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ABSTRACT

This paper presents a control strategy that brings the monitoring and enforcement of flight-
envelope constraints in launch vehicles down to the GNC level. This technology, widely known
as safety filters in robotics and the automotive sector, serves two main purposes: to provide a
formal methodology of addressing safety-critical state constraints, and to remain modular and
minimally invasive to existing GNC architectures. Yet, many additional advantages stem from
the integration of safety filters in launchers. They offer a substantial reduction in validation and
verification, and missionization efforts; they ensure increased launch opportunities under stronger
weather conditions, and they allow a redistribution of efforts between computational guidance
and control. The safety filter proposed in this paper is based on a robust version of high-order
control barrier functions, which are formulated as efficient, quadratic optimization problems that
account for unknown, but bounded, wind disturbances. Moreover, it produces residual signals
that carry essential information for safety monitoring, autonomous flight termination capabilities
and guidance re-computation algorithms. We also present a relevant tradeoff between stability
and safety manifested in launchers and other unstable systems, which highly influences the design
of the safety filter. Finally, we demonstrate the effectiveness of this technology in a Monte Carlo
campaign using a high-fidelity simulator.
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Nomenclature

CBF Control Barrier Function

GNC Guidance, Navigation and Control

HOCBF High-Order CBF

LTI Linear time-invariant

TVC Thrust Vector Control

V&V Validation and Verification

C,o0C, IntC Set of safe states, boundary and interior

G, AL Launcher linear model and unstructured uncertainty
Grve, Arve TVC dynamics and unstructured uncertainty
G, Ar TVC delay model and unstructured uncertainty
G, Wind disturbance model

K Nominal controller in frequency domain

L¢h Lie derivative of 4 along f

0 Dynamic pressure

W, Control requirements

U Set of admissible control inputs

w Set of admissible disturbance inputs

X Set of admissible states

a,b Lower and upper bounds on the lateral drift
f.8.q Dynamics, input and disturbance functions

he Safety-critical constraint or CBF

k Nominal control feedback in time domain

Uy, Ug Nominal control input in yaw and pitch channels
u;, uy, Safe control input in yaw and pitch channels
Wy, Wo Disturbance input vector in yaw and pitch channels
Weo Infinity norm of wind disturbance signal

X State vector in yaw channel

¥, 2 Lateral drift states

o’ Angle of attack

a;(+), Bi(+) Class-K functions

0 Slack variable

©i High-order CBF conditions

v, 0 Yaw and pitch angles

K, wa,é, TVC model parameters

T TVC delay

V1,2 Maximum lateral drift and attitude error

1 Introduction

Safety, stability, and performance are three critical aspects of any dynamical system. For decades,
however, stability and performance have been the primary focus of Guidance, Navigation, and Control
(GNC) algorithm design [1, 2], as well as of Validation and Verification (V&V) activities (3, 4], for
launch vehicles. This emphasis has often relegated safety to a feature addressed only at the highest levels
of system functionality, commonly managed by passive methods or by a human-in-the-loop responsible
for overseeing and enforcing safety during flight. This situation reveals two important factors. First,
only highly trained personnel are typically capable of assessing pre-flight conditions and monitoring
launcher’s health and safety during flight. Second, rapid decision-making becomes critical when safety

090 -2 The reproduction and distribution with attribution of the entire paper or of individual
pages, in electronic or printed form, including any material under non-CC-BY 4.0

Except where otherwise noted, content of this paper is licensed under
[ a Creative Commons Attribution 4.0 International License. R . . .
licenses is hereby granted by the authors and respective copyright owners.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

is compromised. Under this prospect, unforeseen flight conditions, poor decision-making, and delays
are human limitations that can easily pose launch activities at risk. To protect launchers against these
elements, it is essential to reduce reliance on human intervention and instead incorporate autonomous
capabilities that can monitor and ensure safe operations during flight.

This paper is concerned with improving one particular aspect of safety: preventing the launcher from
leaving the flight corridor. Indeed, extending the control loop to achieve this task autonomously can
significantly enhance the reliability of the launcher while also offering other equally important benefits.
For instance, it allows launch vehicles to operate under stronger wind conditions while ensuring they
remain within the designated operating region, thereby expanding launch opportunities and increasing
scheduling flexibility. These benefits address some of the limitations of current GNC architectures, which
primarily focus on stability and performance, and often lack mechanisms to ensure the system remains
within constrained operational boundaries. As a result, launch opportunities are currently restricted by
the environmental conditions that existing GNC systems can tolerate.

Moreover, computational guidance algorithms [5] have been adopted by NASA and SpaceX to
address complex task, such as the soft-landing problem. Lossless [6] and successive convexification [7]
were developed and employed to effectively find feasible solutions to increasingly complex optimal control
problems, and have now become widespread. While they have been proven useful for real-time trajectory
planning, they still require high computational overhead, extensive validation and verification, and are
not as reliable against uncertain environments as dedicated control strategies. The control extension
presented in this paper, known as safety filter, enables transferring more authority to the control loop,
allowing simplifications to the guidance problem, and resulting in improved computational efficiency and
responsiveness to dynamic conditions. These simplifications also contribute to reduced validation and
verification efforts associated with both, the guidance and control systems.

In recent years, safety filters have been matured to provide mathematical guarantees of safety, a term
which in the context of autonomous dynamical systems takes on a very concrete meaning that enables the
use of mathematical formalisms. These same formalisms are at the core of this work. To that end, safety
filters can be designed using multiple approaches, each of which yield different levels of conservativeness,
computational load and control intervention [8—10]. Furthermore, safety filters offer three advantageous
features that make them very appealing for launchers: 1) they provide mathematical guarantees, reducing
subsequent V&V efforts, 2) they are modular, and thus compatible with existing GNC architectures, and
3) they modify the controller input minimally, and only if safety is compromised. Due to these strengths,
safety filters have been extensively used in Robotics (specially for collision avoidance [8, 11]) and are now
beginning to emerge in the space sector for tasks like rendezvous and docking operations for satellites
[12, 13] or satellite attitude control [14]. The transition to the space transportation is a natural next step.

The safety filter developed in this work is based on a robust Control Barrier Function (CBF)
formulation that aims to (minimally) modify the launcher’s thrust vector control input so as to ensure
it remains within the flight corridor. This is done by finding a control input that satisfies certain safety
conditions given by the CBFs, while minimizing the distance to a nominal control input provided by a
robust H,, controller. The resulting control input theoretically guarantees satisfaction of safety-critical
constraints, while simultaneously providing the stability and performance specifications of the robust
nominal controller when safety is not compromised.

In practice, these guarantees are harder to obtain simultaneously due to a key characteristic observed
in safety filters, i.e. they may occasionally compromise the system’s stability in order to maintain or
improve safety. This fact indeed leads to a stability-safety tradeoff that can be omitted in many systems,
but not in launchers and systems alike, as we will explain. We resolve this competition by relaxing
the safety conditions, which will be derived in this paper, thus prioritizing stability. In the sequel, we
provide further insight about how this relaxation can be leveraged to obtain a valuable signal for safety
monitoring.
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The choice of employing a CBF-based safety filter is motivated by the stringent computational
limitations present on launch vehicles. Therefore, a certain degree of conservativeness is expected from
this technique with respect to other safety-critical control strategies, in exchange for efficiency and fast
computation. The safety conditions are expressed in terms of the lateral drift states, requiring High-Order
Control Barrier Functions (HOCBFs) [15], which are extended to improve robustness against uknown,
but bounded, wind disturbance based on the approach presented in [16].

The remainder of the paper is organized as follows. Section 2 is a brief introduction to safety-
critical control, presenting formal definitions of safety and relevant results from CBF literature employed
throughout the paper. In Section 3, we introduce the overall control architecture, describe briefly the
design of the nominal controller and develop the launcher safety filter. In addition, we present and address
the effects of the stability-safety tradeoff. Finally, Sections 4 and 5 discuss the high-fidelity simulation
results and conclude the paper, respectively. We include an Appendix section with the linearized models
employed in the control design and other alternatives.

2 Preliminaries

A review of safety and CBF-based safety filters is provided in this section, since the definitions and
results introduced here will be instrumental in the remaining of the paper. The reader is referred to [8]
for a more detailed explanation of these concepts. We start by defining the notion of safety, and how it
can be certified mathematically on dynamical systems. Then, we introduce the definition of high-order
CBF (HOCBF), which allows us to classify and synthesize safe control actions. Lastly, we show how
the safety filter formulation leverages HOCBFs to redesign a control input from a nominal controller to
make it safe. To that end, consider the following input-affine nonlinear system:

X =f(x)+g(x)u+q(x)w, (1)

where x € X C R" is the state vector, u € U C R™ is the control input, w € W C R? is the disturbance,
and f : X > R, g : U — R™ and g : ‘W — R™“ are Lipschitz continuous and differentiable maps.
The affine structure in (1) appears in many mechanical systems, including those in robotics, automotive
and aerospace.

2.1 Safety

The concept of safety in deterministic dynamical systems pertains to the mathematical property of
forward set invariance with respect to a set defined by state constraints. It should be distinguished from
conventional interpretations of safety, which often relate to physical hazards or human risk. Here, safety
is defined in terms of system trajectories remaining within prescribed sets over time. For now, we will
assume that no disturbances are present, thus w = 0 until otherwise specified.

We can begin to formalize a mathematical notion of safety by specifying a continuously differentiable
function h : R" — R, referred to as barrier function, which characterizes a collection of safe states by
means of its zero super-level set, denoted C.

C:={xeX:h(x) >0}, (2)
0C :={x € X : h(x) =0}, 3)
IntC :={x € X : h(x) > 0}. 4)

Herein, 0C and IntC denote the boundary and interior of the safe set, respectively. Forward set invariance
implies that any trajectory of the system that departs from C, will always remain in C. Formally, this
means that safety is achieved if, for a given feedback law u = k(x), the following forward invariant
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condition holds true.
Vx(0) e C = x(t) € C, Vt > 0.

Note that the previous condition involve two elements: the safe set C, defined by the function /4, and the
trajectories of the system, which are governed by the functions f and g. It is therefore expected that the
necessary and sufficient conditions that verify forward invariance of (1) with respect to C depends on all
three functions. Such barrier condition is given in [8] for compact! sets C.

Cisinvariant &  A(x,u) > —ao(h(x)), Vx € C, (5)

where ag : (—a,b) — (—o0,0), with a,b > 0, is an extended class-K function, i.e. continuous,
monotonically increasing and a¢(0) = 0. The dependency on the functions f and g is implicit, and just
becomes apparent when differentiating 4.

hx,u) = Lyh(x)+ Lgh(x)u, (6)

where Lsh(x) = % f(x)and Lyh(x) = %g(x) are lie derivatives.

Remark 2.1: Note that if the system is at the boundary of the safe set, x € 0C, the barrier condition
becomes h(x) > 0 which implies the system will either remain on the boundary (h = 0) or evolve towards
the interior of C (h > 0). This clear interpretation of why trajectories cannot leave the set C stems from
Nagumo’s theorem [17].

Remark 2.2: The barrier function h can be seen as a generalization of Lyapunov functions for sets, and
as such, shares many properties with Lyapunov theory. In fact, it can be shown that a barrier function
that renders C forward invariant also induces a Lyapunov function that renders C asymptotically stable

[18].

It occurs in our problem, as it is often the case in mechanical systems, that the term Lgh(x) = O for
all x € C, preventing the control u from explicitly appearing in condition (5). This typically arises when
the safety constraint 4(x) > 0 is defined on state variables that are not directly actuated but are instead
separated from the control input # by one or more integrators (e.g. position or attitude constraints). In
these cases, it is said that the barrier function (if it exists) is of relative degree two or higher, respectively.
A well-established method to handle such constraints is by defining the following series of higher-order
barrier functions, as shown in [15]:

@o(x) = h(x)
@1(x) = ¢o(x) + a1(po(x))
@2(x) 1= ¢1(x) + az2(p1(x)) (7

or(x,u) = @1 (x,u) + @ (¢r-1(x))

where a1, ..., @, are class-K functions. Then, the system (1) with feedback k (x) is forward invariant with
respecttotheset C=CNC NG N---NC,if

or(x, k(x)) 20,

where G :={x e X : ¢1(x) 2 0},...,C :={x € X : ¢, (x, k(x)) = 0}.

1A set is compact if its level sets are closed and bounded.
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2.2 Robust Control Barrier Functions

A key advantage of this formulation is the ability to synthesize a control input u that enforces the
barrier condition ¢, (x, u) > 0 at every point of the trajectory, rendering the set Cn invariant and therefore
safe. Thus, assuming that no feedback law is now available, the following set of safe control actions at a
point x can be constructed:

Us(x) ={ueU: ¢ (x,u) 20)}, ®)

Then, a continuous and r-th order differentiable function 2 : X — R is a high-order control barrier
function (HOCBF) for the system (1) if there exist class-K functions a1, ..., @, such that the set U (x) is
non-empty. If the set is empty, then there are no (safe) inputs that can guarantee /(x) > 0.

Remark 2.3: We are interested in the previous definition since the main goal is to find control actions
that bound the growth in lateral drift states, which have relative degree two with respect to the actuation
u. Moreover, the safety conditions can be extended to the time-varying case without loss of generality.
Then, the constraint h(x,t), and also functions ¢o(x,1), ..., ¢, (x, u,t), may additionally depend on t.

Let us assume now that w # 0, and consider the major disturbance encountered in the launcher’s
atmospheric phase: wind. If unaccounted, wind can push the system’s states outside of the safe set C.
In order to make the HOCBF robust against this disturbance, we assume that the disturbance is unknown
but bounded by the co-norm, w(t) < we = ||W||c, for any ¢ > 0. Then, following [16], we introduce a
buffering term to the HOCBF condition in (8) that shrinks the safe set C by an amount relative to the
size of we. This prevents the system from leaving the original set C~ (and also C, given that it departs
from Cn), even in the presence of the worst disturbance. Assuming that the relative degree of 4 with
respect to the input # and the disturbance w are the same, the robust HOCBF becomes:

90;()(’ M) = Lfﬁor—l (x) + LgSDr—l (X)Lt + ”Lq‘Pr—l (X)HWOO + a'r(sor—l (X))’ (9)
where L, h(x) = %q(x). Now, the set of control actions that keep the system robustly safe at x is then:

U (x) ={uecU: ¢.(x,u) >0)}. (10)

2.3 Safety Filter Formulation

Our aim is to use robust HOCBFs to minimally modify a nominal robust controller & (x), derived in
the next section, so as to ensure the resulting control input u* is safe. We can also express the safe input
as u*(x) = k(x) + 0,(x), regarding ¢, as the extra action needed to satisfy the constraints. Such a task
can easily be achieved by solving the following quadratic optimization problem.

u*(x) = argmin ||u — k(x)|]?
! (11)
s.t. u e U(x)

This control redesign approach, which involves an optimization-in-the-loop, is known as safety filter.
Note that u is bounded by the set of admissible control actions U, and thus the optimization problem
could in some cases reach an infeasibility. An infeasibility is a signal that can be leveraged, as it has a
very clear meaning: there is no input action available that can retain the launcher within safe limits. Such
a signal is extremely valuable for safety monitoring, autonomous flight termination systems and guidance
re-computation algorithms. It facilitates the supervision of safety constraints and supports autonomous
decision-making, contributing to improved safety for populations in proximity to launch sites.
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Remark 2.4: It is possible to avoid dealing with an optimization-in-the-loop if the control input is left
unconstrained, i.e. u € {v € R" : ¢/.(x,v) > 0}. Although challenging, safe control can be achieved in
many cases without saturation by finding appropriate functions a, ..., a,. Then, Sontag’s universal-type
formulas apply [19], which provide closed-form solutions to (11).

3 The Safe TVC Problem

In this section, we describe the two main building blocks of the proposed control loop interconnection
for the launcher, depicted in Fig. 1, which consists of a robust H., controller denoted K(s) in series
with a robust HOCBF-based safety filter. The aim of this design is to derive TVC inputs with robust
stability, performance and safety characteristics, all of which will be detailed in the following sections.
To that end, linearized and validated models of the remaining components are presented in Appendix
6.1. Furthermore, we discuss the implications of an existing tradeoff between stability and safety, which
highly influences the design of the safety filter. This tradeoff is crucial in safety-critical systems with
unstable dynamics, such as launchers and missiles.

v, iy, ,
W, — W, — WZ —Z)
AL
Ve L I |:ATVC‘:||jAT <] <
Kk |-bi safety Filer —3 Grve =] G. | Gy *
! Ly, ity ) |
a 5 :
---------- QCL’ Z'/
n n Ww W S
w Wd w GW Wq L Z
Qo

Fig. 1 Proposed control loop interconnection with Safety Filter.

3.1 Nominal Controller

The proposed nominal controller K (s) is based on a structured PD controller tuned using robust
H., methods, thereby providing control inputs with robust stability and performance guarantees. Its
design is described here for completeness, though in short, since it is not the primary goal of this work.
The detailed approach is thoroughly outlined in [20]. Note that this control strategy is selected for its
representation of the current state of practice [1], but other alternatives also apply; for instance, those
focused on performance (e.g. LQR controllers). Whichever is the chosen strategy, the synthesis is
conducted while disregarding the presence of the safety filter block in the control loop interconnection,
thus considering that the output of K (s) goes straight to Gryc(s). The safety filter is inserted a posteriori.

Moreover, we focus the design of the controller on a single channel, in this case the yaw channel,
since the axial symmetry of the launch vehicle permits to decouple the dynamics between the different
attitude channels (yaw, pitch and roll), provided the roll rate is low. For this reason, the interconnection
in Fig. 1 and the linear time-invariant (LTI) models in Appendix 6.1 are based on the dynamics around
yaw. The controller K(s) then computes robust torque commands in the yaw plane u,. Note that the
same approach can be applied to derive a controller for computing robust torque commands in the pitch
plane ug, which is implicitly accounted for. A robust controller for the roll channel is assumed, yet no
further discussion will be provided since this channel plays no role in the proposed safety filter.
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Henceforth, the control law in the yaw channel is:

uy = k(x.t) =K, (t) | | + Kq()

l/.’ (12)
<

¥
z

where K, (t) = [Ky (1) K;(1)] are the proportional gains, and K,;(7) = [K};, (¢) K;(?)] the derivative gains.
These gains depend on the ascent time 7 in order to account for the highly dynamic environment. Thus,
their values are determined based on a gain-scheduling H, approach [21], using 15 points spaced at
equal intervals along the reference trajectory and interpolating at the end. This allows the controller to
meet various performance requirements specified by the weight functions (W, (s), W_(s), W:(s), W,(s)),
some of which change throughout the trajectory. Note that this approach involves a familiar tradeoff,
whereby the performance weights may have to be relaxed to maintain stability under the unstructured
uncertainties considered in the models. A comprehensive explanation of this fundamental limitation can
be found in Chapter 6 of [22].

3.2 Safe Control Redesign

The nominal controller K(s), designed for the interconnected system in Fig. 1, computes TVC
torque commands (e.g. uy = k(x,t) for the yaw channel) that are not necessarily safe in the CBF sense
described in Section 2, i.e. they do not satisfy an inequality like (10). The original task of the safety filter
is to redesign the input command u — u* so that #* maintains the stability and performance properties
of u while explicitly preventing the launcher from exiting the corridor. This remap is performed through
the optimization problem introduced in (11), under appropriately defined functions ¢.(x, u), which will
be derived here. However, forcing u* to exhibit all of these properties simultaneously at all times is
fundamentally impossible due to the different tradeoffs present in the design of the proposed control
system. We have already made reference to the well-known tradeoff between robust stability and
performance of the nominal controller K () in the previous section. Actually, a similar tradeoft exists
between stability and safety induced by the safety filter. This tradeoff will be detailed in this section, as
well as how we addressed it in the design.

Before formally introducing the design considerations that stem from this tradeoff, it is instrumental to
ponder how a naive approach to design the safety filter would look like, and its impact on the launcher’s
behavior. First, note that a set of HOCBFs (in particular, second-order) shall be defined to enforce
bounds on the drift states z and y, which are the launcher’s states directly connected to the flight envelope
constraints. A simple example is via the following half-space constraints, which dynamically bound the
upper and lower values of the drift along z so that z(¢) € [a(z), b(t)] at all times (equivalently on y):

h_,(x)=z-a=>0,

hy(x)=b-220, (13

Remark 3.1: Alternatively, one may consider a circular constraint on the drift along both z and y, which
in principle reduces the number of constraints from four to one. We discuss this case in the Appendix 6.2.

Remark 3.2: The flight envelope can have a complex definition that lacks a closed-form expression, and
thus, matching its shape and interior using state constraints such as (h—;, hy;, h_y, hy,) might turn overly
complicated. Nonetheless, it is generally easier and more efficient to use the state constraints to define a
smaller and simpler region within the flight envelope. If the smaller region is rendered forward invariant
through CBFs, and therefore safe, then the original flight envelope is also safe provided the launcher
starts in this region.
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Then, the robust second-order CBF conditions governing the rate of change of the constraints (13)
are derived according to (9). Assuming class-K functions «@;(k) = ka; using a slight abuse of notation,
with a; > O fori € {1,2}:

—N, F N,C, . 1 N,

Oz (x,uy) = m;z' + Z‘/’ - njVal// + m_fT”‘” + m—;ww —d+ (a1 +ap)(z—ad)+aiax(z—a) =0,
N, F Ny, . 1 N, i .

Prz(x,1y) = Wz' - E:// + oV v — W”"’ + WWOO +b+ (a1 +a)(b—-2)+aja(b—2z) > 0.

The term 7 has been replaced by the respective dynamics equation from (18) to show the explicit
dependency on the control input u,. In practice, the model parameters can be interpolated using the
different LTIs used to synthesize K () along the trajectory. Moreover, notice that the wind disturbance
term has been replaced by the extra buffer term Z ¥ Weo, according to Section 2.2, to make the conditions
robust. Equivalent conditions shall be derived for y, which yield ¢_, and ¢,, assuming the bounds are

identical to z.

To demonstrate this concept moving forward, we consider a simpler case where the bounds form a
fixed square centered at (z,y) = (0,0) that does not change with time, i.e. a(t) = —b(t) = y;, where y;
1s a positive constant. In this case, ¢ = b = 0, for which the conditions further simplify.

N, F Nolo N,
o-(xuy) = a1 +aa — == | 24+ —¢ = — 2 + —uy + ——we + @122(z — y1) 2 0,
mV m mV mér mV (14)
N . F Ny, . 1 N,
Qiz(x,uy) = (m‘l/ —ay - az) Z- E‘/’ + n:VZ"[’ _ m_fTW + m‘y/w00 —ajax(z—-7y1) =2 0.

Altogether, the two inequalities derived above for z, and the respective versions for y, are the
conditions that the nominal input # must satisfy at each instant to be considered safe (in the CBF sense)
with regards to the flight corridor. If satisfied, the safety filter maps u to itself, and thus u* = k(x,¢) as
it follows from (11). However, let us bring the attention to what occurs when u does not satisfy all the
inequalities. In this case, the solution to the optimization problem is a modified version of the nominal
control u obtained by projecting it orthogonally to the boundary of the feasibility space defined by all
four inequalities. Two insights originate from this:

1) The modification of u to obtain the safe version u* is minimal (with respect to the 2-norm).
2) The modification may lead to a degradation of stability associated with u* compared to u.

It is natural for this initial setup to inevitably lead to severe degradations in stability since the map
u — u*, executed by the safety filter, has no encoded notion of stability; it only enforces and prioritizes
safety constraints. For many systems with marginal or small degrees of instability, this fact can be
neglected without major consequences. However, in our particular case concerning a launcher flight
corridor, this becomes a critical factor with further implications. On one hand, stability in missiles and
launch vehicles is inherently related to the attitude states, ¥ and 6, i.e. yaw and pitch. Examining the
dynamics equations in (18), it is easy to see that their rate of change exhibit a large positive eigen value.
This means that perturbations cause a rapid exponential divergence in ¢ and 6, making the recovery of
these states harder without fast and precise control. On the other hand, note that any modification to the
nominal control input can be regarded as an extra perturbing signal for the launcher. For instance, the
safety filter may compute a new control «™ that differs from the nominal u, and thus 6, = u* —u # 0. This
extra signal, 6, is meant to guarantee the constraints on the drift, 4_, ..., hy,, but it will also unavoidably
affect the attitude states, due to the couplings in the dynamics. Because the current safety filter setup
does not incorporate any notion of stability, the severity by which ¢, affects ¢ and 6 is unpredictable
and, therefore, dangerous; specially, considering the instability nature of the attitude states previously
mentioned.
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3.2.1 Handling stability and the Stability-Safety tradeoff

We propose a simple extension to the safety filter that handles the stability considerations described
above in a heuristic and straightforward manner. In general terms, this extension aims at bounding
the attitude states, ¥ and 6, close enough to their respective references to prevent them from diverging
largely and quickly. To that end, we include second-order CBFs for the attitude states following the same
procedure outlined before for the lateral drift states. For the sake of brevity, here we already consider
constant and equal bounds, i.e. ¥(f) € [—vy2, y2], Where 7y, is a positive constant (equivalently on 6).

hoy(x) =4 —(=y2) 20,

15
o (5) = y2 = > 0, (1>

For this collection of attitude constraints, and assuming class-K functions B3;(k) = kB; with 8; > 0
for i € {1, 2}, the robust second-order CBF conditions are found to be:

(e, ug) Nolo) j o Noy Noloy 1 Nole BBy ) 20,
_u(x,uy) = - — —Uy + ——Weo
Py ty )Tt T Lt Ty 1P 06
2
a*a a 2 Nafa 1 Nafa
= - — <, Woo — - 20’
iy (X, 1y) ( v Bz) ¥+ — 7, Ve 1,V 1/ Iyu‘” + 1,V Weo = B182(Y — v2)

And as before, the two inequalities derived above for i, together with the analogous versions for 6,
i.e. ¢_g and @y, are the conditions that the control input #,, and uy must enforce to guarantee h_y, ..., hi.

]\; 6 which was included to

robustify the CBF conditions. Provided the attitude states are more sensmve to disturbances, and these
can easily lead to constraint violations, the benefits of this buffer term are more notable here than in the
drift case. To demonstrate this, Fig. 2 compares the evolution of the yaw angle in two Monte Carlo
campaigns, differing only on the CBF conditions for the attitude used in safety filter: Fig. 2a shows a
standard safety filter (CBF conditions without a buffer term), and Fig. 2b shows a robust safety filter
(CBF conditions with a buffer term). The differing CBF conditions are based on a CBF like (15) with
v2 = 0.1 rad. By examining both figures, it is evident that the additional robust term effectively prevents
the attitude states from violating the constraints. Indeed, this holds true under the assumption that the
models and the wind upper bound w, are representative of the actual scenario.

Let us

0.1

0.05

-0.05 - 1

O T -

TIME (s) TIME (s)
(a) Standard safety filter (b) Robust safety filter

Fig.2 Comparison of yaw response based on inclusion of the wind buffer term in the CBF conditions.

Finally, note that the CBFs in (15) are just meant to prevent the launcher from becoming unstable,
whereas the CBFs in (13) are meant to prevent the launcher from becoming unsafe. The effectiveness
of each group of CBFs depends on multiple factors, but most significantly on the design parameters
p = (a1, @z, B1, 52) and the bounds y = (y1,7y2). In general, it is complicated and nonintuitive to tune
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CBFs through the class-K functions, even after simplifying them as performed here. Usually, large
values in p lead to an aggressive safety filter, allowing the launcher to get closer to the boundary of the
constraints but also exhibiting an undesired wobbling behavior. Smaller values in p, on the contrary, lead
to a more gentle safety filter that may reduce the wobbling behavior, but it also yields a more intrusive
safety filter as it senses the boundary from further away.

On the other side, the boundary values in y have different interpretations. Clearly, the value of
v1 determines the size of the safety corridor, which, according to the drift constraints (13), define a
transversal square of side length 2y around the reference trajectory. It may be desired to maximize vy
such that the region defined by these constraints gets as close to the actual flight corridor as possible,
but without exceeding its boundaries. The larger the region defined by the safety constraints, the less
intrusive the safety filter will be. Similarly, the parameter y, defines the size of the operating region
for the attitude states, but it also balances two competing objectives: stability and safety. A larger vy,
enhances the controller’s flexibility by allowing greater deviations from the attitude’s reference, enabling
the pursuit of secondary objectives such as minimizing structural loads or, as emphasized in this work,
limiting lateral drift. However, this comes at the cost of increased risk of instability, as the wider bounds
may permit the safety filter to push attitude states to unrecoverable levels or induce excessive structural
loads. Conversely, a smaller y, tightens the feasible region, promoting stability by keeping attitude states
closer to the reference, but it restricts the controller’s ability to address secondary objectives.

The previous discussion provides some insights on the relevancy of these parameters; specially on
v2, which mainly governs the tradeoff between stability and safety. Designing a procedure to determine
optimal values for p and vy is out of the scope of this work. Instead, a trial-and-error iterative approach
has been used to find appropriate values for each parameter. The final values are reported in Section 4.

Remark 3.3: Note then, that collecting the conditions (14) and (16) as the constraints for the safety filter’s
optimization problem might sometimes lead to an infeasibility, which carries meaningful information:
there are no available control actions that prevents the launcher from violating the safe constraints (13).
Monitoring whether the infeasibility occurs can be key for other systems, e.g. an Autonomous Flight
Termination system or an Adaptive Guidance system.

3.2.2 Launcher Safety Filter Formulation

In this final section, we formulate the resulting optimization problem that will be solved at each step
of the trajectory within the safety filter block. The optimization is based on the formulation introduced
in (11), with the constraints replaced by the CBF conditions derived thus far. Since the safety corridor
defined by (13) is conservative (i.e. much smaller than the actual corridor), it may be preferable to relax
one of the two groups of CBF conditions, either those associated to the lateral drift or those associated
to the attitude, to avoid dealing with infeasible solutions. Based on the previous discussion, relaxing the
attitude conditions would lead to a relaxation in stability, potentially causing a catastrophic loss of the
vehicle. Instead, it is proposed to relax those associated to the lateral drift, thereby sacrificing safety
capabilities to preserve stability. Recall that y; is the main parameter controlling this tradeoff.

The overall relaxed optimization problem for the yaw channel reads as follows (equivalently for the
pitch channel):

u*
:{’ :argmin”uw—k(x,l‘)||2+M5¢
5‘ﬁ Uy,0y

st uy €U, 6,20 a7

QD—Z(-X’ ugﬁ) > 51//’ ‘10+Z(-x’ u(//) > 690’
()D—lﬂ(-x’ u(ﬂ) > O’ Q0+lﬂ(-x’ ul//) 2 O,
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where M is a large enough positive scalar penalizing the slack variable 6,. An identical optimization
problem to (17) is formulated for the pitch channel, with the corresponding CBF conditions and analogous
variables. Given the decoupling assumption, both optimization problems can be formulated separately.

Remark 3.4: This formulation allows the lateral drift constraints to be violated when both, attitude and
drift, are at their limits. An outcome of this relaxation is the slack variable 6y, which can be considered
to have acceleration units by inspecting the CBF conditions. If M is large enough, then 6, is nonzero
only when the optimization problem with hard constraints is unfeasible. Therefore, similar conclusions
to those in Remark 3.3 can be drawn, making 6, a key component for safety operations. For instance,
it can be used to monitor the extent of violation of the corridor constraints in extreme cases, informing
operators about the launcher’s excess of lateral acceleration during the violation.

4 Simulation and Results

The performance of the second-order robust safety filter was demonstrated in a Monte Carlo cam-
paign conducted in a high-fidelity simulator, the ESA-i4GNC framework [23], which includes accurate
aerodynamic, propulsion, wind and turbulence models. A total of 100 simulations were performed based
on the ascent flight scenario of a two-stage launcher, up until main engine cut-off (150 seconds), allowing
dispersions in the TVC parameters, the launcher’s mass, center of gravity and moments of inertia, and the
aerodynamic coeflicients. The launcher model within the simulator is populated with realistic parameters
provided by Orbex, and considers a reference trajectory with Sutherland spaceport as launch site. The
navigation is assumed ideal, and the study of its effects on the safety filter and the overall control loop
is left out of the scope of this work. The results presented here are extended in a Software-in-the-Loop
(SIL) validation environment in [24], bringing the proposed approach to an estimated TRL of 3-4.

The values chosen for the safety filter’s design parameters are summarized in Table 1.

Table 1 Safety Filter design parameters

Parameter Value Description

(0] 03

[0%) 0.1 . .

5 . Tune the aggressiveness of the Safety Filter

1

B 2

Y1 1200 (m) Maximum lateral drift — Defines the side length of the
safety corridor’s cross section

Y2 0.1 (rad) Maximum attitude error — Controls the tradeoff between
stability and safety

Weo 50 (m/s) Maximum expected windspeed — Defines the buffer
sizes on the robust CBF conditions

M 109 Penalization on the slack variable

The results presented in Fig. 3, show the time evolution of the relevant states in the yaw and pitch
channels obtained in the simulations. In Fig. 3a, the evolution of the lateral drift associated to two
different Monte Carlo campaigns are superposed; one where the safety filter is disabled (displayed in
red—) and another one where it is enabled (displayed in teal- and cyan—). Two colors are used in the latter
to differentiate when the safety filter is active (i.e. modifying the nominal controller) from when it is not.
These results demonstrate a series of features, listed below:
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Fig. 3 Evolution of the lateral drift and attitude error states during ascent, emphasizing the time in-
stances where the safety filter modifies the nominal controller.

» The safety filter reduced the lateral drift of extreme cases, resulting in smaller orbit injection errors.

* The safety filter reduced the number of cases exceeding the safety constraints from 9 to only 3.

* The safety filter became active only in those cases where inaction would have led to a violation (or
close violation) of the safety constraints.

The latter point demonstrates the unobtrusive behavior of the safety filter, allowing the nominal
controller to exhibit its robustness and performance properties most of the time, as long as safety is not
compromised. Fig. 3b presents the evolution of the attitude error in the Monte Carlo campaign with the
safety filter enabled, showcasing two relevant aspects:

» The safety filter increases the attitude error in order to reduce the drift, as expected. However,
while it allows the lateral drift to cross the drift constraints (soft constraint), it guarantees the
satisfaction of the attitude constraints (hard constraint).

* The safe control inputs generated by the safety filter in one channel (yaw) do not affect or pollute
other channels (pitch).

The solutions to the optimization-in-the-loop computed within the launcher’s safety filter, which
yield the results shown above, are presented in Fig. 4. As before, we display these results in two different
colors (green— and ) to denote if the safety filter is active or not. We show the final TVC deflection
angle ﬁ;‘; executed by one of the launcher’s engines, based on the torque input commands provided by the
safety filter ”:;/’ and the slack variable 6;/. We only show the deflections of one out of 6 engines, since
they all share similar deflection signals. Observe that while the safety filter occasionally commands fast
TVC deflections, the actuation manages to execute them without saturating or unstabilizing the system.
Furthermore, note that the slack variable becomes nonzero in several realizations, revealing that the CBF
conditions are violated in multiple simulations. This seems counterintuitive, since we previously saw
that only 3 cases ended up exceeding the lateral drift (safety) constraints. To clarify this, it is important
to emphasize the distinction between the safety constraints (or CBFs) and the CBF conditions. While the
satisfaction of the CBF conditions guarantees the satisfaction of the safety constraint, the opposite is not
necessarily true.
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Fig. 4 Solutions yield by the safety filter

The possibility of using the slack variable as a safety monitoring signal was previously discussed
in Remark 3.4. From the inspection of Fig. 4, it is observed that the three (or four) most critical
realizations are readily identified based solely on this variable, all of which resulted in (or were very
close to) constraint violations. Based on this observation, a very simple rule of thumb could be defined
as 5:; > 5 m/s?, effectively separating the most dangerous cases that the safety filter may not be able to
accommodate. Indeed, more complex and sophisticated strategies could be developed instead, so as to
process 6;; in order to take more informative decisions. Finally, note that considering 6, to have units

of m/s?, implicitly assumes that the tuning parameters a1, @, have units of 1/s. Such considerations may
offer some intuition on how to properly tune the safety filter.

As a final step, we compare the increase in structural loads caused by the safety filter in Fig. 5.
This increase is expected, due to the attitude corrections performed to prevent the growth of the lateral
drift, and the fact that the safety filter was not explicitly designed with load-relief objectives. In fact, it
is foreseeable that the parameter y; influences not only the tradeoft between stability and safety, but also
between safety and load handling. Nonetheless, observe that the additional loads induced by the safety
filter occur after the point of maximum dynamic pressure (at approx. 60s), and thus they never exceed
the maximum load requirement.

200

Qa Envelope w/o SF Qo Envelope w/ SF

150

100

Qa, LOAD (kPa*deg)

ot
o

0 50 100 150
TIME (s)

Fig.5 Qa Load factor
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5 Conclusions

This paper proposes a TVC control loop based on a robust H-infinity controller and a safety filter to
provide robust stability, performance, and safety capabilities to launch vehicles. The resulting closed-loop
behavior demonstrates two main features: 1) it enables the autonomous handling of critical flight-envelope
constraints in an unobtrusive manner, and 2) it achieves this without altering the overall GNC architecture.

In particular, we have presented the development of a CBF-based safety filter in detail and discussed
the relevance of the tradeoff introduced by the safety filter between stability and safety. We have argued
that, in this class of unstable critical systems, stability must take precedence over strict safety enforcement.
This consideration has shaped the design of the safety filter, leading to a formulation that allows temporary
violations of the safety constraint in order to preserve stability. As a consequence of this tradeoff, the
formal stability and safety guarantees associated with the robust controller and the safety filter cannot be
simultaneously maintained while the safety filter is actively resolving this conflict. Methods to recover
formal stability and safety certificates for the overall control loop, in order to support verification and
validation of the proposed architecture, are currently under investigation. Finally, it has been shown that
the violations of the safety constraints yield a slack variable containing meaningful information, whose
value can be used as a safety monitoring signal.

These results represent a promising step toward the integration of safety-critical control architectures
in launch vehicle GNC systems, bringing the proposed approach to an estimated TRL of 3-4 and motivating
further work toward autonomous safety verification and enforcement within flight control systems.

6 Appendix

6.1 Linearized Models

For completeness, we briefly describe the dynamic models of the launcher, rocket actuation, and the
wind perturbation, as well as the diverse assumptions proposed to facilitate the synthesis of the nominal
controller. The validation of the LTI models presented here was made in [25].

6.1.1 Launcher Model

The launcher model equations used for the control design are based on the short-period, rigid-body
dynamics [26]. These equations assume small deviations from a given reference trajectory, which enable
a state space representation of the differential equations. Furthermore, the decoupling assumption allows
us to formulate the equations of motion independently on each attitude channel, as previously mentioned.
The following linear system describes thus the dynamics only on the yaw plane, and the nominal and safe
control design are derived with regards to this decoupled, linearized model. Under this assumption, the
control design with respect to the pitch channel follows exactly the same principles.

W 0 1 0 0 v 0 0

I Noly —Naf% —Nola i Nola

v |74 IN% 0 .,V Y + L VL || (18)
Z 0 0 0 1 Z 0 0 ||wy

5 Noly —Ng 1 N,

< a2 | £ N P

Here, z is the lateral displacement or drift, and ¢ is the yaw angle error. The control input u,, is the torque
generated by the thrust force of the actuated gimbal rocket nozzle and the input wy, is the perturbing wind
speed, both in the yaw plane. The physical parameters are the total mass m, the inertia in the y-axis Iy,
the total airspeed V, the distance between the center of gravity and center of pressure £,, the distance
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between the center of gravity and the thrust point £z, and the resultant force F = D — N, — T, where D
is the drag, T is the thrust and N, is the aerodynamic force gradient with respect to the incident angle «.

The output equation, which will allow us to express requirements regarding reference tracking error
and structural loads, is then

o (19)
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Due to the variation of many of these parameters in the model, e.g. in mass, inertia, windspeed and
aerodynamic components, these LTI equations are only valid for a short period of time. This caveat will
be addressed in the control design using a classical gain-scheduling approach. Since we synthesise a
robust H,, controller, it is common to express the models in the frequency domain. Therefore, we denote
the matrix transfer function of the state space model described above, i.e. (18) and (19), as G (s).

Some of the physical parameters are also considered uncertain, including the moment of inertia
I,, the distances ¢, and {7, the airspeed V, the forces D and F,, and the dynamic pressure Q. These
parametric uncertainties will be introduced through an upper linear fractional transformation (LFT), with
unstructured uncertainty denoted Ay .

6.1.2 TVC Actuation Model

The thrust vector control (TVC) actuation dynamics are applied to deflection angles, i, rather than
torques. Since both the controller output and the system input are assumed to be torques, the TVC
dynamics should also capture the conversion from control torque reference u, to TVC deflection angle #
and back to torque #. This is modeled as a second-order system with the following transfer function.

2
K,w;

Grve(s) = :
§2 +26,w48 + W2

(20)

where K, is the low-frequency gain, w, the natural frequency and &, the dampeing ratio. All these
parameters are assumed uncertain, and represented by an LFT interconnection with uncertainty Aryc.

6.1.3 Delay Model

The compounded delay of the overall system is approximated by a first-order Padé model, which
corresponds to the following transfer function.

1-0.57s

G.(s) = — 2%
() =T5057s

(21)
where the delay parameter 7 is also assumed uncertain and represented by an LFT with uncertainty A-.

6.1.4 Wind Model

The launcher’s stability and structural loads during the atmospheric flight are primarily affected by
wind perturbations. To capture the impact of the wind on the system we use a model often found in
literature that can be integrated in the control synthesis. This corresponds to the following second-order
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Dryden filter [27]:
Vi

+ LY
G(s) = mnﬂ% WL)Z 22)

2Ws+

where V), =V —v,,,(h) with v,,, being the mean of the low-frequency vertical wind profiles, o, = o (h)
is the standard deviation and L;, = L(h) is the turbulence length scale, for a given altitude value A.
This approximation captures the turbulent component of the wind for control synthesis at the different
altitudes. The low-frequency component of the wind is handled by the drift z and drift rate z feedback.

6.2 Alternative Lateral Drift Constraint

An alternative constraint to bound the lateral drift can be considered as follows.
1
h(x) =S (y* =y"=2%) 20, (23)

where 7y is a known signal or scalar function of time, bounding the drift radially at each instant. At first
glance, this seems appropriate as it reduces the four constraints we introduced to only one. Assuming
a;(k) = ka; with @; € R fori € {1, 2}, the preliminary second-order CBF condition can be found to be:

L am
soz(x,u)=72—y2—z2+77—yy—zz—(al+az)(w—yy—ZZ)+T(72—y2—z2)20, (24)

Note that the control u is implicit in the terms Z and ¥, however, these terms disappear from (24)
if (z,y) = (0,0). When this occurs, the remaining states might fall into configurations where the
CBF inequality may not longer hold, thereby preventing the constraint (23) from actually being a CBF.
Nonetheless, in practice one may be able to disregard this fact, since the condition z, y = 0 occurs at the
center of the constraint where the launcher is safest. Moreover, it could be argued that the time spent
at those points is negligible. At any rate, this setup would still carry the burden of handling the points
where the control is cancelled and the CBF conditions are not satisfied, which would inevitably lead to
infeasible solutions. For these reasons, it was decided not to continue with this choice for the lateral drift
constraint.
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