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ABSTRACT

‘In-Air Capturing’ is an innovative mid-air recovery technique where a winged reusable launch vehicle (RLV)
is retrieved by a towing aircraft and transported back to the launch site. This approach eliminates landing
fuel requirements and increases payload capacity. During ‘In-Air Capturing’, the RLV must execute a precise
rendezvous maneuver and maintain stable formation within a designated, wake-free mating zone behind
the aircraft. A tethered capturing device is deployed in advance and awaits connection as the RLV arrives
in position. This paper presents a comprehensive trajectory optimisation and control framework for the
rendezvous phase, addressing multiple objectives, strict path constraints, capturing device range limits, and
external disturbances such as aircraft wake and wind. The trajectory is optimized using Legendre-Gauss-Radau
pseudospectral method, with refinement of initial conditions and evaluation of both single- and multiple-
capture attempt scenarios. For control, a gain-scheduled Linear Quadratic Regulator (LQR) based on the RLV’s
energy is developed. To improve robustness, a disturbance observer is integrated into the controller to estimate
and correct for wind and wake-induced disturbances during flight. Capture feasibility is assessed through a
Monte-Carlo analysis, and the results are used to identify critical boundaries and conditions that determine
when re-planning of the guidance trajectory is necessary.

1. Introduction

The ‘In-Air Capturing’ recovery method was first invented and
patented by the German Aerospace Center (DLR) in 2003 [1,2]. In
this concept, a winged booster stage is captured mid-air by a towing
aircraft (TA), which then returns it to the landing site through a
controlled towing operation. The TA effectively acts as an external
propulsion system for the reusable launch vehicle (RLV), eliminating
the need for onboard descent propellant and thereby reducing overall
launch mass. This strategy differs from orbital gliding vehicles, which
retain sufficient momentum after separation to perform long-range
return maneuvers. Whereas suborbital boosters descend with much less
residual energy and cannot return to the launch site on their own
without an added propulsion system. For these cases, ‘In-Air Capturing’
is advantageous, as the TA provides the missing return energy without
requiring additional engines or propellant on the booster, making the
method theoretically both efficient and cost-effective.

Conventional recovery strategies such as down-range landing (DRL)
or return-to-launch site (RTLS) require significant onboard propellant
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for deceleration and landing maneuvers. Flyback boosters require ad-
ditional turbofan engines, adding mass and complexity due to the
extra propulsion system. Parachute- or parafoil-based mid-air recovery
is limited to smaller stages. Other descent concepts such as “dead-
leaf”, which combine a boostback burn with unpowered glide, have
been found to be less performant than flyback approaches [3], but
may offer advantages in terms of cost [4]. In the case of ‘In-Air
Capturing’, adding wings and landing gear does increase the structural
index (ratio of dry mass to total propellant mass) of the RLV compared
to vertical-landing stages. However, the overall inert mass (dry mass
plus residual propellants needed for controlled re-entry, landing, or
flyback) is still lower because no descent propellant is required. Studies
show that ‘In-Air Capturing’ achieves the lowest inert mass ratio across
different propellant choices, with a structural index higher than vertical
landing methods but lower than flyback boosters. This means that the
added structures are more than balanced by the savings from removing
descent propellant, making ‘In-Air Capturing’ a potentially efficient
recovery method. A detailed comparison of various RLV approaches
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based on their performance, size, mass, operational aspects, and com-
plexity is provided in [5], while the cost benefits are evaluated by
analysing both recurring and non-recurring expenses using a top-down
parametric cost model in [6].

Abbreviations

6DOF Six Degrees of Freedom

ACCD Aerodynamically Controlled Capturing Devices
DLR German Aerospace Center

DRL down-range landing

ELV expendable launch vehicle

FEM finite element method

L/D lift-to-drag

LQR Linear Quadratic Regulator

NLP non-linear programming problem

OCP Optimal Control Problem

RANS Reynolds Averaged Navier-Stokes

RLV reusable launch vehicle

RTLS return-to-launch site

TA towing aircraft

UHMWPE Ultra-High-Molecular-Weight Polyethylene
VisNav Vision-Based Navigation Sensor

List of symbols

Cp, Drag coefficient

C, Lift coefficient

D Aerodynamic drag force in N

J, Cost function, where the index n=1,2,...

L Aerodynamic lift force in N

R, Radius of the Earth in m

S Vehicle reference area in m?

a Angle of attack in rad

K, Control gain matrix corresponding to component x € {LQR,d} denotes
Linear Quadratic Regulator (LQR), or disturbance (d)

A Costate vector associated with the Hamiltonian

x Time derivative of a variable x with respect to time ¢

y Flight path angle in rad

& Estimated error or residual

% Estimated state vector

A Longitude in rad

A, Discrete-time state transition matrix representing the linearized system
dynamics

B, Discrete-time control input matrix defining how control inputs affect the
system states

CovX € {P, Q, R} Generic covariance matrix, where CovP denotes the state
estimation error covariance, CovQ the process noise covariance, and
CovR the measurement noise covariance

Q State-weighting matrix in the Linear Quadratic Regulator (LQR) cost func-
tion

R Control-weighting matrix in the Linear Quadratic Regulator (LQR) cost
function

rrivyra Relative position of the RLV in the TA body frame in m

u, Component of the control input vector, where x € ({ff fb,d} denotes
feed-forward (ff), feed-back (fb), or disturbance (d)

Vrrv/ta Relative velocity of the RLV in the TA body frame in m/s

x State vector of RLV in Earth centred frame

‘H Hamiltonian function

o Earth’s rotation rate in rad/s

¢ Latitude in rad

y Heading (azimuth) angle in rad

o Bank angle in rad

g, Gravitational acceleration at sea level in m/s?

m, Mass of the RLV in kg
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r Radial distance from the center of the Earth in m
v Velocity in m/s
w, Scalar weight, where the index n=1,2, ...

From an environmental perspective, ‘In-Air Capturing’ also offers
advantages compared to propulsive recovery methods. Since no re-
entry or landing burns are performed, ‘In-Air Capturing’ avoids the
large amounts of kerosene or methane propellant normally consumed
at high altitudes, which are particularly harmful due to black carbon
and water vapour emissions in the upper atmosphere [7]. While the
TA also consumes fuel, its emissions occur at lower altitudes and are
far less damaging than rocket exhaust at stratospheric levels. Studies
show that ‘In-Air Capturing’ increases total exhaust only modestly
(about 10%) compared to expendable vehicles, whereas DRL or RTLS
can increase exhaust by 27%-40% [8]. Life cycle assessments further
confirm that ‘In-Air Capturing’-based fleets can achieve lower overall
climate impacts than methane-fuelled vertical take-off vertical landing
systems, especially when combined with hydrogen propulsion [7].

Fig. 1 illustrates the operational cycle of ‘In-Air Capturing’. After
stage separation, the winged RLV follows a ballistic descent, then tran-
sitions into controlled subsonic glide at 20 km altitude. As it descends
further to around 10 km, the TA glides from cruise altitude to initiate
a coordinated formation flight. The TA maintains a lead position while
the RLV performs a precise rendezvous maneuver (between 8 km and
3 km altitude) to achieve safe proximity behind the aircraft. Mean-
while, a tethered capturing device is deployed from the TA, which trails
behind and autonomously docks with the approaching RLV. After dock-
ing, the TA throttles up and executes a pull-up maneuver, shifting the
combined system from descending flight into a climb prior to reaching
2 km altitude. It then tows the unpowered RLV back to the launch
site, where it is released near the airfield to perform an autonomous
runway landing. During the tow-back phase, the TA provides the thrust
required to overcome the aerodynamic drag of the RLV, while the
RLYV itself balances its weight through lift generated by its wings. The
objective of the tow-back is therefore not to carry the RLV, but simply
to provide the range needed to return to the landing site. Close to the
runway (distance less than 5 km), the tether between the two vehicles
is detached, and the RLV continues to land using its own landing gear.

The current study examines the process from the RLV’s rendezvous
with the TA up to the moment of capture. Achieving a successful
connection between the RLV and the capturing device requires precise
coordination among multiple aircraft. The RLV must execute a con-
trolled rendezvous maneuver and position itself directly behind the TA,
remaining within the effective range of the capturing mechanism. The
range of the capturing device is constrained by both the tether length
and the maneuverability of the device itself. Additionally, attempting
the capture behind the aircraft exposes the system to strong wake-
induced disturbances. Given that the capturing device is much smaller
than the other two aircraft, these disturbances can lead to a severe
reduction or even a complete loss of control. Hence, the capture must
be performed within a carefully planned region that is safe for the
operation, referred to as the mating zone in this study.

Additionally, operational safety imposes further constraints on the
planned trajectory for the RLV: the RLV’s trajectory must maintain a
safe separation from the TA to avoid collision hazards and to allow for
a feasible abort in case of failure. To improve the chances of a successful
capture, multiple capture attempts must be planned; therefore, it is
desirable to maximise the time the RLV can remain within the mating
zone. Achieving this becomes particularly challenging when the TA
and RLV possess different aerodynamic characteristics, leading to mis-
matches in glide performance, speed envelopes, and maneuverability.
To reconcile these competing demands, the rendezvous of the RLV can
be formulated as an Optimal Control Problem (OCP), in which the
trajectory is optimized to balance safety constraints, maximise capture
opportunities, and compensate for aerodynamic disparities between the
vehicles.
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Fig. 1. Schematic of the complete ‘In-Air Capturing’ mission cycle.

Due to the unique nature of ‘In-Air Capturing’, no existing literature
fully addresses the combined challenges of mid-air recovery involving
an unpowered, gliding stage. While aerial refuelling provides a loose
analogy in terms of mid-air rendezvous, the underlying dynamics and
control requirements differ substantially. ‘In-Air Capturing’ involves
docking an unpowered RLV with limited maneuverability during a
low energy glide, requiring precise temporal and spatial coordination
in the mating zone behind the gliding aircraft. This places stringent
demands on both the guidance system and the control authority of the
RLV. Hence, this paper aims to realistically formulate the rendezvous
trajectory of the RLV, and optimize it using established advanced
optimisation techniques based on pseudospectral methods. The initial
states at the start of the maneuver are included as decision variables,
allowing the optimisation to adjust both the trajectory and its starting
conditions.

The framework further evaluates and optimizes trajectory scenarios
involving both single and multiple capture attempts. To demonstrate
feasibility under realistic operating conditions, the optimized trajectory
is used as a reference for the guidance system and embedded within
a closed-loop control framework. A gain-scheduled Linear Quadratic
Regulator (LQR) [9-12], based on the RLV’s energy state, is employed
for trajectory tracking across the wide flight envelope. To enhance
robustness against environmental disturbances, a disturbance observer
is integrated into the feedback loop. The system is tested under mod-
elled disturbances and uncertainties, and the resulting performance is
evaluated to determine the robustness of the approach and to identify
critical boundaries for guidance re-planning. This integrated optimisa-
tion, guidance, control and validation framework represents a novel
step toward making ‘In-Air Capturing’ a viable and implementable
recovery strategy for future reusable launch vehicles.

This paper is organised as follows. Chapter 2 introduces the full-
scale vehicles involved in ‘In-Air Capturing’ and the associated key
properties such as aerodynamics. It also defines essential mission con-
cepts, including formation flight requirements and the mating zone, to
provide a clear understanding of the problem. Here the overall capture
approach is also explained. Chapter 3 addresses the optimisation prob-
lem, presenting the RLV equations of motion and the formulation of
the OCP, followed by a discussion of the optimisation results. Chapter 4
presents the integrated guidance and control system in closed loop. The
optimized trajectory serves as the guidance reference, while a closed-
loop control architecture is introduced to counteract uncertainties and
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disturbances. The chapter analyses closed-loop performance and con-
tinues with a Monte Carlo study to assess robustness under non-ideal
conditions and to establish operational boundaries. Finally, Chapter 5
concludes the study with some remarks and insight about the work
performed. A brief outlook on future developments is also presented
here.

2. In-Air Capturing system

In a standard full-scale ‘In-Air Capturing’ case study, three vehicles
are involved: the launcher stage to be recovered, the aircraft for towing
operations, and an autonomous capturing device that connects the two
vehicles. The vehicles considered in this study — previously selected
in [13,14] — are briefly described in Section 2.1. The RLV rendezvous
trajectory has two main objectives: first, to enter formation flight with
the TA and second, to reach and maintain its position in the mating
zone, maximising time within the device’s operational reach for dock-
ing operation. While formation flight has been studied previously [14-
16], existing work is preliminary and requires refinement to make its
realisation potentially viable. Section 2.2 discusses its limitations and
defines new criteria. The mating zone is then introduced in detail,
outlining its purpose, constraints, and key factors influencing its role
in the final capture phase. In Section 2.3, the capture mission design
is explained, defining the distinct roles of the RLV and the capturing
device during the maneuver.

2.1. Full-scale test cases

During ‘In-Air Capturing’, the characteristics of the RLV mainly
drive the requirements for the TA and the capturing device. For this
research, the RLV is chosen to be the first stage of a 3 stage-to-
orbit launch vehicle concept. The returning winged stage, designated
RLVC4-IIIB, features a unique swept-wing configuration as explained
in [17]. During hypersonic re-entry, the spacecraft’s outer wings are
folded to prevent shock-shock interactions. Once the vehicle decelerates
to subsonic speeds, the outer wings are deployed, as illustrated in
Fig. 2. The larger wings enable a higher maximum trimmed lift-to-drag
(L/D) ratio of up to 6 in the subsonic regime (as shown in Fig. 3),
making this configuration suitable for ‘In-Air Capturing’ [14]. The
control is performed using flaps on the wings that can be deflected
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Fig. 3. Aerodynamic performance of RLV (with deployed outer wings) and
different TA configurations (with added drag) as a function of angle of attack.

+20°. Although the original RLV was designed for recovery with ‘In-
Air Capturing’, it was not specifically optimized for it. Design targets
include a landing speed of <105 m/s and a landing-gear box placement
that allows ~12° angle of attack during landing. The dry mass is
approximately 70 tons, with about 10 tons of residuals and reserves
included as margin. A detailed mass distribution, ascent trajectory of
the complete launch vehicle, and performance comparison to European
expendable launch vehicle (ELV)s are provided in [17]. During descent,
the RLV is expected to weigh approximately 80 tons. The dispersion in
descent trajectories until the beginning of the rendezvous and mission
profile have been studied in [16]. Through the current study, the goal
is to also identify and characterise limitations and requirements of the
RLV to guide subsequent design iterations and improve its suitability
for ‘In-Air Capturing’.

For capturing the large rocket stage, a suitably sized TA is essential.
The retired jetliner Airbus A340-600 [18] has been chosen due to
its substantial loading capacity and thrust. Equipped with four Rolls-
Royce Trent 556 engines and an advanced flight control system, the
A340-600 meets the specifications for ‘In-Air Capturing’ of RLVC4-
IIIB. To achieve prolonged formation with the RLV, the aerodynamic
performance between the two vehicles must be comparable. However,
typical long-range commercial aircraft tend to have a lift-to-drag (L/D)
ratio of up to 20. This performance gap is reduced by deploying drag
generating surfaces like spoilers and landing gear. A detailed study for
the selection of the most suited TA configuration can be found in [14].
The selected configuration (see TA Case 1 in Fig. 3) has a maximum

Fixed Wing
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Reusable launch vehicle — RLVC4-IIIB — with deployed outer wings for higher subsonic aerodynamic performance [13].

Capturing
Mechanism

Deflected Fla

Fig. 4. Aerodynamically Controlled Capturing Device (ACCD) [13].

L/D ratio of 8 and weighs approximately 280 tons. In TA Case 1, drag
is increased by extending the nose and main landing gear and deflecting
the spoilers to —20° (maximum possible deflection —30°)

It can be observed from Fig. 3 that the aerodynamic performance
of the previously selected TA configuration (TA Case 1) differs signifi-
cantly from that of the reference RLV [19]. As a result, maintaining pro-
longed formation flight to enable multiple capture attempts becomes
challenging [14,15]. To better assess the feasibility of the concept and
investigate more favourable conditions, two additional configurations
with aerodynamic characteristics more closely aligned to the reference
RLV are included in this study. In TA Case 2, the base drag is increased
by 17.7% across all angles of attack, while in TA Case 3, it is increased
by 35%. Although TA Case 3 provides the closest match to the reference
RLV’s performance, TA Case 2 is considered more achievable, while still
being challenging and conservative (as further explained in Section 4).
These cases are included to explore the concept’s limits and help define
the operational boundaries.

Lastly, Fig. 4 illustrates the configuration of the chosen capturing
device for ‘In-Air Capturing’, referred to as the Aerodynamically Con-
trolled Capturing Devices (ACCD). It measures 2 m in length with a
cross-sectional diameter of 1.5 m, including the fins. Equipped with
four flaps capable of deflecting up to a maximum of +15°, it provides
6DOF agility and control. Pitch commands use symmetric deflection of
the horizontal flaps, yaw uses the vertical pair, and roll is generated
by coordinated deflection of all four flaps; asymmetric combinations
allow simultaneous motion in all three axes via superposition. A winch
on the TA adjusts tether length — typically 150-300 m in this study.
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Fig. 5. Wake velocity contours 250 m behind the aircraft [23].

The reference full-scale ACCD weighs ~ 165 kg. Its nose is tethered to
the TA, and an aft-mounted capturing mechanism locks onto a boom
on the RLV to form a secure connection. The capturing mechanism
at the aft end also functions as a drogue/drag cone, stabilizing the
device and helping keep the tether under positive tension to minimize
slack during approach. A detailed overview of the capture system,
including the aerodynamic performance, modelling of the tether and
electro-mechanical design of ACCD can be found in [13,20,21] respec-
tively. The capturing system design accounts for interaction forces and
towing loads, as well as mass and power requirements during ‘In-Air
Capturing’ [22].

2.2. Formation flight and mating zone

The ‘In-Air Capturing’ maneuver begins when the RLV is assumed
to be sufficiently close to the TA, with an initial relative distance
of approximately 1.5 km. To initiate the capture sequence, the TA
descends from its cruise altitude and transitions into a coordinated
gliding formation with the RLV. During this phase, the TA maintains
a lead position, while the RLV executes a rendezvous maneuver to
align its trajectory with the aircraft’s flight path, ensuring proper
coordination and maintaining a safe separation. This stage, referred to
as formation flight, provides the operational window during which the
final approach towards the TA and capture attempt is performed.

In previous studies, preliminary formation flight criteria was de-
fined for ‘In-Air Capturing’ as presented in [14]. Simulations were
performed using a 3DOF model with active control systems imple-
mented for both the RLV and the TA. In these simulations, the RLV
followed a gliding trajectory with a maximum descent flight path angle
of —8°, while the aircraft attempted to match its speed and altitude.
The results showed that the formation flight requirements could be
maintained for a limited duration — approximately 70 s — due to
aerodynamic performance differences between the vehicles [14]. While
this window may be sufficient for a successful capture, the study was
likely overly optimistic and preliminary. Several critical factors — such
as disturbances due to aircraft wake, the maneuverability range of
ACCD, and limitations in the range of the relative navigation system —
were not considered, thereby reducing the reliability and applicability
of the initial criteria. This motivates the need for a more comprehensive
formulation of the problem and refined flight strategies.

Additional studies on ‘In-Air Capturing’ have provided valuable
insights into other subsystems that may influence the formation flight
criteria:
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1. Aircraft Wake: A CFD study on the aircraft’s wake behaviour [13,
19] indicates that significant disturbances can extend up to
350 m from the aircraft’s nose. Fig. 5 illustrates the wake’s
lateral and vertical velocity disturbances at 250 m behind the
TA, assuming a 10° angle of attack at 6000 m altitude. Since the
capture is expected to occur behind the TA, both the RLV and
ACCD are likely to be influenced by these wake effects. Prior
studies show that the RLV experiences transient angle-of-attack
disturbances but stabilizes quickly [14], whereas the smaller
ACCD loses control entirely when exposed [24]. Therefore, to
ensure a successful capture, it is critical to attempt the mating
or docking maneuver outside the most turbulent regions of the
wake.

. Maneuverability of ACCD: The ACCD is connected to the TA by
a 250 m Ultra-High-Molecular-Weight Polyethylene (UHMWPE)
tether, which stabilizes roughly 50 m below the aircraft and
defines the basic capture range. Its maneuverability, assessed
through aerodynamic modelling and steady-state tow analysis
[20,21], allows displacements of up to about 200 m vertically
and laterally at maximum deflection of +15°. However, not all
of these positions behind the TA are practically accessible: some
region is strongly affected by the aircraft wake, while the tether
attachment near the central landing gear leads to interference
of the tether with the airframe at certain angles. To illustrate
this, Fig. 6 highlights feasible positions of the ACCD in green
and inaccessible ones in red, thereby indicating the limits of the
actual docking envelope. In full-scale operation, a winch system
can adjust the nominal 250 m tether length between 150 and
300 m, offering additional flexibility during the capture phase.

. Close-Range Navigation: A key aspect of ‘In-Air Capturing’ is the
ACCD’s autonomous navigation for docking with the launcher.
This requires close-range sensors with at least 35 cm positional
and 1° orientational accuracy. A Vision-Based Navigation Sensor
(VisNav) is employed to measure relative states between the
ACCD and RLV, with GPS/INS/VisNav data fused for accuracy
and robustness [25]. However, the VisNav system requires line-
of-sight and has an effective range of approximately 200 m,
further constraining the RLV’s path during final approach.

Accordingly, the formation flight relative distance criterion — previ-
ously defined relative to the TA — is updated. The lower bound is
set by the minimum tether length (150 m) and the upper bound by
the VisNav range (200 m relative to the ACCD). The relative-velocity
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to TA.

constraint is now defined with respect to the ACCD, which can tolerate
docking speeds up to 5 m/s [21]. This constraint applies mainly at
the time of capture and can be partially corrected by the ACCD itself.
Minimising relative velocity with respect to the TA remains important
for prolonged formation, but the achievable minimum depends on the
TA’s aerodynamic configuration (Fig. 3) and should not be treated as a
strict constraint. Finally, towards the end of formation flight, the RLV
must enter the designated mating zone, where docking is initiated.
The mating zone refers to a designated region behind the TA that
is considered the most suitable location for docking. Within this zone,
the ACCD positions itself and awaits the arrival of the RLV before
initiating the final docking procedure. The boundaries of this zone are
determined by three primary factors: the length of the tether, the effect
of TA wake, and the maneuverability range of the ACCD. Based on these
considerations, a suitable mating zone can be defined. Fig. 7 illustrates
the projected No-Go regions along with the designated mating zone
nominally located 250 m behind the TA centre of gravity. In the No-Go
zones, docking is infeasible due to strong wake turbulence or tether
obstruction by the TA body, which limits the ACCD’s vertical and
lateral maneuverability. The mating zone is positioned to avoid these
constraints and provides favourable conditions for docking. This zone
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Fig. 8. Schematic of the ACCD and the RLV during capture phase.

spans from 40 m to 120 m below the TA and extends 80 m laterally on
each side. For simplicity, it is assumed to have a rectangular shape.

2.3. Capture phase

While the RLV begins formation flight and attempts to arrive at the
mating zone, the ACCD positions itself at the projected arrival point
of the RLV in the mating zone. It continuously adjusts its orientation
and position while handling disturbances from wind and other environ-
mental factors. The goal is to minimize the movement of the capturing
device to avoid causing tether vibrations. Through relative navigation
and communication between the ACCD and RLV, a coordinated capture
can be achieved.

The goal is for the RLV’s boom to lock into the ACCD’s docking cone
(see Fig. 8). A final positional accuracy of 35 cm — slightly smaller than
the cone opening — is set for docking [25]. By waiting at the projected
arrival point, the ACCD can make its first capture attempt as soon as
the RLV enters the mating zone. Prior studies that account for tether
vibrations and their damping indicate the ACCD can translate up to
15 m in both the Y and Z directions within 15 s [24]. Therefore, if the
RLV remains in the mating zone for more than 15 s, a second capture
attempt could be feasible. Adding rope-length flexibility via a winch
further increases the chances of making that second attempt.

Capture requires coordination between both vehicles. Given the
RLV’s limited maneuverability, mission design prioritises arrival and
station-keeping in the mating zone. The ACCD takes the more active
role during capture, correcting residual errors in relative position and
velocity to minimize interaction forces. Accordingly, this study focuses
on RLV-side requirements: (i) optimising the approach and station-
keeping trajectory to maximize dwell time in the mating zone, and
(ii) controlling the RLV to track this trajectory robustly despite distur-
bances and uncertainties. As a first design iteration, the results establish
performance targets, margins, and constraints for subsequent RLV iter-
ations. Future work will cover guidance and control of the capturing
device and integrated capture simulations with the navigation module
to assess overall feasibility.

3. Trajectory optimisation

This section addresses the optimisation problem itself. In this study,
pseudospectral methods are chosen to solve the optimisation problem,
given their well-established prominence in addressing complex OCPs.
They provide fast and accurate solutions, making them particularly
valuable for generating guidance trajectories and enabling path replan-
ning in reusable launch vehicle applications [26-30]. The optimisation
is carried out with an hp-adaptive Legendre-Gauss—Radau pseudospec-
tral method [26,27], implemented in a MATLAB-based framework [31].
This method transcribes the continuous-time OCP into a sparse non-
linear programming problem (NLP), which is then solved with ad-
vanced solvers such as IPOPT or SNOPT. The Legendre-Gauss—Radau
scheme was selected for its favourable handling of boundary conditions
and robust convergence properties [32], making it particularly well
suited to the demands of the present application.

Hence, the OCP for the RLV rendezvous trajectory is formulated
based on the revised formation flight criteria and mating zone require-
ments, in a manner compatible with pseudospectral method used in the
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study. The TA trajectory is assumed fixed throughout the optimisation.
Although it differs across the TA configurations shown in Fig. 3, it
remains constant within each case, and the RLV trajectory is optimized
taking the relative TA trajectory into consideration. Section 3.1 in-
troduces the governing equations of motion, Section 3.2 specifies the
objectives and path constraints, and Section 3.3 presents the optimized
RLV trajectories for each TA configuration.

3.1. RLV equations of motion

For optimisation of the RLV trajectory, the standard point-mass
dynamics of the unpowered vehicle over a spherical rotating Earth are
described by the following equations of motion [33], assuming no wind
and no mass variation.

F=uv-sin(y) (€8}
b= v- cos(yi- cos(y) @
_ v-cos(y) - sin(y)
B r - cos(¢) &)
=D £ ing) )
m &
+a?r- cos(¢) - (sin(y) - cos(¢p) — cos(y) - cos(y) - sin(¢h))
y= LD L2 o) ®)
m-v r
- L cos(r) +2 - @ - sin(y) - cos()
2
+ 20 cos(@) - (cos(y) - cos() + sin(y) - cos(w) - sin(@))
L sin0) 0 cogy) - singy) - tan(@) ©

=m-v-cos(y)_r

+ 2w - (tan(y) - cos(y) - cos(¢p) — sin(¢h))
T Giny) - sin(@) - cos(@)
v - cos(y)

Here, r is the radial distance from the centre of the Earth to the
vehicle, 4 and ¢ denote the longitude and latitude, respectively, v is
the Earth-centred velocity, y is the flight path angle, and y is the
heading angle of the relative velocity vector, measured clockwise from
geographic north. The terms D and L represent the aerodynamic drag
and lift forces, respectively and are defined as:

L= %pszCL @

D= %pszCD (8)

Here, C; and C), represent lift and drag coefficients respectively, which
are functions of the angle of attack and Mach number. Also, p represents
atmospheric density and .S is the reference area of the RLV.

To enhance numerical stability during the optimisation process, all
variables in these equations are expressed in a non-dimensional form.
All lengths are scaled by the Earth’s radius, R, = 6378.137 km. Time
is scaled by /Ry/g,, where g, = 9.80665 m/s’ is the gravitational
acceleration at the Earth’s surface. Consequently, linear velocity is
scaled by 1/gy Ry, and the Earth’s rotation rate w is non-dimensionalized
by +/gy/Ry. Therefore, the gravitational acceleration constant g be-
comes equal to one in the scaled equations. Furthermore, all mass-
related terms are scaled by the nominal reference vehicle mass, m, =
79182.58 kg. It should be noted that the non-dimensionalisation is
applied solely for the numerical simulations; the equations and data
presented in the following sections correspond to the full-scale system.

The rate of change of angle of attack (¢) and bank angle (¢) are
selected as the control variables, denoted by U, and U,, respectively.
This modelling choice promotes smoother and more physically realistic
trajectories, avoiding abrupt changes in angle of attack (a) and bank
angle (o).
a="U,

@’

6=U, ©)
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Table 1

Weights for objective function.
w, w, w; wy ws weg w,
5 103 10 10 100 107 1078

This structure improves numerical stability and convergence in direct
methods based on pseudospectral collocation, facilitates the inclusion
of actuator rate constraints as path constraints, and simplifies the
analysis of the Hamiltonian, which is useful for verifying optimality
conditions (discussed later in Section 3.3) [34].

Thus, the state vector becomes:

x=[r, ¢ 4 v, 7, ¥, a, o] 10)
and the control vector becomes:
u=[q 6] an

3.2. Optimal control problem

To formulate the cost function for the OCP that would be used for
optimisation, the following requirements based on the new criteria for
formation flight must be taken into account:

1. During formation, the RLV must approach the TA from behind
and starting at a higher altitude.

. Formation flight must occur within an altitude range of 3000 m
to 8000 m.

. The formation phase begins when the relative distance between
the RLV and TA is 450 m.

. By the end of the formation flight, the RLV should reach a
designated mating zone at a relative distance of 250 m from the
TA.

. The relative velocity of the RLV with respect to the TA must be
minimized to enable the RLV to remain within the mating zone
for an extended duration.

. Control surfaces must remain unsaturated throughout the forma-
tion flight phase.

Cost function

While Requirements 1 and 2 can be satisfied by imposing bounds on
the initial and final states of the RLV (as discussed in Section 3.3), a cost
function must be introduced to address the remaining requirements and
formulate the OCP. The cost function can be divided into three main
components such that:

J=J1+J+ ;3 (12)

These can be summarized as follows:

+ J;: Minimize overall error in relative state and relative velocity

t
Jy = / ' [WJ iy i O] + w, - ||VRLV/TA(f)||2] dt (13)

0
where rgpy,a(?) and vryy,a(t) are the relative position and rel-
ative velocity of RLV in the TA body frame at a given time
(). w, and w, are weights given in Table 1. Maintaining a
close match in these two parameters is essential for achieving
formation flight; therefore, medium weights are assigned to this
cost function. As noted in Section 2.2, aligning the velocities is
advantageous for sustaining long-duration formation flight, but it
is not critical since the capturing device can partially compensate
for any mismatch. Hence, it is assigned smaller weights compared
to the relative position. This cost function addresses criteria 3, 4
and 5 in the new formation flight requirements.
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« J,: Hit the target mating zone conditions

The mating zone is primarily characterised as a rectangular re-
gion located behind the aircraft, bounded in both the relative
lateral and relative vertical directions as shown in Fig. 7. Here,
the cost function is modelled using a tanh-based soft penalty
formulation [35], which increases the cost when the RLV deviates
from the boundaries of the mating zone and returns zero when
the RLV remains within the zone. A soft penalty is introduced
primarily because pseudospectral methods require smooth, differ-
entiable dynamics; discrete or non-differentiable constraints tend
to degrade convergence.

'y
I = / [ws - @) L) + w4 - GO, Ly,
To

+ ws - $(z(0), 1,,u)| dt 14)

where x, y, and z represent the relative position components of
the RLV in the TA body-fixed frame, and /;, u; denote the lower
and upper bounds for each direction (i € {x,y,z}). wy, ws and
wg are weights given in Table 1. This cost function is assigned
the highest weights, as the RLV’s successful arrival in the mating
zone is critical for capture. The cost function effectively enforces
requirement 5 of formation flight.

The soft penalty function (¢) is defined as:

&(s(), 1, u) = a - tanh® (B( — s(t))) + a - tanh® (B(s(t) — w)),

where s is the current value of the state component (e.g., x, y,
or z), and «, B are positive constants that control the weight and
sharpness of the penalty.

J3: Smoothness penalty on control variables

(15)

t
J3://(w6~U3+w7-U§) dt (16)
To
This term applied to the control variables (see Eq. (9)), to encour-
age gradual variations over time. wy and w, are weights given
in Table 1. The weights in this cost function are chosen small
enough to guarantee smoothness of controls, while not impacting
the solution significantly. This helps meet requirement 6 of the

formation flight.

Constraints

Since the objective function minimizes the relative position of the
RLV, an additional path constraint is required to ensure that the min-
imum allowable distance is not violated. Specifically, this constraint
enforces that the relative distance between the RLV and the TA remains
greater than or equal to the minimum separation defined by the bound-
aries of the mating zone (as specified in requirement 4). The upper
bound corresponds to the initial maximum relative distance at the start
of the rendezvous maneuver.

250 < rppyra(®) < 1500, Vi € [1,1/] 17)

3.3. Numerical simulations

With the objective of achieving formation flight and maximising
time spent within the mating zone, the RLV rendezvous trajectory is
optimized for three TA configurations (Fig. 3). TA Case 1 exhibits the
largest deviation from the RLV, TA Case 2 is moderately similar, and
TA Case 3 closely matches the RLV at certain angles of attack. Since ‘In-
Air Capturing’ is very sensitive to aerodynamic similarity between the
RLV and TA [14], these cases enable the evaluation of both single- and
multiple-attempt rendezvous strategies. The TA reference trajectories
for each case are generated using the dynamic model presented in [14].
All TA configurations start from the same initial position but descend
along different fixed flight path angles based on the aerodynamic
performance. The initial conditions for the TA are summarized in
Table 2.
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Table 2
Trajectory optimization — TA initial state and bounds for the RLV initial state.
State variable [Unit] TA initial RLYV initial state bounds
Lower Upper
Altitude [m] 8163.95 8213.95 9163.95
Longitude [°] —46.1076 —46.1026 —46.0976
Latitude [°] 4.9794 4.9794 4.9794
Velocity [m/s] 213.90 183.90 233.90
Flight path angle [°] -5.5/-7/-8.5 -12 -6
Heading angle [°] 920 90 90
Angle of attack [°] 8 6 12
Bank angle [°] 0 90 90
Table 3
Trajectory optimisation — Final state bounds for the RLV state.
State variable [Unit] RLV Final State Bounds
Lower Upper
Altitude [m] 1500 5000
Longitude [°] -90 90
Latitude [°] -90 90
Velocity [m/s] 100 200
Flight path angle [°] -14 -4
Heading angle [°] 0 180
Angle of attack [°] 0 12
Bank angle [°] -30 30

The OCP is formulated as a single-phase problem, with the RLV
assumed to be relatively close to the TA at the start of the simulation.
Since principal components of the problem depend on the RLV’s posi-
tion and velocity relative to the TA, the initial conditions for the RLV
are defined based on the TA’s state. Table 2 summarizes the bounds of
the RLV’s initial state (relative distance less than 1500 m). Allowing
a range of initial conditions enables the optimisation to determine
the most favourable starting point for the rendezvous. Since the RLV
exhibits poorer aerodynamic performance than the TA in all cases, it
is expected to descend with a steeper flight path angle. Therefore, a
higher initial altitude margin relative to the TA is selected for the RLV
trajectory optimisation. Likewise, the FPA margin is set lower than
that of the best-performing TA case. The longitude margin is chosen
to ensure that the RLV always approaches the TA from behind, while
the latitude margin is fixed to a single value under the simplifying as-
sumption that both trajectories follow an eastward path with a constant
azimuth of 90° measured from the North.

The final state of the RLV is defined with relatively loose bounds,
independently of the TA state, as summarized in Table 3. The total
simulation time is fixed at 250 s to match the final time of the reference
TA trajectory. The control rates — the rate of change of angle of
attack and bank angle — are bounded between +5°/s. The TA reference
trajectory is provided as a guess for each case. With this setup, the
optimisation results for the RLV rendezvous trajectory are presented
as follows.

Case 1

Fig. 9 shows the rendezvous of the RLV with TA Case 1. The
altitude-velocity profile (top figure) indicates only a small overlap
between the RLV and TA trajectories, likely due to the significant
difference in aerodynamic performance (see Fig. 3). A closer look at
the relative position and velocity of the RLV with respect to the TA,
shown in Fig. 9, indicates that formation flight — highlighted by the
green shaded region — is maintained for only 70 s. This phase begins
at a relative distance of 450 m and continues until the RLV reaches
the minimum allowable separation of 250 m. At this point, the RLV is
expected to hold its position within the designated mating zone behind
the TA, as described in Section 2.2.

Fig. 10 shows the relative X, Y, and Z positions of the RLV with
respect to the TA during the rendezvous. The bounds of the mating
zone are indicated by red dashed lines in the lateral (Y) and vertical
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Fig. 9. Rendezvous trajectory simulation of the RLV with TA Case 1.

(Z) directions. It is observed that the RLV remains within this mating
zone for only 14 s. A docking maneuver could be attempted during this
period. Since attempting a re-capture requires the ACCD to be partially
winched back or redeployed to the required rope length, this 14 s
window may be insufficient for a second attempt. Furthermore, pre-
vious studies [20,24] suggest that the ACCD typically requires around
15 s to execute a 15 m maneuver (in YZ plane), further reinforcing
the conclusion that the available time may be too short for a second
attempt.

Fig. 11 shows the profiles of the angle of attack and bank angle,
along with their rates of change, which served as control inputs in
the optimisation process. It can be observed that the control rates
remain well within the imposed limits of +5°/s, and no significant
sharp maneuvers are performed. This indicates that aggressive control
inputs were not necessary, likely because the solution is already near
the best achievable performance given the aerodynamic limitations.

This is further verified by examining the Hamiltonian and its partial
derivatives with respect to the control rates. The Hamiltonian is a
fundamental concept in optimal control theory, combining the sys-
tem dynamics and running cost to evaluate necessary conditions for
optimality [36]. It is defined as:

Hx,u, A, ) = L(x,u,t) + AT f(x,u,1) (18)

where L is the running cost, f is the system dynamics, and A is the
costate (adjoint) vector. According to Pontryagin’s Minimum Principle,
an optimal solution must minimize the Hamiltonian at each time with
respect to the admissible control set, while satisfying all bounds, path
constraints, and system dynamics. Since the control inputs (&« and ¢) af-
fect only their corresponding integrator states (Eq. (9)), and the control
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Fig. 10. Position of RLV relative to TA Case 1 with mating zone (red-dash).
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Fig. 11. Angle of attack and bank angle (top) with corresponding control rates
(bottom) for RLV rendezvous in TA Case 1.
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Fig. 12. Hamiltonian (top) and its partial derivatives with respect to control
rates (bottom) for RLV rendezvous in TA Case 1.

cost is quadratic (Eq. (16)), the partial derivatives of the Hamiltonian
simplify to:
oM

55 = Aat2wia=0 (19)
‘;—7_1 = Ay +2uwy6 =0 (20)
(o}

This provides a means of verifying the optimality of the solution.
As shown in Fig. 12, the Hamiltonian evolves smoothly over time.
Although it is not constant — since the TA trajectory evolves over
time and the final time is fixed — it varies in accordance with the TA
trajectory through the cost function component J; given in Eq. (13).
Additionally, the partial derivatives of the Hamiltonian with respect
to the control rates remain close to zero (on the order of 1073),
indicating that the necessary conditions for optimality are satisfied and
the solution is near-optimal.

Although TA Case 1 was found to be suitable for only a single
rendezvous attempt, this is not necessarily a negative outcome. High-
precision guidance, navigation, and control (GNC) operations that rely
on single-attempt execution have become increasingly common in mod-
ern spaceflight. For example, SpaceX’s Falcon 9 boosters routinely
perform autonomous, single-shot landings on both land-based pads and
drone ships. More recently, SpaceX has introduced the “Mechazilla”
launch tower system for its Starship program, which catches the re-
turning booster with mechanical arms — again depending on highly
accurate, one-attempt trajectories and timing. These examples high-
light the feasibility and growing reliability of single-attempt precision
maneuvers in real-world missions. Nonetheless, such a restriction does
not apply to lifting-vehicle-based architecture, which can provide addi-
tional flexibility compared to vertical landing methods. In the context
of ‘In-Air Capturing’, the option of a second attempt could be especially
valuable. This highlights the importance of further developing RLV
concepts that can provide additional lift and maneuvering margin to
increase the opportunity for multiple capture attempts.

Case 2

Fig. 13 shows the rendezvous trajectory of the RLV with TA Case 2.
Compared to Case 1, the altitude-velocity profile shows a greater
overlap between the RLV and TA trajectories, owing to the closer
aerodynamic performance between the two vehicles. As a result, TA
Case 2 enables an extended formation flight phase — lasting up to
100 s — as indicated by the green-shaded region. This improvement is
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Fig. 13. Rendezvous trajectory simulation of the RLV with TA Case 2.

evident from the relative position and velocity of the RLV with respect
to the TA.

However, as shown in Fig. 14, the RLV remains within the mating
zone for only 21 s, which does not represent a significant improvement
over TA Case 1. Nonetheless, a margin exceeding 15 s could potentially
allow for a second capture attempt toward the end of the formation
flight — provided that no major uncertainties or anomalies occur.

As with TA Case 1, Fig. 15 also shows that the control rates remain
well within the imposed +5°/s limits, with no sharp or abrupt maneu-
vers observed. In conclusion, minimal control effort was sufficient to
achieve the desired trajectory within aerodynamic constraints. Lastly,
Fig. 16 confirms that the solution is near-optimal, as the partial deriva-
tives of Hamiltonian with respect to the control rates remain close to
zero throughout the trajectory.

Case 3

TA Case 3, having aerodynamic characteristics very similar to the
RLV between angles of attack of 6° and 8°, is expected to yield the most
favourable results. Fig. 17 shows a substantial overlap in the altitude—
velocity profile between the two vehicles. Additionally, a formation
flight duration of approximately 190 s can be observed from the relative
position and velocity data. The RLV is able to closely match the TA’s
velocity, allowing it to maintain formation for an extended period.

However, the duration of formation flight is primarily limited by the
lower aerodynamic performance of TA Case 3, which results in a steep
descent along a flight path angle of approximately —8.5°. Consequently,
the vehicles lose altitude rapidly, and the available time between the
defined altitude corridor of 8000 m to 3000 m is significantly reduced.

Fig. 18 shows a smooth and controlled approach of the RLV into
the mating zone, where it remains for nearly the entire duration of the
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formation flight. With a prolonged 150 s window inside the mating
zone — and a steady relative position maintained at approximately
250 m, as shown in Fig. 17 — multiple docking attempts (two or more)
become feasible. While achieving the aerodynamic performance of TA
Case 3 with a conventional commercial aircraft may be unrealistic, the
case serves to validate the underlying principle of ‘In-Air Capturing’: the
closer the aerodynamic match between the two vehicles, the longer the
available window for executing the capture maneuver.

Similar to the other two scenarios, no significant control effort was
required for the rendezvous maneuver as it can be seen in Fig. 19.
Lastly, the evolution of the Hamiltonian and its partial derivatives with
respect to the control rates, shown in Fig. 20, further indicate that the
solution is near-optimal.

4. Closed-loop simulations

The optimized RLV trajectory in the previous section serves as
guidance throughout the rendezvous (formation flight and capture) of
the RLV. However, the trajectory is optimized without accounting for
uncertainties or external disturbances present in real-world dynamics.
Therefore, closed-loop simulations are essential to assess its trackability
and robustness under realistic operating conditions. In the present
study, only the RLV trajectory corresponding to TA Case 2 is analysed,
as it represents a more realistic scenario. It enables the investigation of
both single- and multi-attempt recovery strategies without relying on
the overly optimistic aerodynamic performance assumptions required
in TA Case 3.
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Since both vehicles are in a gliding descent during the rendezvous,
the flight conditions evolve continuously. Additionally, external distur-
bances such as wind and aircraft wake can significantly influence the
RLV’s trajectory. Therefore, a reliable and adaptive control strategy
is required to ensure accurate tracking of the guidance trajectory.
Section 4.1 presents the overall closed-loop system architecture. To
evaluate controller performance, open-loop and closed-loop simula-
tions are compared in the presence of disturbances and modelling
uncertainties in Section 4.2. Lastly, a Monte Carlo analysis is con-
ducted to establish feasibility boundaries and re-planning criteria for
the proposed guidance and control scheme in Section 4.3.

4.1. System architecture
Fig. 21 shows an outlook of the system architecture that is used in

the current study. The system can be divided into three main compo-
nents: the optimized RLV trajectory serving as guidance, the RLV plant
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Fig. 21. Closed-loop system architecture for the RLV.

model incorporating disturbances and uncertainties, and a controller
for tracking and disturbance rejection.

The RLV dynamics are modelled using the same point-mass equa-
tions of motion presented in Section 3.1. Additional atmospheric and
environmental perturbations — namely wind, wake, and atmospheric
density variations — as well as system uncertainties such as deviations
in aerodynamic coefficients, are incorporated to reflect more realis-
tic operating conditions. Wind is a major source of uncertainty for
unpowered vehicles during precision maneuvers like ‘In-Air Captur-
ing’. To represent realistic conditions, this study employs the empiri-
cal HWMO7 model via a MATLAB-Simulink package, which provides
altitude-dependent wind profiles from decades of atmospheric data
with good accuracy and computational efficiency [37].

As discussed in Section 2.2, the wake influences the RLV during its
approach to the mating zone. From previous work [19], a disturbance
database was generated at a single flight point (6000 m altitude,
142.39 m/s) for angles of attack between 0° and 10°. The model pro-
vides air-relative velocity changes and turbulent kinetic energy through
position-based look-up tables, with superimposed time-dependent fluc-
tuations to represent turbulence. Since wake data at multiple flight
conditions are unavailable, the effect is assumed constant along the
trajectory. In reality, the intensity and structure of the wake would vary
with factors such as air density, altitude, and flight speed. A detailed
overview of the wind and wake modelling is given in [23].

Lastly, uncertainty in atmospheric density is modelled using a nor-
mal distribution with a 3¢ variation of 15%, while a 10% 3¢ distribu-
tion is applied to the lift and drag coefficients.

The control input, as it can be observed from Fig. 21 has three main
components:

+ Feed-forward control: The nominal guidance trajectory for RLV is
optimized to maximise time in the mating zone, incorporating key
maneuvers critical to mission success. The corresponding control
inputs (given by Eq. (9)) are applied as feed-forward control
component (ug), preserving the trajectory shape and eliminating
steady-state errors under ideal conditions.

Feed-back control: A gain-scheduled Linear Quadratic Regulator
(LQR) is employed to compensate for deviations from the nom-
inal trajectory. This feedback control (ug,) addresses tracking
errors that may arise due to off-nominal initial conditions and
external factors. Since mechanical energy plays a critical role in
the behaviour of an unpowered RLV with limited aerodynamic
control authority, gain scheduling is performed as a function of
the system’s total mechanical energy per unit mass.

The nonlinear system is linearised at each operating point using
the small-perturbation finite-difference method [38]. The oper-
ating points used for gain scheduling are described in [23]. At
each operating point, the LQR gain matrix K, o ; is computed by
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solving the continuous-time Algebraic Riccati Equation [39]. The
objective is to minimize the following cost function:

J= /m (xTQx +@'Ra) dt (21)
0

where X is the deviation from the reference state, u is the devi-
ation from the reference control, Q > 0 is the state weighting
matrix, and R > 0 is the control weighting matrix given by:

R = diag(2 x 10°, 2 x 10%)
Q = diag(1.5 x 107, 0.1, 0.075, 0.05, 10*, 10*, 10°, 5000)

(22)
(23)

The optimal feedback gain K; is obtained by first solving the
Algebraic Riccati Equation:

AP, +PA,-PBR'B/P,+Q=0 24

where P; is the unique positive semi-definite solution. The corre-
sponding LQR gain is then given by:

K or; =R7'B/P, (25)

This procedure is repeated for all i = 1,..., N, resulting in a
library of gain matrices for distinct operating points along the
trajectory. These are used in the gain-scheduled controller based
on the current energy state of RLV. It is assumed that the full
state vector is measurable and available for feedback. Hence, the
expression of the feedback control becomes:

up (1) = =Ky o (E@) (X() = X, (1)) (26)

The controller takes as input the current state x(s) (Eq. (10)),
which includes the effects of external disturbances and uncertain-
ties, and compares it with the state from the optimized guidance
trajectory x,,,(#) for Case 2, which represents the nominal state
at a given time point. The controller output ug, consists of the re-
sulting rates (shown in Eq. (9)), which compensate for trajectory
tracking errors.

Disturbance rejection: Prior work has shown that wind and wake
cause significant disturbances in the RLV trajectory, leading to
missed arrivals at the mating zone [23]. These deviations cannot
be sufficiently compensated for by a nominal LQR alone due to
model mismatch and the absence of disturbance estimation. To
address this limitation, a Kalman filter-based residual-feedback
scheme is used for disturbance rejection.

To achieve this, at each time step k, the state and control devia-
tions from the reference trajectory are first computed as follows:

27)
(28)

Xdev,k = Xk — Xref,k

Udey,xk = U — Uggy
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where %, is the current estimate of the state. For the initial time
step (k = 0), the estimated state is assumed to be equal to
the measured states of the non-linear plant x;. X, and ug,
represents the reference state and feed forward control input from
the optimized guidance trajectory at time step k. u, represents the
total control input. Hence, these four elements serve as an input
to the disturbance rejection block as shown in Fig. 21.

Based on the energy of the system at the current time step,
the predicted next state estimate (before measurement update) is
obtained from the discrete-time linearised model given by:

Rir1jk = Ad Xdevk + Ba Udev i + Xrer i (29)

In parallel, the true nonlinear dynamics of the plant are propa-
gated using the control input u, through a fourth-order Runge—
Kutta (RK4) integration and the resulting state x,,; is used in
the calculation of the residual. The residual, representing the
mismatch between the propagated true state and its predicted
estimate, is then computed as

(30)

& =Xy k41 ~ Xgu6 k11

In this implementation, the residual is formed from the fourth to
sixth components of the state vector, which correspond to the
measured velocity (v), flight-path angle (y), and azimuth (y).
These states are selected because they are expected to be the most
sensitive to wind and wake effects. The resulting residual acts as
a proxy for external disturbances, capturing the combined effects
of wind, wake, and other modelling uncertainties [40], and serves
as an output to the disturbance observer block.

Inside the disturbance observer, the residual is also used for
typical Kalman state propagation and update process to obtain
the next state estimate (equations available in [41]). The ini-
tial error covariance CovP, process noise covariance CovQ, and
measurement noise covariance CovR matrices are defined as:

CovP = diag(10°, 0.1, 0.1, 10, 0.1, 0.1, 0.1, 0.1)

CovQ = diag(107%, 1073, 1075, 1076, 1076, 1076, 107>, 107°)

CovR = diag(0.1%, 0.0012, 0.001%)

An energy-scheduled gain (K,) is applied to the residual (&)
output and fed back to the system as the control component ug.

u; =Kye=Ky(x-%) (€20)]

Here, the energy-scheduled gain K, is obtained from a linear
quadratic regulator (LQR) design, where the weighting matrices
are defined as

Q,, = diag(0, 0, 0, 0.0001, 0.1, 0.01, 0.001, 0.001)
and
R, =diag(2x 10°, 2x 10°),

The structure is similar to a Luenberger observer [42] but in-
corporates a Kalman filter to separate high-frequency content
(e.g., measurement noise and uncertainty in air density and aero-
dynamic coefficients) from lower-frequency wind and wake ef-
fects. This provides disturbance rejection that a nominal LQR
cannot achieve.

4.2. Closed loop performance

This section assesses the performance of the closed-loop system
in the presence of external disturbances (wake and wind) as well
as the modelling uncertainties (atmospheric density and aerodynamic
coefficients). Closed-loop LQR with disturbance rejection (CL w DR)
is compared against a nominal LQR without disturbance rejection (CL
w/o DR) and an open-loop, feed-forward only configuration (OL).
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Fig. 22. RLV rendezvous in TA Case 2-closed-loop performance with and
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Fig. 23. RLV state relative to TA Case 2-closed-loop performance with and
without disturbance rejection compared to open-loop.

Figs. 22 and 23 show the RLV state for all the three configurations along
with the original reference designed for TA Case 2.

From Fig. 22, it can be observed that the open-loop and the closed-
loop without disturbance rejection cannot maintain the reference alti-
tude and velocity, while the inclusion of disturbance rejection provides
satisfactory tracking performance. Examining the flight path angle evo-
lution over time shows that the selected closed-loop with disturbance
rejection achieves the closest tracking while avoiding amplification
of low-frequency, uncertainty-driven disturbances. Next, from Fig. 23,
the RLV’s relative position with respect to the TA remains within the
mating zone (dashed red bounds) only when disturbance rejection is in-
cluded; the open-loop and nominal LQR cases cannot hold their position
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Table 4

3¢ dispersions in initial states for Monte Carlo

analysis.
State Dispersion
Distance North [m] +150
Distance East [m] +150
Distance Down [m] +150
Speed [m/s] +20
Azimuth angle [°] +1
Flight-path angle [°] +1
Angle of attack [°] +2
Bank angle [°] +2

Table 5

Uncertainties for Monte Carlo analysis.
Uncertainty Dispersion
Mass [kg] +7000
Atmospheric density [%] +15
Drag coefficient [%] +10
Lift coefficient [%] +10
Wind HWMO07

Other disturbances Aircraft Wake

within the bounds. The selected controller also maintains the relative
velocity close to the reference, whereas the other configurations show
substantial deviations over time.

Hence, the inclusion of disturbance rejection with LQR provides
the required performance to reach the mating zone, making capture
feasible. This architecture will serve as the baseline for the Monte Carlo
analysis in the coming subsection.

4.3. Monte Carlo campaign

A Monte Carlo analysis is essential to understand the feasibility
boundaries and re-planning criteria for the proposed guidance trajec-
tory and control scheme. By evaluating performance under realistic
variations in initial conditions and environmental disturbances, the
study provides a statistical assessment of robustness outside the nomi-
nal scenario. Table 4 presents the range of initial state dispersions used
in the study, defined as the 3¢ bounds of a normal distribution. The po-
sition errors are introduced in the NED (North-East-Down) coordinate
frame for easier interpretation and clearer physical understanding of
the deviations from the nominal initial state used in the reference tra-
jectory. Furthermore, the external disturbances and model uncertainties
mentioned previously are also included and summarized in Table 5. A
trajectory is considered feasible if it arrives within the bounds of the
mating zone. It is assumed that the tether length can vary between
150 m and 300 m using a winch mechanism, and any trajectory that
reaches this relative position with a relative velocity less than 10 m/s
behind the aircraft is considered feasible for capture.

Fig. 24 shows the Monte Carlo distribution of 1000 closed-loop
successful trajectories in comparison to the nominal reference trajec-
tory. While the guidance and control system enabled many successful
outcomes, the overall closed loop success rate was only 30.75% (in a
sample of 3252 cases), with the initial error bounds defined in Table 4.
Further investigation is required to identify the feasible conditions that
yield a consistently high success rate.

Fig. 25 shows the Monte Carlo distribution of successful cases plot-
ted against initial altitude and initial velocity. The colour of each scatter
point represents the time spent in the mating zone. Trajectories that
spend 15 s or more in the mating zone are assumed to allow for multiple
capture attempts by the capturing device, while shorter durations corre-
spond to only a single attempt. From the figure, it can be observed that
most successful trajectories that allow for multiple capture attempts
tend to have higher velocities compared to single attempt cases. This
is consistent with residual wind and wake effects that could bias the
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Table 6
Dispersion distribution by radius for 1000 successful cases.

Radius [m] 0-50 50-100 100-150 > 150
Single attempt 304 277 58 2
Multiple attempts 179 158 21 1
Total 483 435 79 3

trajectory and reduce attainable velocity. Additionally, there appears
to be a trade-off between altitude and velocity deviations — positive
deviations in altitude require lower initial velocities, while negative
deviations require higher velocities. This aligns with expectations, as
the unpowered RLV must possess an appropriate amount of energy to
successfully follow the guidance trajectory. If the total energy is either
too high or too low, the guidance becomes infeasible. An additional
finding is that successful cases occurred only when mass uncertainty
remained within +3000 kg; beyond this range, the resulting lift-to-
weight mismatch — whether too low or too high — prevented tracking
of the reference trajectory and made capture infeasible.

Fig. 26 shows the Monte Carlo dispersion over the radius of error
sphere, plotted against the specific energy (energy per unit mass). The
error sphere represents the magnitude of the initial position error in 3D
space, combining deviations in the north, east, and down directions. It
is given by:

— 2 2
Ferror = \/Axnonh + Ayeast

where r,,,.,. gives the scalar distance from the nominal initial posi-
tion. The scattered points in Fig. 26 represent successful closed-loop
trajectories, colour-coded based on the time spent in the mating zone.
The figure shows that successful trajectories with initial errors tend to
cluster near the nominal point, both in terms of energy and positional
accuracy. This indicates that maintaining initial conditions within a
bounded region around the nominal state in both energy and spatial
error could improve the chances of successful capture. Table 6 fur-
ther quantifies the relationship between the time spent in the mating
zone and the magnitude of the initial spatial error at the start of the
maneuver.

Based on Fig. 26 and Table 6, feasibility can be significantly im-
proved by constraining the initial error sphere radius to within 100 m
and the error in specific energy to within +1% of the nominal value.
Further, the mass uncertainty is limited to within +3000 kg When
the MC simulations were repeated under these constraints, the closed-
loop success rate increased to 91.4%. This result provides a basis for
defining a trajectory replanning criterion — if the initial spatial and
energy errors exceed the specified bounds, a new guidance trajectory
must be computed to ensure successful rendezvous. Alternatively, im-
proved results can be achieved by making greater efforts to align the
aerodynamic behaviour of the TA with that of the RLV (or vice versa),
as demonstrated in Case 3.

+ A2

down

5. Conclusion

This study develops a guidance and control framework for the
rendezvous trajectory of a reusable launch vehicle (RLV) intended to be
captured mid-air by a towing aircraft within the ‘In-Air Capturing’ con-
cept. During this process, the RLV must execute a precise rendezvous
maneuver and maintain stable formation within a designated, wake-
free mating zone behind the aircraft, where a tethered capturing device
is deployed in advance and awaits connection. The conditions required
for successful capture — namely maintaining safe separation from the
towing aircraft, remaining within the operational range of the capturing
device, and minimising relative velocity during final approach — were
formally defined as formation flight criteria. These requirements were
then incorporated into the formulation of an optimal control problem,
which was solved using a general-purpose pseudospectral method. This
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Fig. 25. Monte Carlo Distribution: Effect of initial velocity and altitude on
mating time.

approach provides fast and reliable solutions, making it particularly
well suited for trajectory optimisation in guidance applications.

The optimized trajectories were subsequently employed as refer-
ences in a closed-loop guidance and control system. A gain-scheduled
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Fig. 26. Monte Carlo Distribution: Effect of position error and energy on
mating time.

Linear Quadratic Regulator (LQR) was designed to provide stabil-
ity and accurate trajectory tracking across varying flight conditions.
In addition, a disturbance-rejection mechanism was incorporated to
mitigate the adverse effects of wind, and aircraft wake. Closed-loop
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performance was evaluated through simulations, and robustness was
further assessed using Monte Carlo analysis. The results show that
while successful capture may be achieved within a single attempt, the
framework supports multiple attempts within the mating zone, thereby
increasing operational reliability. Moreover, by introducing a final re-
planning criterion based on the vehicle’s energy and position error
radius, the probability of successful capture was improved to 91.4%.
Overall, the developed guidance—control framework, together with the
accompanying feasibility analysis, represents a step toward establishing
‘In-Air Capturing’ as a practical recovery approach for future reusable
launch systems.

Future work will focus on the design and implementation of the
guidance, navigation, and control (GNC) system for the autonomous
capturing device, with particular emphasis on establishing robust com-
munication and coordination with the RLV to ensure reliable final
docking. Before moving to flight trials, the feasibility of the capture
maneuver will be re-assessed through full scale simulations, allowing
system requirements to be refined and robustness to be verified under
a wide range of operating conditions and disturbances. A subsequent
milestone will be the in-flight sub-scale demonstration of the complete
capture process, in which an autonomous capturing device — towed by
a towing aircraft demonstrator during descent — connects with a de-
scending RLV demonstrator. This demonstration could be pursued as a
follow-up to the H2020 project FALCon, which previously investigated
the ‘In-Air Capturing’ concept through lab-scale UAV (below 100 kgs)
flights. Achieving such a demonstration will represent a decisive step in
validating the practical feasibility of ‘In-Air Capturing’ under realistic
conditions.
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