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Abstract:

With increasing aspect ratios and composite usage in commercial aircraft, aeroelastic challenges
are intensifying. Active control offers a solution for trajectory tracking and load alleviation,
yet existing methods lack systematic guarantees for robust stability and flight performance.
This paper proposes a hybrid framework combining Incremental Nonlinear Dynamic Inversion
(INDI) with p-synthesis. INDI manages nonlinearities and reduces model dependency, while
p-synthesis optimizes gains for robust stability. A key contribution is the explicit guarantee of
disk margins by taking the advantage of existing disk-like perturbation analytical from. The
disk-like perturbations are direcly used as linear uncertainty blocks. using this, we directly em-
beded the robust requirements in the control synthesis and enables the use of efficient linear
robust optimization, avoiding complex nonlinear approaches and overcoming the reliance on a
posteriori verification common in state-of-the-art methods. Furthermore, the framework incor-
porates a systematic tuning strategy for flight performance and handling qualities. Validated on
a high-aspect-ratio free-flying aeroelastic aircraft model, the proposed approach achieves simul-
taneous trajectory tracking and gust load alleviation, strictly satisfying stringent flying quality
and robustness stability requirements.

1 INTRODUCTION

Driven by the imperative to mitigate the climatic impact of aviation, aircraft designers are priori-
tizing efficiency enhancements in next-generation platforms. This pursuit primarily involves the
adoption of high-aspect-ratio wing configurations to improve aerodynamic efficiency, coupled
with structural optimization to minimize weight. While these strategies yield substantial gains
in energy efficiency, they simultaneously introduce significant aeroelastic challenges. Specifi-
cally, the flexibility associated with these designs exacerbates the coupling between rigid-body
flight dynamics and structural elastic modes, while also heightening the aircraft’s sensitivity to
atmospheric turbulence. These complexities underscore the critical necessity of developing an
integrated free-flight aeroelastic flight dynamic model and active control framework for future
aircraft design.

To achieve the dual objectives of automatic flight trajectory tracking and the alleviation of
structural loads induced by maneuvers and gusts, various active control algorithms have been
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proposed. The majority of these are linear control methods, including Proportional-Integral-
Derivative (PID), H,, Hs, p-synthesis, Linear Quadratic Regulator (LQR), and Linear Model
Predictive Control (MPC) [1-3]]. Nonlinear control approaches, such as Nonlinear Dynamic
Inversion (NDI), Incremental NDI (INDI) [4,5]], and Backstepping as well as Reinforcement
Learning (RL) [[6], have also been investigated. Among these, the INDI approach is particularly
promising due to its capability to handle nonlinearity, reduced dependency on model accuracy,
inherent robustness to external disturbances, and potential for fault tolerance [7].

However, given its inherent time-domain nature, INDI does not naturally or explicitly incor-
porate frequency-domain robustness requirements, which are critical for airworthiness certifi-
cation. Consequently, the robustness margins of INDI controllers are typically verified only
via a posteriori analysis. To address this challenge, the hybridization of INDI with linear ro-
bust control has emerged as a promising trend. In this architecture, INDI handles nonlinearities
and exogenous disturbances, while a linear robust control framework systematically optimizes
the gains and filtering parameters. Representative examples include INDI hybridized with H
control and p-synthesis [8]].

Despite these advancements, existing frameworks face three significant limitations. First, the
disk margin as a stricter and more comprehensive metric than separate gain and phase margins is
typically treated as an a posteriori check; there lacks a systematic approach to guarantee the disk
margin explicitly during the tuning process. Second, the state-of-the-art uncertainty operators
in hybridization frameworks are typically derived from modeling errors, resulting in nonlinear
operators that necessitate complex nonlinear robust optimization frameworks to solve. Third,
critical metrics for certification, specifically flight performance and handling qualities, are often
insufficiently considered in current designs.

This paper presents two main contributions to address these gaps. The first contribution is the
explicit incorporation and guarantee of disk margins within a hybrid framework of INDI and
p-synthesis. Specifically, instead of constructing the uncertainty operator based on modeling
errors, the robustness requirement associated with the disk margin is analytically transformed
into a linear uncertainty operator. This transformation renders the uncertainty operator model-
free and linear, which offers a significant advantage: it enables the use of standard, efficient
linear robust optimization frameworks (such as D — K iteration [9]]) to solve the problem. This
approach effectively avoids the computational complexity and potential convergence issues of
nonlinear robust optimization, allowing the disk margin to be directly enforced via p-synthesis
and overcoming the limitations of state-of-the-art methods that rely solely on a posteriori veri-
fication.

The second contribution is a systematic tuning methodology for the hybrid INDI/x-synthesis
scheme. This approach explicitly accounts for flight performance and handling quality require-
ments while simultaneously guaranteeing robust stability. This is achieved by decoupling the
tuning process of the INDI synchronization filter from the virtual control gains, leveraging the
inherent structure of INDI and the principle of continuity. This synchronization filter is first
mentioned in redEword paper.

To validate the effectiveness of the proposed approach, a challenging high-aspect-ratio free-
flying aeroelastic aircraft control problem is addressed. The objective is to achieve simultaneous
trajectory tracking and gust load alleviation while strictly satisfying requirements regarding
flight performance, handling qualities, robustness margins, and load alleviation performance.
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2 CONTROL FRAMEWORK

The control block diagram is shown in There are three parts: Flight control, gust
load alleviation, and augmenteing the disk-like perturbation /A for robust stability requirements.
Blocks denoted with G are the control effectiveness matrix assumed to be known and K are the
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Figure 1: INDI-p control block diagram.

control gains to be tunned. All control gains are tunned through the ;. synthesis. The synchro-
nization filters are H; and Hs. A washout filter H,, is used in the GLA to avoid command
conflict between pilots and GLA. The bandwidth of the synchronization filters are selected us-
ing line search method. For flight control /7; bandwidth is selected such that when all gains are
zero, the closed-loop poles are within the fyling quality requirements. A negative defined gains
close to zero becomes a good initialization point for x synthesis. Thus, because the poles are
moved continuously for continuously changing gain, the new closed loop poles after INDI-x
tuning will be likely to stay in the desired regions. Since we directly embeded the robust sta-
bility. the p syntehsis will optimize both robustness and controller performance.e.g filter for
sensitivity and complementary sensitivity function. Thus we can get a balanced results between
stability margins desired performances.

3 RESULTS AND DISCUSSIONS

The disk margin requirements was set equaivalent to tolerant simutaneous gain and phase mar-
gin of 6 dB and 30 degree For longitudinal flight control, we have successfully achieved robust
stability of The short period poles migrates to the desired blue region which satisfies
the flight quality requirements.

for GLA, due to the use of 1 synthesis, we are able to make a trade off between peak wind root
suppression and the robust stability as shown in We excited the aircraft with a 1-cos gust at its
first bending frequency. The peak wing root bending moment for different robust margins can
be varied between 12.2 to 13.2%.

Overall, this systematic INDI-x coupled tunning process allows the controller design to consider
the robust stability even in the nonlinear system
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Figure 2: Disk margin.
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Figure 3: Time-domain GLA performance.

3.1 Model Description

To validate the proposed controller framework, numerical simulations are performed using a
high-fidelity free-flying aeroelastic model developed within the EU UPWing project.

The coupling between flight dynamics and structural dynamics is achieved using the mean-axes
formulation. This approach rests on the assumption that the aerodynamic coupling between
rigid-body motion and structural elasticity dominates, while inertial coupling effects are rela-
tively negligible, which is an assumption typically valid for commercial aircraft configurations.

Structural dynamics are modeled using MSC Nastran, while unsteady aerodynamics are calcu-
lated based on a panel method. The aerodynamic properties have been cross-validated against
Computational Fluid Dynamics (CFD) results obtained from UltraFLoads.

The aircraft is trimmed for a cruise condition at an altitude of H = 10, 258.53 m and a Mach
number of M = 0.78, corresponding to a true airspeed of 232.7 m/s. Following the trim
analysis, the system is linearized around this equilibrium point to obtain a state-space model
comprising 240 states. The control inputs for this model include 4 ailerons, while the outputs
consist of directly measured rigid-body states and wing accelerations captured by distributed

IMUs.

For model detailed desciptions of the model, readers are recommended to Ref. [10].
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