Corresponding angle-margin counts are 22 and 26. RMSE increases in
47 cases and decreases in S16, with median change +0.00922 m. For this turning design,
CAT uses fewer enabled paths and has lower RMSE in 47 matched cases, while the speed-
and angle-margin differences have mixed directions.

The four AF-on edges have 46, 46, 47 and 47 common complete cases. Their DN RMSE
changes are negative throughout, with medians between —8.63 x 10~> and —1.29 x 10~* m.
These small recorded reductions coexist with request terminations and remain subject to
the numerical qualifications below. The Cy; result shows that AF-associated difficulty
can occur without speed force. At S07, enabling AT on either AF-containing background
changes termination to completion. At S26 it does not. This closed-loop dependence is
distinct from the fact that AT does not directly change the force-command map at a fixed
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state. The six four-cell interaction faces and their missing-data patterns are retained in
Section S16.

DN single-path effects: on minus off; median and observed range
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Figure 3. Twelve DN single-path contrasts, on minus off, evaluated within each common complete

case. Markers show medians and horizontal segments the observed paired ranges. N is the actual

common metric count. DO results, all C0 contrasts, six four-cell faces and binary patterns are retained

in Supplementary Section 516 and the computational tables.

Table 4. Complete final-gain E48 comparison. Every entry has planned denominator 48. C = completion.
V* and a* count positive sampled speed and angle margins separately. A = angle margin at least
0.25°. Q = command angle at most 10°. S = scientific termination. U = technical undetermined.
N = available full-horizon metric records. Criteria count established full-horizon outcomes. Missing
values are not zeros or observed violations. All completed runs have positive speed margin, so the
joint positive-margin count equals the angle-positive count here.

Mode Impl. C v+ at A Q S U n

Co DO 48 48 47 37 47 0 0 48
Co DN 48 48 47 37 47 0 0 48
Ccv DO 48 48 47 37 47 0 0 48
Ccv DN 48 48 47 37 47 0 0 48
CAF DO 46 46 46 37 46 2 0 46
CAF DN 46 46 46 37 46 2 0 46
CAT DO 48 48 48 38 45 0 0 48
CAT DN 48 48 48 38 45 0 0 48
CVAF DO 46 46 46 37 46 2 0 46
CVAF DN 46 46 46 37 46 2 0 46
CVAT DO 48 48 48 37 44 0 0 48
CVAT DN 48 48 48 37 44 0 0 48
Co011 DO 47 47 47 38 45 1 0 47
C011 DN 47 47 47 38 45 1 0 47
CFULL DO 47 47 47 37 44 1 0 47
CFULL DN 47 47 47 37 44 1 0 47
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5.2. Numerical Qualification of Small Paired Effects

The historical DO CVAT/CFULL comparison has 47 common complete cases, excluding
526 while retaining its termination in the all-case counts. New post hoc bootstrap summaries
use signed CFULL-minus-CVAT differences (Section S18). Median angle-margin change is
—4.06 x 10~° degrees, with 95% interval [—2.71x10=°, —1.01 x 10~°]. Median position-RMSE
change is —1.29 x 10~* m, with interval [—4.86 x 107%, —2.26 x 10~°]. These are descriptions

of reused cases conditional on completion, not physical equivalence or precision guarantees.
The separate 70-run numerical study records 66 completions and four S26/CFULL

request terminations. Completion and threshold classifications are unchanged across
the inspected settings, but the sign of the CFULL-minus-CVAT angle-margin difference
changes at S01, S02 and S40. Only seven of the historical 47 pairs are individually covered
by this study. The other 40 lack this individual numerical check. An interval excluding
zero does not resolve a numerical or engineering significance threshold. The earlier eight-
configuration refinements at S01/526/S08/545 likewise retain classifications (56 completions,
eight terminations), without establishing a global error budget. Small effects and interaction
signs remain qualified in Section S16.

5.3. Scenario 26 and Its Local Neighbourhood

In the retained three-configuration 526 record, CV completes with angle margin
—0.1620°, whereas CVAT has +0.03490° at increased RMSE (4.179 to 6.650 m) and peak
physical force residual (11.09 to 32.06 N). CFULL terminates near 28.35 s, so its full-horizon
costs are unavailable. Figure 4 includes a separately integrated partial event history. It is
not a saturated actuator response. The original ordinary last saved time, invalid solver trial
and localized event state are different records (Section S14).

At the retained common event state, switching CVAT to CFULL adds only about 0.301 N
of angle force while changing command pitch acceleration from approximately —0.014 to
9.365 rad /s? under D0. DN reduces the CFULL value to 9.206 rad/s? and moves its elevator
request from approximately —20.000° to —19.669°. Thus the numerical implementation
affects the boundary request but does not explain the entire path difference. Integrations
from the original initial state still terminate under both DO and DN. Their ordinary invalid
trial times, 28.345654 and 28.347313 s, are not event roots.

All 55 local conditions retain CVAT completion and CFULL request termination under
both derivative implementations. CV has a negative sampled angle margin throughout.
CVAT has positive margins but meets neither the 0.25° angle target nor the 10° command
preference at any point. Its DO angle margins range from 0.02463° to 0.05468°. The subse-
quent six-point noncenter refinements retain classifications, leaving the other 48 noncenter
points without individual fine checks. No sampled classification transition is found, and no
continuous region is inferred. At 24 inspected common states, DN gives positive CFULL-
minus-CVAT command pitch-acceleration and acceleration-moment changes with a more
negative elevator request. This supports the mechanism at those states. It does not indi-
vidually verify every local trajectory. Sections S14-516 retain the signed component and
conditioning diagnostics.

5.4. Changing the Command Realization

Across five reused cases and eight configurations, DN completes 34/40 runs with
32 positive-margin completions. CF16 completes all 40 with positive sampled margins
(Table 5). The four S26 and two S07 DN request terminations therefore disappear under this
command realization. On all 34 common complete pairs, however, CF16 increases position
RMSE by 4.49-7.03 m and physical force-residual RMS by 13.33-22.57 N. Angle margins
increase by 0.197-0.437°, while peak absolute elevator request decreases by 0.210-0.469°.
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Figure 4. Scenario 26 at final weights x, = 5J and x, = 0.001 J. Panel (a) shows actual angle of attack
margin, with a local view of 2545 s near the zero boundary. Panel (b) shows command angle and its
10° preference. Panels (c¢,d) show position error norm and physical force residual norm. Panel (e) shows
elevator command and its —20° lower guard. Panel (f) shows numerically generated command pitch
acceleration. CV and CVAT cover 045 s. CFULL is the separately computed partial event diagnostic
history and ends near 28.35 s. The solid blue, dashed green and dash-dotted orange curves show CV,
CVAT and the partial CFULL diagnostic, respectively. The vertical dotted lines mark the CFULL event
time. The horizontal dotted lines in panels (a,b,e) mark the zero angle margin, the 10° command
preference and the —20° elevator guard, respectively. The event marker belongs to this diagnostic
integration, separately from the ordinary solver trial state. The elevator and acceleration insets use the
same records and end at the event for CFULL. The input guard stops the model without simulating a

saturated actuator response.

Command-acceleration and total-moment peaks increase in every common complete
pair, while acceleration-moment changes have mixed signs. The lower elevator peaks
therefore coexist with higher demands elsewhere in the realization chain. For S26/CVAT,
RMSE over 0-2 s is nearly unchanged (0.690784 versus 0.690976 m), but over 2-45 s increases
from 6.79949 to 11.3979 m. CF16 has attitude-lag RMS 1.42624°, and force-residual RMS
rises from 17.3085 to 30.9531 N. This is not solely an initial transient. The 36/40 strong-
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margin count combines configurations on five development cases and is not independent
attainment of the 90% target. Section S17 reports refinements and bandwidth sensitivity.
The comparison shows that changing command realization alters the observed outcomes
and costs. Its scope is the implemented tracker and these reused cases.

Table 5. Dynamic-command comparison on five reused cases. Each entry has denominator eight
configurations. Positive means complete with both sampled margins positive.

Case DN Complete DN Positive CF16 Complete CF16 Positive
501 8 8 8 8
526 4 2 8 8
507 6 6 8 8
S08 8 8 8 8
545 8 8 8 8

5.5. Sensitivity to Prescribed Estimation Errors

Table 6 retains every outcome of the 140 runs. Low and high error levels reduce
completion and positive-margin counts substantially. At the high level, only three CV
trajectories complete, all with a negative actual angle margin. A larger completion count
is therefore not evidence of better protection. CFULL/CVAT have only 4/15 common
complete low-error pairs, from two cases, and none at the high level. Comparisons restricted
to survivors cannot support a robust ranking. Command-domain terminations concern
the estimated-state command evaluation and are not automatically actual-state boundary
crossings. The prescribed errors expose sensitivity without representing sensor, estimator
or atmospheric validation.

Table 6. All prescribed-error outcomes. The 140 runs reuse five cases. Configurations and error
streams are not independent case inputs.

Error Runs Complete Request Stop Domain Stop Positive
Zero 20 19 1 0 18
Low 60 29 13 18 18
High 60 3 49 8 0

5.6. Independent-Input Numerical Evaluation in Two Sampling Ranges

The frozen generator accepted 50 of 51 candidates in H-I and 50 of 63 in H-X. Four-
teen candidates failed nominal reference qualification before any controller outcome. All
400 planned integrations have records, with no unresolved technical outcomes or retries.
Table 7 separates the two layers and retains all 50 cases per configuration. CAT and CVAT
complete every case with positive sampled margins. CFULL completes 49/50 in H-I and
42/50 in H-X, with the remaining runs terminating at input-request guards. Its completed
runs have positive sampled margins.

Table 7. Independent-input numerical evaluation, with denominator 50 per layer and configuration.
Positive, strong and command criteria each require completion. Strong additionally requires only the
prescribed angle-margin threshold.

Layer Mode Complete Positive Strong Command
H-1 (@Y 50/50 47/50 37/50 48/50
H-1 CAT 50/50 50/50 39/50 44/50
H-1 CVAT 50/50 50/50 38/50 43/50
H-1 CFULL 49/50 49/50 38/50 44/50
H-X CV 50/50 42/50 32/50 42/50
H-X  CAT 50/50 50/50 34/50 37/50
H-X  CVAT 50/50 50/50 33/50 36/50
H-X  CFULL 42/50 42/50 33/50 36/50
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Speed margin (m/s)

Force residual (N)

For each primary endpoint, the paired CFULL-minus-CVAT proportion difference is
—0.02 in H-I (95% case-bootstrap interval [—0.06, 0], exact and Holm-adjusted p = 1) and
—0.16 in H-X (interval [—0.26, —0.06], exact p = 0.0078125, Holm-adjusted p = 0.03125).
Identical paired tables for the two endpoints are not two independent replications. Non-
significance in H-I does not establish equivalence. A 50/50 proportion has Wilson interval
[0.9287,1], which does not establish a population probability of one or the original 98%
positive-margin target.

The strongest angle-margin counts are 39/50 (78%) in H-I and 34/50 (68%) in H-X,
both below 90%. Continuous CFULL/CVAT contrasts cover only 49 and 42 common com-
plete cases. Section 520 gives their paired intervals, including small changes that remain
numerically qualified. No partial failed trajectory substitutes for a 45 s cost. The findings
extend the evidence to new, qualification-conditioned inputs with frozen gains. They do not
transfer the result to a different command architecture, sensing system or actuator model.

5.7. Isolated Speed Channel Recovery

The retained deterministic CO/CV comparison supplies a separate reason to keep
the speed path available. Both start at 31.40 m/s above the study boundary and target
32.10 m/s. Speed-deficit exposure toward a 0.5 m/s interior margin decreases from 0.08256
to 0.04752 m (42.44%), and sustained sampled recovery shortens from 0.64 to 0.40 s. Peak
force residual rises from 7.158 to 7.837 N and peak thrust from 36.49 to 49.83 N (Figure 5).
This task-specific recovery benefit does not establish an unconditional benefit from adding
V to CAT in the turning cases.

(b)

Cumulative exposure (m)

0.5 1.0 1.5 2.0 0 5 10 15 20
Time (s) Time (s)

(d)

N
o

)
Thrust (N)

w
u

w
o

N
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5 10 15 20 0 5 10 15 20
Time (s) Time (s)

Figure 5. Deterministic isolation of the V force using C0 with no shaping and CV with only the V force,
with xy, = 5]. In panel (a), the horizontal dotted line marks the speed-margin recovery threshold of
0.5m/s. The markers indicate sustained recovery on the saved samples at 0.64 s for C0 and 0.40 s for CV.
Panel (b) shows cumulative exposure over the full 20 s record in metres. Panels (¢,d) show physical
force residual norm and thrust request. Both cases begin above the study boundary. Reduced exposure
is accompanied by increased peak force residual and thrust. Exposure is not an energy measure.
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6. Discussion
6.1. What the Comparisons Support

The evidence supports configuration selection conditional on task and command
realization. CAT uses fewer enabled paths and has lower position RMSE than CVAT in 47 of
48 matched turning/deceleration cases. Their margin differences have mixed directions,
and the separate speed-recovery task supports retaining V as a task-dependent option.
AF gives small recorded tracking-error reductions on common complete development
trajectories, subject to numerical-resolution limits, alongside request terminations that
depend on the other enabled paths. Independent inputs extend these observations under
frozen DO settings, particularly the CFULL/CVAT completion difference in H-X, while
keeping the reused development set distinct.

The CF16 results materially qualify the original path-removal interpretation. A dy-
namic command realization removes the six DN terminations in the five-case comparison,
at appreciable tracking and force-realization cost. The case for retaining AF therefore de-
pends on the command realization and its associated costs. DN retains the large demand
through a distinct calculation of the same command definition, indicating that the original
finite difference increment explains only part of the observed difference. Same-definition
numerical verification and a changed command architecture answer different questions.

The assessment procedure is to retain all outcomes, compare continuous metrics
only on matched complete horizons, inspect controller maps at common states, and trace
differences through command motion, moment and surface requests. The small direct force
change in 526 illustrates why a path’s instantaneous magnitude cannot by itself quantify
its downstream effect. Common-state diagnostics remain local. Matching completion
categories elsewhere do not establish the same mechanism at every state.

6.2. Actuator and External-Method Scope

The model applies admissible requests instantaneously and stops at an inadmissible re-
quest. A guard identifies demand outside this implementation’s domain. An input-request
termination does not establish loss of control in a physical aircraft. Post-saturation motion is
not simulated. Real actuator bandwidth, delay, position/rate limits and constrained alloca-
tion introduce history dependence and moment residuals that can change both trajectories
and configuration ordering. Their direction cannot be inferred from these simulations. CF16
changes command dynamics upstream and does not resolve this actuator limitation.

The implemented moment map is nonredundant and square. At a fixed regular state its
exact inverse is unique. In the adopted model the pitch surface dependence is through the
elevator. Bounded least-squares allocation can choose an admissible approximation [48],
but exact redistribution of an out-of-bound request is not assured. The present controller
also has no tracking-error integral state to which conventional integral anti-windup could
simply be attached. A generalized compensation design would require an explicit state and
mismatch interface, followed by a new closed-loop evaluation.

CO0, DN and CF16 are internal comparisons, not external established-controller bench-
marks. Attainable-moment pseudo-command limiting [35] and longitudinal high-order
CBF protection with input magnitude/rate constraints [17] address related authority and
feasibility questions with different control organizations. Adapting either requires match-
ing the plant, reference, available information, controlled variables and constraints, while
allowing appropriate method-specific tuning. The cited constrained-allocation algorithm is
a lower-layer solver rather than a complete competing flight controller. Performance relative
to these external controllers remains unevaluated.
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6.3. Limits of Numerical and Theoretical Evidence

The original 48 cases and all local/filter/error studies reuse development inputs.
The 100 new cases instead follow a frozen protocol, but remain conditional on nominal ref-
erence qualification, the stated sampling ranges and plant-informed initialization. The two
layers must not be pooled into one population rate. The best strong-angle counts, 38/48 in
development and 39/50 and 34/50 in the independent-input numerical evaluation, do not
meet the original 90% target. Positive sampled margins also do not establish continuous-
time invariance.

Numerical refinement supports classification repeatability only over the inspected settings
and cases. Boundary requests and localized times remain sensitive. Invalid solver trials are
not event roots. Several tiny paired differences change sign, and the historical bootstrap
intervals do not include a complete numerical error budget. Neither near-unit ratios nor
intervals excluding zero establish physical equivalence or practical superiority. Prescribed
state-estimation errors markedly reduce completion, narrowing the useful interpretation
of ideal-state results. No wind/turbulence model, sensor/estimator dynamics, actuator
dynamics, hardware-in-the-loop or flight validation has been added.

The power identity retains moving centers, command motion and effective physical-
input discrepancies, including terms without a fixed sign. Disabling AF does not remove its
storage derivative. The separate ideal local matrix calculation is not the implemented physi-
cal closed-loop Jacobian. Likewise, constant-command properties of the filter subsystem do
not prove stability of the moving-command augmented aircraft. The theoretical material
identifies the coupling terms required by the architecture. Configuration judgments rely on
the reported numerical comparisons.

7. Conclusions

This work develops a numerical architecture assessment for envelope feedback selec-
tion in fixed wing UAV tracking. Its contribution is to connect the state margin benefit
of individual feedback paths to the tracking cost and downstream command and input
demands required to realize them. Common state diagnostics separate direct changes in the
control map from subsequent trajectory divergence, while conditional power accounting
identifies the coupling and discrepancy terms retained after path removal. Together, these
elements provide an engineering basis for assessing a shaping term through the complete
realization chain rather than its immediate force or margin contribution alone.

The central finding is that feedback path selection and command generation are cou-
pled design decisions. At the inspected conditions, a small angle of attack force produces
substantial command acceleration and elevator demand, and an independent implementa-
tion of the same nominal derivative retains this response. A dynamic command tracker
avoids the observed request terminations in the tested cases, but introduces greater tracking
and force realization costs. These findings qualify a simple recommendation to remove
the angle force. Its value depends on the surrounding feedback paths and command
architecture, just as the benefit of speed feedback depends on the task.

For controller development, the assessment helps identify which paths merit reten-
tion and which realization stages require further attention before higher fidelity testing.
Independent inputs extend the evidence beyond the development cases, although the
stronger margin target remains unmet and estimation errors substantially reduce com-
pletion. The conclusions remain conditional on the sampling, numerical resolution and
ideal actuation assumptions, without establishing continuous protection or superiority over
external controllers. Their practical use is to guide subsequent evaluation with actuator
dynamics, constrained allocation, realistic state estimation and atmospheric disturbances.
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