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Abstract

This work investigates whether, and in what manner, online guidance can provide fault tolerance in
the presence of propulsion faults during the landing burn, and to determine the extent to which this
contingency guidance remains effective throughout the descent. To this end, the effect of guidance re-
configuration is analyzed in the presence of engine loss, thrust inefficiencies, and thrust vectoring faults.
A return-to-launch-site scenario is considered, restricted to the landing phase, where the mitigation of
engine faults is paramount to recover the vehicle. In such cases, a new optimal trajectory must be re-
computed, constraining the solution to the new degraded vehicle resources.

To address these challenges, a fault-tolerant landing guidance method for a multi-engine Reusable Launch
Vehicle is developed, formulated through a sequential convex programming framework, where the opti-
mization problem is updated according to the fault information.

Monte Carlo simulations demonstrate that the algorithm is highly effective in generating feasible recovery
trajectories under a wide range of fault scenarios. The results show that the proposed method allows

successful recovery where nominal guidance would otherwise fail.
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1. Introduction

1 Introduction

1.1 Reusable Launch Vehicles: Historical Context

Space transportation is experiencing a signi cant change, as substantial global e orts are directed to-
ward the development of Vertical Takeo Vertical Landing (VTVL) Reusable Launch Vehicles (RLVS).
Reusable rockets are highly valuable assets for the organizations that have the expertise to operate
them [9].

The idea of vertical landing dates back to the very beginning of space ight. The rst spacecraft to achieve
a survivable landing on a celestial body wad.una 9, which successfully touched down on the Moon on
February 3, 1966 [79], after multiple previous Soviet attempts. This marked the rst human-made object

to achieve a soft landing on another celestial body. The Soviets later expanded this success witlenera

7, performing the rst soft landing on Venus on December 15, 1970 [76].

On the U.S. side, NASA's Surveyor | mission achieved the rst American soft landing on the Moon
on June 2, 1966 [31], employing a three-legged landing structure and retro-propulsion, unlike the Soviet
Luna landers. Later, Viking | became the rst spacecraft to successfully soft-land on Mars on July 20,
1976 [54].

On Earth, interest in reusable rockets was already explored in the Apollo period and resurfaced with the
Space Shuttle program [9]. Recovery concepts can be broadly grouped into two categories: those aiming
for a vertical landing of the reusable stage, and those pursuing horizontal landing [26]. The latter include
the U.S. Shuttle itself or Europe's Hermes spaceplane, although the project was canceled before it ever
ew [30]. More recently, uncrewed winged demonstrators such as the Deutsche Zentrum far Luft- und
Raumfahrt (DLR) Reusability Flight Experiment (  ReFEXx) [10] continue this line of development.

One of the rst demonstrations of vertical landing on Earth was achieved in 1993 by the McDonnell
Douglas Delta Clipper Experimental (DC-X) vehicle [34]. A key milestone followed with the G-FOLD
(Guidance for Fuel-Optimal Large Diverts) algorithm [5], rst demonstrated in 2013 on the Masten Space
SystemsXombie VTVL suborbital rocket [74] (see Figure 1.1a), showing the feasibility of onboard real-
time computation of large divert maneuvers. Shortly thereafter, private companies began demonstrating
VTVL at scale. Blue Origin successfully recovered itsNew Shepardsuborbital booster in November 2015
[17] (Figure 1.1b), later reusing it, while SpaceX recovered its rstFalcon 9 stage in December 2015 [91]
and re own it in 2017.

Both companies are now advancing towards heavy-lift reusable launch systems. Blue Origin is developing
New Glenn a medium-to-heavy lift rocket with a reusable rst stage whose maiden ight occurred on
January 16, 2025 [18], reaching orbit though the booster landing attempt failed. SpaceX is developing
Starship and its Super Heavybooster, both fully reusable and capable of autonomous vertical landing.
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