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Abstract

Output Limiting Backstepping (OLB) and Higher-Order Control Barrier Func-
tions (HOCBFs) both protect constrained system outputs through recursive
constructions. This paper investigates their mathematical relationship and iden-
tifies conditions under which they yield identical limiting control inputs. The
OLB formulation considered here requires a strict-feedback structure, whereas
HOCBFs apply to a broader class of systems. For systems admitting both
methods, the analysis shows how the HOCBF recursion corresponds to OLB
phase-plane boundaries and tracking errors. It further establishes how to choose
the safety function and design gains so that both methods yield identical limiting
control inputs for relative degrees two and three. Aircraft angle-of-attack protec-
tion simulations confirm the correspondence and show that neglecting actuator
dynamics can cause oscillations or instability under aggressive protection set-
tings. The resulting correspondence provides a physical interpretation of HOCBF
design parameters through OLB phase-plane limits and can guide HOCBF design
for systems to which both methods apply.
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1 Introduction and Motivation

Control Barrier Functions (CBFs) are a method for keeping dynamical systems
within predefined safety limits, such as maximum velocities, minimum distances,
or operating boundaries. Early research by Prajna and Jadbabaie introduced bar-
rier certificates, which provide a mathematical way to verify whether a system will
remain within its safe operating region Prajna and Jadbabaie (2004). Wieland and
Allgéwer subsequently introduced CBFs as a means of designing controllers that
actively prevent violations of safety constraints Wieland and Allgéwer (2007). Ames
and coauthors further developed this concept into optimization-based safety filters
that modify the commands of an existing controller only when necessary to maintain
safety Ames et al. (2014, 2017a). However, conventional CBF formulations are not
directly applicable when the protected output has a relative degree higher than
one, meaning that the control input influences the output only through higher-order
derivatives. To address this limitation, Nguyen and Sreenath introduced Exponential
Control Barrier Functions Nguyen and Sreenath (2016), followed by the more general
Higher-Order Control Barrier Function (HOCBF') formulation of Xiao and Belta Xiao
and Belta (2022).

CBFs and HOCBFs have been applied in several fields, including robotics (Wang
et al. 2024; Xiong et al. 2026; Heshmati-Alamdari et al. 2024), automotive systems
(Sabouni et al. 2024; Ahmad et al. 2025), and energy systems (Feng et al. 2024;
Schneeberger et al. 2024). Applications include collision avoidance in multi-agent
systems (Bhatia et al. 2026), enforcing safety under actuator constraints (Rabiee and
Hoagg 2025), and handling uncertain system dynamics (Gutierrez and Hoagg 2025).
CBF-based methods are also used for safe human-robot interaction, including colli-
sion prevention and contact-force limitation (Vinter-Hviid et al. 2024; Liu et al. 2024;
Sharma et al. 2025; Maithani et al. 2026), as well as maintaining safe operating condi-
tions in industrial processes and power systems (Wang et al. 2025; Qin et al. 2026). In
aerospace, CBF's have been applied to flight-envelope protection, including limits on
angle of attack, load factor, and angular rates (Altunkaya et al. 2026; Autenrieb 2025).

CBF-based safety filters can be integrated at different levels of a control architec-
ture. The intervention level determines which signal is modified to enforce safety
constraints. Three approaches can be distinguished:

e Control-input-level filtering: The most common approach is to modify the con-
trol input generated by a nominal controller, often through a quadratic program,
based on the plant dynamics (Hsu et al. 2024; Autenrieb et al. 2026). However, mod-
ifying the input to the plant that is generated by the nominal controller can change
the nominal closed-loop response and may affect stability and robustness properties
(Tan and Dimarogonas 2024; Autenrieb et al. 2026). Additional measures may be
required to prevent, for example, controller integrators from winding up or refer-
ence models from drifting away in case the input is adjusted and, consequently, the
commanded reference is not reached.



® Pseudo-control-level filtering: In many control architectures, like dynamic inver-
sion for example, the safety filter can modify a virtual control signal, such as desired
accelerations or generalized forces and moments, before its conversion into physi-
cal actuator commands (Govoni and Cristofaro 2024; Hafner et al. 2026). This can
reduce the optimization dimension in overactuated systems and allows an exist-
ing control allocator to be retained. However, constraint satisfaction depends on
whether the lower-level controller and allocator can realize the required pseudo-
control. Also here additional wind-up strategies in the reference model or controller
might be necessary.

® Reference-command-level filtering: Alternatively, the reference command can
be modified before it enters the nominal controller. Barrier-function-based reference
governors (Li and Atanasov 2023; Liang et al. 2024) and closed-loop-model-based
CBF filters (Autenrieb et al. 2026) demonstrate this approach. Since the safety
filter acts before the nominal controller, this avoids integrator windup or reference-
model drfift caused by overriding the controller output. However, the safety-filter
design must account for the closed-loop response, including the controller. This may
be difficult to obtain for complex control architectures. Furthermore, changes to
the nominal controller or its parameters may require corresponding updates to the
closed-loop model used by the safety filter.

Flight-envelope protections have a long history in classical flight control, and besides
the novel CBF-based safety filters, various approaches have been developed to enforce
aerodynamic and structural limits. Particularly interesting are the phase-plane-based
protection methods, which were developed and incorporated into physically integrated
reference-model architectures in flight control (Zhang et al. 2013, 2014; Zhang and
Holzapfel 2015). Phase-plane-based protections define admissible output rates as a
function of the distance to a physical limit, thereby allowing the desired limiting
behavior to be specified directly in physically interpretable quantities.

Building on this concept,. Steffensen et al. (2019a) introduced Output Limiting
Backstepping (OLB), which combines phase-plane-based output-rate limits with a
recursive backstepping design to determine the corresponding limiting control input.
The approach also allows nonlinear and piecewise-polynomial phase-plane bound-
aries to shape the response near the constraint. OLB-related protections have been
integrated into different flight-control architectures and investigated in simulations,
including incremental flight control, fly-by-wire reference models, and reinforcement-
learning-based worst-case testing (Karlsson et al. 2016; Gabrys et al. 2019; Steffensen
et al. 2022; Braun et al. 2022).

Although HOCBFs and OLB originate from different mathematical formulations,
both approaches address the same fundamental problem of protecting constrained
system outputs. Moreover, both methods employ recursive constructions to derive the
corresponding safety conditions or limiting control laws. These similarities raise the
question of whether HOCBF's and OLB represent fundamentally different protection
mechanisms or whether they are mathematically related and, under certain condi-
tions, may even yield identical protection laws. Understanding this relationship is of
particular interest because it may allow design principles, properties, and advantages



of one approach to be transferred to or exploited within the other. This motivates
a systematic analytical comparison of both methods to identify their mathematical
relationships, similarities, differences, and the conditions under which their protection
laws coincide.

This paper investigates the relationship between HOCBFs and OLB and examines
whether the two approaches can provide the same protection behavior. The main
contributions are:

1. Applicability of both methods: We compare the two approaches and show that
HOCBEFs can be applied to a broader range of systems, while OLB requires a more
specific system structure.

2. Relationship and equivalence: We derive the mathematical relationship
between HOCBFs and OLB and show that, for systems where both methods can
be applied, their design parameters can be chosen such that they produce identical
protection. We identify the conditions under which this equivalence holds.

3. Transfer of design principles: We show how the physically intuitive phase-plane
limits used in OLB can be translated into the HOCBF formulation. This provides
a way to design HOCBF protections based on the desired physical behavior rather
than selecting design parameters based on simulations.

4. Application to aircraft protection: We demonstrate the results through sim-
ulations of aircraft angle-of-attack protection, both with and without actuator
dynamics. The examples show that the two approaches can produce identical pro-
tection behavior and illustrate why accounting for actuator dynamics is important,
particularly when designing less conservative protections.

The remainder of this paper is organized as follows. Section 2 introduces the com-
mon general output-protection problem. Sections 3 and 4 present the HOCBF and
OLB approaches, respectively. Section 5 first compares both methods using a simple
aircraft angle-of-attack protection example with one backstepping step to illustrate
their mathematical relationship. Section 6 extends the analysis beyond this example
and derives the general relationship between both methods, including the additional
conditions required when more backstepping steps are involved. Section 7 then applies
these results to the aircraft example with actuator dynamics, which require an addi-
tional backstepping step. The simulations demonstrate the derived correspondence
and illustrate cases where it can make sense to account for actuator dynamics in the
protection design. Finally, and 8 provides the conclusions.

2 Common Output-Protection Problem

Higher-order control barrier functions (HOCBFs) and output limiting backstepping
(OLB) are derived based on different mathematical constructions. However, both
methods can be used to address the same problem: protecting a constrained system
output. Before introducing the two methods, this section defines the common output-
protection problem.

Consider a nonlinear dynamical system with state € R™ and a scalar protected



output

y = p(x). (1)
The output is subject to the upper physical limit
Y < Ymax- (2)
The corresponding safe output set is
Vsate ={y € R [y < Ymax} - 3)

For clarity, the following derivations consider an upper output limit as given in
Eq. (2). The corresponding formulations can analogously be established for a lower
output limit. Restricting the presentation to the upper-limit case avoids repeated
sign-dependent formulations and makes the subsequent derivations easier to follow.

Both methods, OLB and HOCBF, aim to leave the nominal control behavior
unchanged unless a safety intervention is required. Protection becomes active when
the nominal input command u generated by the controller would lead to a violation
of the respective safety condition y < ymax. However, though they share this common
objective, the two methods differ in how the safety condition is formulated and how
the corresponding safety-modified control input is obtained, as will be shown in the
following sections.

3 Higher-Order Control Barrier Functions

Higher-order control barrier functions (HOCBF) extend the CBF concept to safety
constraints for which the physical control input does not appear in the first derivative
of the so-called safety function H. The formulation presented in this section builds
on the CBF framework in Ames et al. (2017b) and the HOCBF construction for
high-relative-degree constraints introduced in Xiao and Belta (2019), adapted here to
the notation and output-protection problem considered in this paper. We first define
the class of systems for which the HOCBF formulation considered in this paper can
be applied. We then introduce the safety function H, explain how it represents the
physical output constraint, and define the corresponding safe state set. Based on this
representation, we determine the relative degree of H to identify after how many
derivatives the physical control input appears. This motivates the recursive HOCBF
construction. Finally, the forward-invariance result shows under which conditions the
HOCBF construction guarantees satisfaction of the original output constraint and
allows the resulting restriction on the physical control input to be derived.

3.1 Input-Affine System and Output-Based Safety
Representation

The HOCBF formulation considered in this paper can be applied to controlled
nonlinear input-affine systems of the form

= f(x)+g(x)u, zeX CRY, u € R™, (4)



with f: X - R"and g: X — R*"*™,

The protected scalar output y = p(x) is subject to the upper limit y < ymax. To
formulate this constraint as a CBF, it is represented by a continuously differentiable
output-space safety function.

Definition 1 (Output-Space Safety Function) Let h : R — R be a continuously differentiable
function selected such that
hy) 20 <= ¥y < ymax (5)

A simple choice can, for example, be h(y) = Yymax — y-

Since the protected output is determined by the system state, substituting y = p(x)
into the safety function in Eq. (5) gives

H(z) := h(p(z)),  H(x)=0. (6)

Definition 2 (Safe State Set) The corresponding safe state set is
Xsafc:{meX | H(m) 20} (7)

Thus, Xsafe contains exactly those system states for which the protected output
satisfies ¥ < Ymax. The HOCBF design must therefore ensure that the system remains
in Xsafe- Whether the control input w can directly enforce this condition depends on
the relative degree of H(x), which is considered next.

3.2 Relative Degree of the Safety Function

The safety condition H(x) > 0 can constrain the physical control input when u
appears in a time derivative of H. The relative degree therefore determines how many
derivatives of the safety function are required before the control input can directly
affect the safety condition.

Differentiating H () = h(p(x)) from Eq. (6) and substituting the system dynamics
from Eq. (4) gives

OH
= oz [f (z) + g(x)u]
_Ohop Oh Op (8)
= 9,0z (x)+ Fya—wg(a:) u.

=:a1(x) =:b1 ()

If bi(z) # 0, the safety function has relative degree one. If b;(x) = 0, the physical

control input does not appear in H, and H must be differentiated again. Repeating
this procedure gives

H

HY = qy(x), H® =ay(x), ..., HY=q_i(a), (©)



The same relations are commonly expressed using Lie derivatives in the CBF literature.
For convenience the notation a;(x) and b;(x) is used here.

The safety function H(x) has relative degree r if the physical control input first
appears in its r-th time derivative. The relative degree depends on the output map
y = p(x), the safety function h(y), and the system dynamics.

For r > 1, the safety condition must be extended recursively until the derivative
level at which the physical control input appears is reached. This recursive HOCBF
construction is introduced next.

3.3 Recursive HOCBF Construction and Safety Condition

Definition 3 (Recursive HOCBF Quantities) Starting from H(x), the HOCBF recursion is
defined as

w()(w) :H(CC)7 wl(x) :'Zj)’i—l(m) +Of7;(1/)1’_1(.’17))7 = 17"'7Ta (10)
where «; are sufficiently differentiable class-K functions. Their definition and regularity
requirements are given in Appendix A.1. For the class-K function «a;, a simple choice can for
example be the linear function «;(¥;—1) = v;¥;—1 with the constant parameter ~; > 0.

For i = 1, Eq. (10) gives ¥ = o + a1 (o) = H + a1(H). For a safety func-
tion of relative degree r, the physical control input first appears in ., as shown in
Appendix A.2, and the HOCBF condition is

U (x,u) > 0. (11)
Why this condition guarantees preservation of the original safety constraint is
established by the forward-invariance result considered next.

3.4 Forward-Invariance Result

The HOCBF condition in Eq. (11) is used to ensure that the recursive safety conditions
remain satisfied over time and subsequently the original safety condition is H(x) > 0,
and therefore y < ymax. For a safety function H(x) = 1)y of relative degree r, this
requires that the initial state x (o) satisfies

wz(w(to))zoa i=0,...,r—1 (12)

Theorem 1 (Forward Invariance and Output Safety) Consider the input-affine system in
Eq. (4) and a safety function H(x) of relative degree r. Let the functions a; satisfy the class-
K and regularity requirements given in Appendiz A.1. If the initial condition satisfies Eq. (12)
and a Lipschitz-continuous control input u satisfies the HOCBF' condition

Ur(x,u) >0, Yt > to, (13)
then
pi(x(t)) >0, i=0,...,r—1, YVt > to. (14)
In particular, since g = H,
H(x(t)) >0 <= y(t) < ymax, Vit > to. (15)



Proof The proof is given in Appendix A.5. O

Hence, if the recursive HOCBF conditions are satisfied initially and the HOCBF
condition in Eq. (13) is enforced, the protected output cannot cross the physical output
limit Ymax.

3.5 Resulting Control Constraint

The forward-invariance result shows that safety is guaranteed if the final HOCBF con-
dition v,.(,u) > 0 is satisfied. The remaining question is therefore how this condition
restricts the physical control input.

Using the form of v,., Eq. (110), derived in Appendix A.2 gives

Uy = ap(x) + bp(x)u + P, (H a,.... H(’”*l)) > 0. (16)

Here, a,(x) and b, (x) result from the r-th derivative of H according to Eq. (9), while
®,. collects the additional terms generated by the HOCBF recursion, as derived in
Appendix A.2.

Rearranging Eq. (16) gives the input control constraint

be(z)u > —a,(x) — @, (H a,.... H““—U) . (17)

If the nominal input would violate Eq. (17), the limiting value lies on the active bound-
ary of the HOCBF constraint, obtained by replacing the inequality in Eq. (17) by
equality. For a scalar input, this equality can be solved directly for w if b,.(x) # 0.
For vector-valued inputs, any input satisfying the equality lies on the active bound-
ary; a particular solution may, for example, be obtained using a pseudoinverse or an
additional control-allocation criterion.

More generally, the admissible control input is often selected by solving a quadratic
program that minimizes the deviation from the nominal control command while
enforcing Eq. (17). A common objective is

min || ¢ — Unom || subject to Eq. (17). (18)

Here, ©pom denotes the control command generated by the nominal controller with-
out safety modification. The optimization therefore preserves the nominal command
whenever it satisfies the HOCBF constraint and modifies it only when required for
safety.

4 Output Limiting Backstepping

In Output Limiting Backstepping the protection of a constrained system output is
driven by specifying and designing a phase-plane boundary g, for the output rate 3.
If the nominal response would violate this boundary, OLB limits the physical control
input such that g follows the prescribed boundary ¥;;,. The required limiting input is



obtained through a recursive backstepping construction. This section first introduces
the physical phase-plane interpretation and motivates why this is an intuitive design
metric. Afterwards the corresponding tracking problem and backstepping design is
formulated.

4.1 Phase-Plane based Output Limiting

Output Limiting Backstepping first translates the physical output constraint intro-
duced in Section 2 into a limit on the output rate. For the upper output limit yyax,
define the phase-plane boundary as

ylim = GQOLB (% ymax)~ (19)

The phase plane boundary in Eq. (19) specifies the maximum admissible output
rate for each current value of y. Far from the physical limit, a comparatively large
positive output rate may be allowed. As y approaches ymax, the admissible rate can
be reduced, with the boundary typically designed such that aorLs(Ymax, Ymax) = 0.

The phase-plane boundary directly shapes the desired behavior of the protected
output during limiting. With 9o, denoting the output rate resulting from the nominal
control, the following relations hold for the upper protection:

Unom < @oLB(Y,Ymax) — nominal control is retained, (20)
Unom > @OLB(Y, Ymax) — limiting becomes active & ¥ — aoLB (¥, Ymax)-

Hence, OLB modifies the nominal control only when the nominal response would
exceed the admissible phase-plane boundary. During active limiting, the control
input is limited such that the actual output rate y follows the limiting rate y;, =

QOLB (% ymax)-
A simple choice for the phase-plane boundary is the linear relation

ylim - aOLB(y7 ymax) =N (ymax - il/) ) 71 > 0. (21)

This form provides a direct time-domain interpretation of the phase-plane gain ;.
Figure 1 illustrates one output response y(t) during active limiting. Since active lim-
iting aims to enforce ¢y = fj;m the limiting rate ¥, is, at each time instant, the slope
of the tangent to the trajectory y(t). If this tangent is extrapolated with constant
slope until it reaches the physical output limit ym,ax, the resulting predicted time to
the limit is

= Ymax TV Ymae 7Y 1 (22)

Ylim Y1 (Ymax —¥) M

Equation (22) gives the following interpretation:

® At every time instant during active limiting, the tangent to y(¢) predicts the same
remaining time 7, to the physical limit.

e The actual trajectory does not reach ymax after 7,, because Eq. (21) continuously
reduces Yim as y approaches the limit.



® A larger v; gives a smaller 7, and therefore permits a faster approach toward ymax,
whereas a smaller v; gives a slower approach.

- Limit
— First order response close to the limit
Tangent response

10

8 ——

D=

y [deg]

0 0.5 1 1.5
t[s]
Fig. 1: Time-domain interpretation of the linear phase-plane boundary.

The phase-plane boundary need not be linear. One possible choice, used in the
OLB formulation in Steffensen et al. (2019b), is a piecewise-polynomial phase-plane
boundary; see Fig. 3. It is divided into different regions, each with a distinct purpose:

® Far from the physical limit: a first polynomial segment can allow comparatively
large admissible rates toward the limit and therefore later intervention.

® (Close to the physical limit: a second polynomial segment shapes the desired near-
limit approach behavior and can be matched to the linear phase-plane behavior.

® Beyond the physical limit: an additional recovery segment prescribes a limiting
rate directed back toward the admissible region, while its slope determines the
aggressiveness of the recovery.

The advantages resulting from the additional shaping freedom of the piecewise-
polynomial construction compared to a purely linear phase plane can be seen in Fig. 2.
In the phase-plane plot on the right, the linear boundary is a straight line (green
dashed) and the protection becomes active already at relatively small values of y, i.e.
it is forced to trck the line. The system therefore enters the limiting regime early, even
though it is still far from the physical limit yyax.

The same effect is visible in the time response on the left. While the unprotected
system would continue to follow the nominal response, the protected system can only
approach ymax with some dynamics rather than switch abruptly to the limit. With
the linear boundary, this approach starts early, causing an earlier deviation from the
nominal response and a corresponding loss of maneuverability.

The piecewise-polynomial boundary allows this behavior to be shaped more freely.
The protection can become active later, so that the system follows the nominal
response for longer, while still enforcing the linear behavior close to yyax. The response

10



can therefore remain more aggressive away from the limit and become sufficiently
restrictive only near the boundary, reducing the loss of maneuverability caused by the
protection and hence making it less conservative.

——OLB with piecewise polynomial phase plane
------- Limit ----- OLB limit (piecewise polynomial)
——OLB with piecewise polynomial phase plane ——OLB with linear phase plane
——OLB with linear phase plane | |- OLB limit (linear)
—— Unprotected —— Unprotected
10 . / . . . 40 .
8 """" el
&0 =30
6F
[} o0
< 2
=g 5%
=
ol =10
0 ‘ ‘ ‘ ‘ 0 : ‘ ‘
0 0.5 1 1.5 2 2.5 0 2 4 6 8
t[s] y [deg]

Fig. 2: Comparison of linear and piecewise-polynomial phase-plane limiting, based on
Steffensen et al. (2019b). The piecewise-polynomial boundary permits larger output
rates farther from the physical limit while retaining restrictive limiting behavior close
to the boundary.

The phase-plane based protection design is attractive because the limiting behavior
is specified in a physically interpretable way directly in the (y,y) phase plane. The
phase-plane boundary can therefore be used as a design object: the desired limiting and
recovery behavior is chosen first from physical considerations, and the corresponding
limiting control input is then constructed by the subsequent backstepping design.

------- Piecewise polynomial phase plane limit
- - Linear phase plane limit

40 ‘

20 activation phase /’ :
Ty I N |/ limit |
~ 10l near-limit _’/4‘;\ !
& behavior R N N
0 ;
"> 10| disturbance rejection

201

-30 : ; ‘ .

0 2 4 6 8 10

y [deg]
Fig. 3: Piecewise-polynomial phase-plane boundary and its different design regions,
based on Steffensen et al. (2019b).
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4.2 OLB System Structure and Tracking Problem

The OLB formulation is derived for a single-input system in strict-feedback form.

i1 = fi(#1) + Gi1de,

o = fo(Z1,%2) + Goa,

(23)
fr—l = fr—l(jly cee ;i‘r—l) + gr—ljra
i’r = fr(i‘la cee 7‘%7‘) + gru.
where & = [1,...,7,]T are the states, % € R is the physical control input and g; # 0

are constant coefficients. Because of the strict feedback form Z; 1 enters the dynamics
of Z;, while the physical input enters only the last state derivative. The protected
output is the first physical state,

y=p(&) =21 (24)

As introduced in Section 4.1, during active limiting the output rate should follow the
phase-plane boundary,

Y = Yim = @OLB(Y; Ymax)- (25)
In a standard backstepping tracking problem, the first physical state Z; = y follows

a reference. Here, however, its derivative £; = ¢ should follow the limiting rate .
Therefore, the following state transformation is introduced:

Z‘i:i‘i, i:L...,r,
T =1 =7, (26)

1 = @oLB(Y; Ymax)-

The OLB problem is thus converted into a tracking problem for the transformed first
state x1. Its tracking error is

€1 = aOLB(ya ymax) —T1 = Yim — Y- (27)
Thus, e; = 0 means that the actual output rate is equal to the phase-plane limiting

rate. The transformed system is derived in Appendix B.1 and can then be used for
the recursive backstepping design, which is detailed next.

4.3 Recursive Backstepping and Limiting Control

The tracking error e; in Eq. (27) defines the first backstepping step. The remaining
transformed states are then handled recursively. For ¢ = 2,...,7 — 1, define

€;, = l’i,d — T, (28)

12



where z; 4 is the desired value obtained in the preceding backstepping step. The
recursive law can then be stated as follows.

Proposition 2 (OLB recursive backstepping law) Consider the transformed strict-feedback
system derived in Appendiz B.1, repeated here for convenience:

1 = fi1(x1) + g1,
&2 = fa(x1,22) + 9223,

(29)
Ep—1 = fr—1(®1,.. ., Tp—1) + Gr_12r.
For the quadratic Lyapunov candidate
1 %
2
Vi=32 4 (30)
Jj=1
and the desired Lyapunov derivative
%
V= — Z cje?, cj >0, (31)
Jj=1
the corresponding recursive desired transformed states are obtained as follows.
The first desired transformed state is
1 ..
T2d = - [@oLB — fi(z1) +creq]. (32)
Fori=2,...,7 — 1, the subsequent desired transformed states are obtained recursively as
1.
Titld = [#5,0 = fi(z1,...,2i) + gi—1€i—1 + cieq] - (33)
(3

The recursion gives the final desired transformed state x, 4. The proof is given in
Appendix B.2.

The desired value x4 is not the physical control input. From the state transforma-
tion in Eq. (26), . = Z,.. Using the last subsystem of the physical system in Eq. (23),
the physical input must be chosen such that z, = x, 4, i.e.,

Ly ZJL?,- :fr(i'h'“va')+§7'a;x7'd- (34)

)

Solving Eq. (34) for @ gives the OLB limiting input

. 1 : . -
ugéB = g— [mr,d — fo(Zq, ... ,x,«)} . (35)

r

The quantity @SB is a limiting value, not a continuously applied control command.

The nominal input is retained while the nominal response remains inside the admissible
phase-plane region, i.e., while ¥ < ;. If the nominal input would exceed QSI{“]B it
would produce ¥ > #im,- It is therefore limited to the boundary value 111%{;3. At this
value, =, = z, 4, and the backstepping construction makes the output rate follow the

phase-plane boundary ¢ = 9iim.

13



Table 1: Clarification of potentially
ambiguous notation.

Symbol Meaning

! Angle of attack (y = «)
Olmax Maximum admissible angle of attack
QoLB OLB phase-plane boundary (%1im)
o HOCBEF class-K functions

OLB

1 Linear OLB phase-plane gain
AHOCBE  First linear HOCBF class-K gain
vi, @ > 2  Higher-order HOCBF gains

5 Comparison of OLB and HOCBF in the Single
Recursion Case: Angle-of-Attack Protection

Notation clarification. Since the symbol « is used for different quantities, Table 1
summarizes the potentially ambiguous notation used in the following.

The OLB phase-plane boundary aopp and the HOCBF class-XC functions «;
are design functions. Their gains are independent unless the derived correspondence
conditions are imposed.

5.1 System and Protection Problem
To illustrate the relation between HOCBF and OLB, consider the linear short-period
aircraft model

&=Zya+ (1+2Z,)q, G = Moo+ Myq+ M. (36)

where « is the angle of attack, ¢ is the pitch rate, and 7 is the elevator deflection.
The model coeflicients Z,,, Z4, M, Mg, and M, are constants, given in Table 2. The
protected output and its upper limit are

Yy = q, Ymax = Omax; a < Qpax. (37)

The elevator input does not appear in ¢. Differentiating the first relation in Eq. (36)
and substituting the pitch-rate dynamics ¢ gives

& = Zott + (1+Zq)q( 38)

=Zo0+ (14 Z;) (Moo + Myq+ M,n).
Hence, provided that (1 + Z,)M,, # 0, the physical input first appears in é.

For the HOCBF formulation, the short-period model in Eq. (36) has the input-
affine form defined in Eq. (4), with

P D R I At 1 R ICO R BV SRR )
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Table 2: Plant, and nominal NDI controller parameters.

Plant and actuator Nominal NDI controller
Parameter Value Parameter Value
o —1.38 Wref 4
Zq 0 Cref 0.8
M, —4.588 Ka 81
My -2 Ka 18
M, —4

The error-controller gains are calculated as K, = wg and K4 = 2(ewe, corresponding to we = 9 and (. = 1.

For the OLB formulation, the short-period model has the triangular structure defined
in Eq. (23),
&=Z,a+(1+2,)q,
M~ - —

f o

40
qg= Moo+ Myq+ My n. (40)
—_————

f2 92
Hence, 1 = «, &2 = ¢, and @ = 1. Applying the state transformation in Eq. (26),
21 = & and xo = ¢, gives the transformed system, according to Eq. (29), required for
the recursive step,
T =0 =Zyr1+ (1 + Zq) Ta,
——

N——
fi(z1) g1 (41)

Tg =q= Moo+ Myq+ Myn.
The second line of Eq. (41) is retained in its physical form because, according to

the OLB limiting-input construction in Eq. (34), the final transformed desired state
22,4 = ¢q is used directly to determine the physical elevator input.

5.2 Protection Design Choices

The following definition introduces the linear design choices used to compare the two
methods. Then the conditions required for the correspondence of both methods are
derived.

Definition 4 (Linear HOCBF and OLB designs) For OLB, we choose the linear phase-plane
limit in Eq. (21),

. OLB OLB
Mim = @OLB(® Amax) =71 (0max —a), 17 >0, (42)
and define the first OLB tracking error as
€1 = G — & (43)

Let ¢; > 0 denote the first OLB backstepping gain, that will be used later.
For HOCBF, we choose the safety function H according to the simple choice introduced
in Definition 1
H(z) = h(a) = amax — a = o, (44)
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together with the linear class-XC function choice introduced in Definition 3

ar(H) = 11 °%P o = WO (amas — @), aa(@1) =v2v1, 1O PF >0, 42 > 0.

(45)

Notably, the chosen HOCBF «; class-K function and the OLB limiting phase plane

&im = @oLB(Q, Qmaz) correspond to each other if 'y{{OCBF = 'leLB.

5.3 Protection Laws

5.3.1 HOCBF Protection Law

Since the safety function in the present example has relative degree r = 2, the HOCBF
limiting input is obtained from Eq. (16) as

pHOCBF _ —az(x) — Pa(H, H)_
lim bg(ic)

(46)

To evaluate Eq. (46), the terms ag(x) and ba(x) are obtained from the second
derivative of the safety function H = as(x) + ba(x)u, according to Eq.(109). With

H = pax — @, H=—-a&  H=-a, (47)
and using the short-period dynamics in Eq. (38), this gives

H=—é&
= —Za0 — (1+Zq)(Maa+MqQ)+_(1+Zq)Mn 1. (48)

az(x) b2 (x)

The remaining term in Eq. (46) is ®y(H, H), which follows from the HOCBF
recursion in Eq. (10). For the present case,

o =H, 1 =1h+a(to) =H+°P"H, (49)
where a4 (10g) as defined in Eq.(45) was used and
o =1+ az(tn) = H+ WOPTH + 9001 = H+ (' OPT +70)H + 41 0P 1 H.
Thus, the recursion term is according to Eq.(108) o

Oo(H, H) = (7]'OPY 4 q9)H + 410, 1. (51)

Figure 4 visualizes the corresponding block diagram.
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HOCBF Protection

lim by (L‘)

E Eq. (108) Eq. (9), Eq. (38) E
E o =H, H = apax — H=-a& H:*dzaz(l‘)erz(l‘)U E
Vo = UU + 7190 = H+ nH ag = ~Zad = (1+ Zy) (Mac + Myq) | |
i Yo =1 + 21 = H+mH + v H + v H by = —(14Zy) My i
i ¢2= (71 +n) H+ymH o az, by i
5 I} Eq (1) 1

g '

HOCBF
Ulim T
Unom - - &, a, q
—>| min (Unom, ufQCBF) I IPlantI

Fig. 4: Implementation of the HOCBF protection law for the short-period angle-of-
attack protection example.

5.3.2 OLB Protection Law

The OLB limiting input is obtained from Eq. (35). For the present case, r = 2 and
4 = 1, such that

1 ~
MoRE = = |waa = fo] (52)
g2

According to Eq. (40), fo = Myo+ Mgq, G2 = M,. The quantity xs q follows from
Eq. (32) as

1 .
Tad = 971 [doL — fi(z1) + creq]. (53)

According to Eq. (41), f1(z1) = Za&, g1 = 1+ Z,;. Furthermore, with the phase-plane
limit defined in Eq. (42),

€1 = O[OLB(O% amax) —a= ,_hOLB (amax - a) - dv O.4OLB - _’YloLBO.l- (54)
Figure 5 visualizes the corresponding block diagram.

5.4 HOCBF-OLB Correspondence

With the design choices in Definition 4, the following correspondences between
HOCBF and OLB can now be shown.

Proposition 3 (HOCBF-OLB correspondence for linear design and relative degree two
protections) Consider the short-period system in Eq. (36) with the angle-of-attack constraint
in Eq. (37). Let the OLB and HOCBF designs be linear as given by Definition 4.

1. Phase-plane and recursive-quantity correspondence. If

LB H BF
APEB — AIOCBE (55)
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OLB Protection

1 1
: :
E |éYOLB =mn(-d) | |€1 = aoLp — & = 71 (Qmax — ) — dl '
1 . 1
! Eq. (32) y%oLB e Eq. (41) |
i . !
1 1., fl = ZaG '
v | x2g = — |@oLB — J1 + 1€ !
: 2 gl[ f1+ cre] w147,
1 1
! Eq. (35) l“d Eq. (10)
‘ wOLB — i[] ~ 7 fo=Myo+ Myq|
Vol = = [rea — fo o ,
' 92 92 = A[r/ .
1

1 1

g T
Unom - @ a,q
—>| nnn(unom, uﬁ)éjB) I IPlantI

Fig. 5: Implementation of the OLB protection law for the short-period angle-of-attack
protection example.

then
o0
Thus, with the same gain 1, the first HOCBF recursive quantity V1 and the OLB phase-
plane tracking error are identical. Consequently, W1 can be interpreted as the tracking error
e1 between &y, and &.
The HOCBF condition ¥1 > 0 and the OLB phase-plane limit describe then the same
rate limit,

& < P8 (amax — @) = 11O (max — @) = d1im- (57)

In particular, their common phase-plane boundary is
& = Qim- (58)
The relations in Eqs. (56)—(58) are independent of the OLB gain c1 and the HOCBF gain ~ya.

2. Active error-dynamics correspondence. We already established V1 = e;. We now
compare the dynamics of the error e during active limiting for both methods. If, in addition

to Eq. (55),
&

then the active HOCBF boundary and the active OLB limiting law give

’% = —Yey1 =é1 = —cieq ‘ (60)
The HOCBF active boundary and the active OLB limiting law therefore give the same error
dynamics for tracking iy, -

3. Limiting-control correspondence. Under both matching conditions in Egs. (55) and
(59), the limiting elevator inputs obtained from HOCBF and OLB are identical,

HOCBF OLB
lim = Mim - (61)
Denoting the common value of 'leLB and W?OCBF by 71, the common limiting input is

_(Za + 71+ 72)(55 - (1 + Zq)(Maa + qu) + '7172(05max - Oé)
(1+ Zg)My

Mim = . (62)
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The three statements are proved in Appendix C.

5.5 Reference Model and Nominal Controller

The commanded angle of attack acmq is passed through a second-order reference
model,
Qrer(8) w2
G f(s) = = re 3 63)
e acmd(s) 52 + 2<rcfwrcf8 + erf (
with w,ef and (rer as in Table 2. The reference model provides yef, Grer, and Gpef.
A dynamic-inversion controller is used to track the reference trajectory. Inverting

the angle-of-attack dynamics in Eq. (38) gives the nominal elevator command

ddes - Zad - (1 + Zq) (Maa + qu)

nom = . 64
" (1+ Zy) M, (64)
The desired angle-of-attack acceleration is defined as

ddes - dref + Kd (O.lref - OZ) + Ka (aref - 0[) ) (65)

with K, and K, as in Table 2.

5.6 Simulation Results

The protection laws derived above were implemented according to the block diagrams
in Figs. 4 and 5. A constant angle-of-attack command of qcmd raw = 15deg, which
exceeds the protection limit ay,.x = 10deg, is applied at ¢ = 1s. For comparison, the
unprotected system and a simple command saturation, demd = Min(emd,raws ¥max)
are also simulated.

For HOCBF and OLB, the parameters are matched according to Proposition 3.
Two choices, yPIB = AHOCBE — 5 and /OLB = (HOCBE — 99 are considered, while
Y2 = ¢1 = 22 is used in both cases.

Figure 6(a) shows the resulting angle-of-attack responses. Without protection, «
follows the commanded value and therefore exceeds amax. All protected cases remain
below the prescribed limit. For both values of 7;, the HOCBF and OLB responses
coincide, as expected from the analytical correspondence derived above. Increasing
v, allows a faster approach toward the limit. The simple command saturation also
prevents an exceedance in this example, but results in a slower transient.

The phase-plane representation in Fig. 6(b) illustrates the influence of v; more
directly. The HOCBF and OLB approach the same limiting boundary duy, =
1 (@max — @) . Increasing +; steepens this boundary and therefore permits larger val-
ues of & during the approach toward aa.x. In contrast, command saturation does not
explicitly prescribe the admissible output rate. Its phase-plane trajectory crosses the
~v1 = 5 limiting boundary in this example. Command saturation provides no direct
design freedom over the desired approach rate toward the constraint.
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—No protection - Omax
—Command saturation Qemd raw
-HOCBF v =5 -HOCBF v, = 22
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—Command saturation
-HOCBF v, =5 -HOCBF v =22 Thoms Y1 =9 “Tom, Y1 = 22
OLB vy =5 -OLB vy =22 ~Nemd; HOCBF —n¢q, HOCBF
Glim; 11 = 5 Gy 1 = 22 Nemd, OLB - nepa, OLB
' 0
z 20 1
20 S)D 50k
) =] i
=10 =
< \l
3 -100
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Fig. 6: Simulation results for an angle-of-attack command above the prescribed limit.

Figure 6(c) shows the corresponding elevator commands. Here, 7,om denotes the
nominal elevator command generated by the controllerbefore beeing limited by mim
which is computed by the protection law. Due to the sign of the elevator effectiveness
M, < 0, an increasingly negative elevator deflection increases the angle of attack.
Consequently, mim represents a lower bound on the admissible elevator command in
the present example, such that

Temd = Max (nnom7 nlim) . (66)

Before activation of the protection, nyom > Mim and the nominal command is retained.
Once the nominal controller demands an elevator deflection below this bound, the
protection becomes active and 7emd = Mim- The protection therefore makes the eleva-
tor command less negative, reducing the control action that drives the angle of attack
toward larger values and thereby slowing the increase in «. As soon as the protection
kicks in a difference between 1,0 and 7emq becomes visible. The nominal controller
continues to try to track an angle-of-attack reference above the prescribed limit and
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is unaware of the modified control input by the protection. The protected system can-
not reach this reference, such that a tracking error remains and the nominal controller
demands increasingly negative elevator deflections. The protection prevents this addi-
tional control action from being applied and instead keeps the commanded elevator at
the limiting value 7. The influence of 7 is also visible in the control commands. For
the smaller value vy; = 5, limiting starts earlier. For y; = 22, the steeper phase-plane
boundary permits a faster approach toward au,ax and therefore allows the nominal
command to be retained for longer. Once limiting becomes active, a faster modifi-
cation of the elevator command is required to reduce the angle-of-attack rate faster.
The limiting commands 7, obtained from HOCBF and OLB are identical and there-
fore lie exactly on top of each other. Accordingly, the protected commands 7c,q also
coincide for HOCBF and OLB. The simulation therefore confirms the analytical cor-
respondence not only at the level of the protected angle-of-attack response, but also
directly at the level of the computed limiting control input.

Matching vP*B and vHOCBF leads to the same phase-plane boundary. Matching
the additional gains ¢; and 7. makes the angle of attack response and the resulting
limiting elevator input to coincide.

6 General Relation Between HOCBF and OLB

The short-period aircraft model example showed that HOCBF and OLB can produce
the same phase-plane boundary, the same active error dynamics, and the same limiting
physical input when their design parameters are matched. This raises the question
whether this correspondence is specific to the considered example or whether it reflects
a more general relation between the two methods.

Before comparing their mathematical constructions, it is important to distinguish
their applicability. Table 3 summarizes the main structural differences for the HOCBF
and OLB formulations considered in this paper.

The HOCBF formulation applies to a broader system class than the OLB for-
mulation. In particular, HOCBF does not require the strict-feedback structure of
Eq. (23) and can constrain vector-valued control inputs, whereas the OLB construc-
tion in Section 4 is formulated for a scalar physical input. The following mathematical
comparison is therefore restricted to systems for which both formulations can be
applied.

Despite this more restrictive system class, OLB provides several useful design
features that are not immediately visible in the HOCBF formulation:

1. Intuitive physical phase-plane design. OLB specifies the desired limiting
behavior directly through the physical phase-plane boundary

Yim = @OLB (Y Ymax)-
The admissible approach toward the output limit can therefore be selected from

physical considerations before the corresponding limiting input is derived. For
example, the phase-plane boundary may determine how fast the protected output
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Table 3: General comparison of the HOCBF and OLB formulations considered in this

paper.

Aspect

HOCBF

OLB

System structure

Physical control input

Protected output

Design construction

Nonlinear input-affine system
Scalar or vector-valued input
Scalar output y = p(x)

Safety function H(x) = h(p(x))
and class-K functions «; in the
recursive HOCBF construction

Strict-feedback system
Scalar input
First physical state y = &

Backstepping tracking problem
for the designed limiting out-
put rate Yiim = @oLB(Y;Ymax),

using Lyapunov functions, desired
error dynamics, and negative-
semidefinite Lyapunov-function
derivatives
Forward invariance of the safe set
when the HOCBF conditions and
required initial conditions are sat-
isfied
Constraint on the physical control
input and corresponding admissi-
ble input set

Associated guarantee Lyapunov-based stability and con-
vergence of the tracking-error
dynamics under the active limiting
law

Result of the

struction

con- Active limiting value of the phys-

ical control input

may approach its limit as a function of the remaining distance to that limit. The
resulting limiting behavior therefore has a direct physical interpretation.

2. Shaping with piecewise-polynomial construction. As introduced in
Section 4.1, the phase-plane boundary is not restricted to a linear relation. The
piecewise-polynomial construction allows additional physical constraints and design
objectives to be incorporated directly into the desired limiting behavior. Different
regions can, for example, be used to shape different behavior for how the output
approaches the limit close to the boundary or when far away from it, and how the
system should recover after the limit has been exceeded.

3. Lyapunov-based construction of the active limiting dynamics. The OLB
limiting law is obtained through the recursive backstepping design using Lyapunov
functions and desired tracking-error dynamics. This establishes stability and con-
vergence of the tracking errors toward the designed limiting behavior when the
protection or limiting law is active.

The first two points are useful because they allow to design the desired protection
behavior in physically meaningful quantities. Additional physical constraints or design
objectives can be incorporated directly into how the protected output approaches
and, if necessary, recovers after limit violation, rather than this behavior arising only
indirectly from design parameter tuning. The third point provides a Lyapunov-based
stability result for tracking the selected limiting behavior.

These properties motivate the general comparison. The following analysis investi-
gates whether the physically interpretable OLB design can be transferred to HOCBF
while retaining the broader HOCBF admissible-set formulation. In particular, we ask:
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1. Under which conditions do HOCBF and OLB define the same physical phase-plane
boundary and what relation then holds between the first HOCBF recursive quantity
and the first OLB tracking error?

2. Does this correspondence remain valid when additional recursive levels are
required?

3. Which additional relations are required for the same higher-order active limiting
behavior and, ultimately, the same limiting physical input?

To answer these questions, we first compare the phase-plane boundary and the first
recursive quantities. We then investigate how the correspondence changes at higher
order.

6.1 First-Level Correspondence

This section investigates under which conditions HOCBF and OLB define the same
physical phase-plane boundary and what relation then holds between the first HOCBF
recursive quantity and the first OLB tracking error.

Proposition 4 (General phase-plane and first-quantity correspondence) Consider a system
for which both HOCBF and OLB can be applied to the same protected output

y =p(x) < Ymax- (67)
Let the HOCBF safety function be
H(z) = h(y =p(x)), - <0 (68)
and let the OLB phase-plane boundary be

.OLB
Pim = @OLB (¥, Ymax). (69)

Then the HOCBF and OLB formulations define the same physical phase-plane boundary, i.e.
yl?lﬁB = QEISCBF if the first HOCBF class-KC function satisfies

a1(h(y)) = _%QOLB(y7ymax)- (70)

For Eq. (70) to define a valid HOCBF design, its right-hand side must be expressible
as a class-KC function of h(y) and must satisfy the regularity requirements of the subsequent
HOCBEF recursion.

Under the phase-plane mapping in Eq. (70), the first HOCBF quantity 11 and the first

OLB tracking error
.OLB

€1 =Yim —Y (71)
are related by
oh
= —— . 2
1 ay ! (72)
For an affine safety function
h(y) =k (Yymax —y), k>0, (73)
Eq. (72) reduces to
i =ker. (74)
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The proof is given in Appendix D.1.

The phase-plane correspondence in Eq. (70) does not require a linear OLB phase-
plane boundary. The function aors(Y, Ymax) may therefore also represent the nonlinear
or piecewise-polynomial boundary introduced in Section 4.1, provided that Eq. (70)
results in a valid HOCBF class-IC function ;. Thus, the physical limiting behavior
can first be designed in the (y,y) phase plane and then be mapped to the HOCBF
design quantities. For the simple safety function in Eq. (73), the scaling between
and e is constant.

This establishes the correspondence at the first recursive level. It does not yet imply
that the subsequent HOCBF and OLB recursions also coincide. This is investigated
next.

6.2 Higher-Order Correspondence

The phase-plane mapping, Eq. (70), established in the preceding subsection ensures
that HOCBF and OLB impose the same output-rate boundary 9;,,,. However, this does
not yet imply that the subsequent recursive quantities also describe the same active
higher-order behavior. The following proposition states the additional conditions
required for this correspondence.

Proposition 5 (Higher-order HOCBF-OLB correspondence) Assume that the phase-plane
mapping of Eq. (70) is satisfied and that the first quantities are therefore, according to
Eq. (72), related by
= —Z"eq. 75
1 oy °! (75)
(i) General nonlinear safety function. For a general nonlinear safety function
h(y), differentiation of Eq. (75) gives

. d [0h oh .
'(/)1 = —a (ay) €1 — 67y61' (76)
For the safety function
h(y) =k (ymax - y) ) k>0, (77)

the additional term in FEq. (76) wvanishes such that a correspondence of the
subsequent dynamics is established

1 = key, U1 = ké. (78)
However, according to Eq. (76) a general correspondence of the subsequent HOCBF

and OLB dynamics is not implied by the equality of the physical phase-plane
boundary, yOLB = glOCBE through Eq. (75) alone.
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(ii) Higher-order active error-dynamics correspondence.
For the safety function in Eq. (77), the following higher-order correspondences hold.
(a) One OLB backstepping recursion.
Let the next HOCBF class-K function be linear,

az(Y1) = 211, v2 > 0. (79)

Then the active HOCBF boundary 12 = 0 reproduces the OLB desired first-error
dynamics
é1 = —cyeq, c1 >0, (80)

=) @)

This is what we obtained already for the short-period example.
(b) Two OLB backstepping recursions.
Let the subsequent HOCBF class-K functions be

with ey = Yim — Y, if

az (Y1) = 1211, az(2) = Y3¢2, 2,73 > 0. (82)

On the active HOCBF boundary s = 0, the resulting dynamics of the first
error are

€1+ (72 +73)é1 + y2v3e1 = 0. (83)
For OLB the resulting dynamics of e are

€1+ (c1+c2)ér + (crea + g7) e1 = 0. (84)

Consequently, the active HOCBF and OLB error dynamics are identical if

Y2 + 73 =1+ co, (85)

Yoy3 = ciea + gi.

Statement (i) follows directly from Eq. (76). Statement (ii) is proved in
Appendix D.2. The main implications are as follows.

1. Equation (85) shows an important difference from the single-recursion case. The
HOCBF gains are coupled through both OLB gains and the system coefficient ¢;.
Thus, the simple relation v = ¢; observed for one recursion does not extend as a
direct one-to-one gain correspondence at higher order.

2. Though the affine choice of h(y) = k (Ymax — ¥) is important for this result it shall
be noted that it does not restrict the physical phase-plane boundary itself to be
linear. o; can be chosen according to Eq. (70), as a; = *%QOLB(y,ymax) and
a nonlinear or piecewise-polynomial function aorLp (Y, Ymax) may still define the
desired physical boundary. The affine safety function only removes the first term
in Eq. (76), and by that allows the subsequent recursive dynamics to be matched.
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7 Comparison in the Higher-Order Case:
Angle-of-Attack Protection in the Presence of
Actuator Dynamics

7.1 System and Protection Problem

The single-recursion example in Section 5 considers the elevator deflection 7 as the
physical control input. We now extend the same short-period model by first-order
elevator actuator dynamics. The protected output remains the angle of attack, while
the commanded elevator deflection 7¢nq becomes the physical input of the augmented
system.

Using the short-period dynamics in Eq. (36), the augmented system is

&=Zya+ (1+2Z)g,
g = Myo+ qu + Mnnv

o1
1= — (Nema — 1), Ty > 0.
Tn

(86)

where 1 is the actual elevator deflection and 7¢mq is the commanded elevator
deflection. The protected output and its upper limit remain those defined in Eq. (37),
Y=0a, @< Qmax-

The commanded elevator deflection does not appear in & or &, but appears in the
third derivative of «,

a® = Zoba+ (1+ Z9)§ = Zadi + (1 + Zg) (Mo + Maci + Myi)

= Znd + (1+Zq)(qu+Mao‘z+Mn(Ti (Mema — 1)))- (87)

Hence, provided that (1 4 Z;)M, # 0, the safety function has relative degree r =
3. Thus, the actuator dynamics add one recursive level compared with the single-
recursion short-period example.

7.2 Protection Design Choices

For HOCBF, we choose again the safety function H () = qmax — @ = 1), and linear
class-K functions o (¢;) = ;; with ; > 0.

For OLB, we choose again the linear phase-plane boundary dym =
OLB ( OLB

¥ Omax — @) , Y > 0 with tracking error e; = djjm — ¢
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7.3 Protection Laws

7.3.1 HOCBF Protection Law

Since the safety function in the present example has relative degree r = 3, the HOCBF
limiting input is obtained from Eq. (16) as

HOCBF _ —a3(x) — ®3(H, H, H)

ncmd,lim - b3 (SC) . (88)

To evaluate Eq. (88), the terms as(x) and bs(x) are obtained, according to
Eq. (109), from the third derivative of the safety function. With

H=omax—a, H=-d,  H=-a  H® =_a®, (89)

and using a® from Eq. (87), this gives

M 1+ Zy)M,
H® = —Z,6— (1+ Z,) <Mad + My — "n) + <(+q)”> Temd-
Tn Tn (90)
az(x) bz ()

The remaining term in Eq. (88) is ®3(H, H, H), which follows from the HOCBF
recursion in Eq. (10). For the present case as was already shown in Eqgs.(49) and (50),

w0:H7

Y1 =H +mH, (91)
Yo =H+ (y1 +72)H +n7H,

and )
b3 = tha + Y312
=H® 4 (y1 + 72 + 1) H + (1172 + 7173 +7273) H + 17273 H - (92)
@3 (Ha H7 H)
Thus according to Eq.(108),
O3(H,H,H) = (71 + 72+ 73)H + (172 + M3 + 71273) H + 117273 H. (93)

7.3.2 OLB Protection Law

Since the present example has relative degree » = 3, the OLB limiting input is obtained
from Eq. (35) as

1 _
n?rr%clig,lim = s {xixd - fs} . (94)
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According to the actuator dynamics in Eq. (86),

~ 1 - 1
fa=——mn, g3 = —. (95)

T T

The quantity x3 4 follows from the recursive OLB law in Eq. (33) with ¢ = 3 as
1.
T3.d = g [2,q — fa(x1,22) + gre1 + c2e2]. (96)

From the system dynamics in Eq. (35) we obtain the § equation, and & such that we
can deduce

f2(x17x2) = Mad + qua g2 = Mna g1 = 1+ Zq' (97)

Furthermore, ey = 29 g — 2 = x2 ¢ —¢. The desired transformed state x2 4 is obtained
from Eq. (32) as

1.
2= -ldows = fi(z1) + ], (98)
1
where
fi(ar) = Zaa, g =1+2,. (99)
and with e; = QoL — & = ’Y?LB(amax - Oé) - da QoLB = _’Y?LBO.Z.

Finally, evaluation of Eq. (96) requires @2 4. Differentiating Eq. (98) gives

1
1427,

Taq [ (Za + OB 4 ) é— cnloLBo'z] . (100)

7.4 HOCBF-OLB Limiting-Input Correspondence

The HOCBF and OLB protection laws derived above have different implementations.
Nevertheless, for the considered design choices, they lead to the same limiting elevator
command if the higher-order correspondence conditions derived in Section 6.2 are
satisfied.

Proposition 6 (Limiting-input correspondence for the actuator-augmented short-period
model) Consider the actuator-augmented short-period model in Eq. (86) with the HOCBF
and OLB design choices of Section 7.2.

Let the first HOCBF and OLB gains satisfy

HOCBF _ _OLB
1 =M

y , (101)

and let the remaining gains satisfy

Y2 + 73 = c1 + cg, Y2y3 = erea + (14 Zg)?. (102)

Then the limiting commanded elevator deflections obtained from the respective active
HOCBF and OLB protection conditions are identical,

(103)

HOCBF __ _OLB
Tlemd,lim = "lemd,lim
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Proof The proof is given in Appendix E. O

7.5 Simulation Results With Actuator Dynamics

The same reference model and nominal dynamic-inversion controller as in Section 5.5
are used. In particular this means that the nominal controller does not account for
the actuator dynamics in Eq. (86). The controller gains, all remaining model, and
simulation parameters also remain unchanged.

The same maneuver as in Section 5.6 is considered. Thus, a constant angle-of-
attack command of acmdraw = 15deg is applied at ¢ = 1s, while the protection
limit is apmax = 10deg. In contrast to the previous simulation, the first-order actuator
dynamics in Eq. (86) are now included in the simulated plant.

Two protection implementations are compared. First, the actuator dynamics are
neglected in the protection design. In this case, the relative-degree-two protection
laws from Section 5 are applied directly to the actuator-augmented plant. Second,
the actuator dynamics are explicitly included in the protection design using the
relative-degree-three laws derived in Sections 7.3.1 and 7.3.2. The HOCBF and OLB
parameters are matched according to the corresponding analytical correspondence
conditions.

The main objective of these simulations is to verify the analytically derived equiv-
alence between HOCBF and OLB for relative degree three. The results confirm that
both approaches yield identical limiting control inputs when the design parameters
satisfy the correspondence conditions in Proposition 6. This extends the numerical
demonstration of equivalence from relative degree two in Section 5.6 to a higher-order
system with additional recursive steps.

Figure 7 compares the resulting responses. For a more conservative phase-plane
boundary, i.e. low ~y; value, neglecting the actuator dynamics has only a small influence
on the protection performance. The additional actuator dynamics can therefore be
neglected in this case.

The difference becomes significant for a more aggressive protection design depicted
in Fig. 8. A larger value of v permits a faster approach toward the angle-of-attack
limit and therefore requires faster control action when close to the limit. If the actuator
dynamics are neglected in the protection law, the commanded control action cannot be
realized sufficiently fast by the actuator. This can lead to strongly degraded behavior
and, for sufficiently aggressive settings, instability or oscillations. In contrast, explicitly
including the actuator dynamics in the protection design accounts for this additional
dynamic limitation and provides improved protection performance.

These results illustrate that neglecting sufficiently fast actuator dynamics can be
acceptable for conservative protection designs. However, explicitly accounting for the
actuator dynamics becomes increasingly important when the protection boundary is
chosen aggressively in order to reduce conservatism.

However, it shall be kept in mind that a drawback of the higher-order formulation
is the increased amount of state information required for its implementation. For
example, evaluation of the protection laws in Egs. (88) and (100) requires quantities
such as &, @&, and ¢. These quantities may not be directly available from measurements
and must in practice be obtained from suitable measurements, models, or estimations
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Fig. 7: Simulation results with actuator dynamics for a non-aggressive protection
design.

and might introduce an increased level of measurement noise. The design of such
estimation schemes is outside the scope of this paper.

8 Conclusion

This work compared Output Limiting with Backstepping (OLB) and Higher-Order
Control Barrier Functions (HOCBFSs) for output protection. We established a mathe-
matical relationship between the two approaches and identified conditions under which
they lead to identical limiting control laws. This was also demonstrated in simulations
of an aircraft short-period model, both with and without actuator dynamics.

The results show that phase-plane limits used in OLB can provide a useful
interpretation of HOCBF design parameters. Future work could investigate how the
derived relationship can be used to design HOCBF's based on nonlinear or piecewise-
polynomial phase-plane boundaries, and assess the feasibility and practical benefits of
such an approach.
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Fig. 8: Simulation results with actuator dynamics.

The simulations further indicate that neglecting actuator dynamics in the protec-
tion design can lead to oscillations or instability when aggressive protection parameters
are chosen. Future work could therefore investigate under which conditions actuator
dynamics need to be considered explicitly in the protection design. This could also be
extended to systems with multiple actuators with different dynamics, including the
effects of neglecting these dynamics and the resulting interactions.

A Mathematical Details of the HOCBF Construction

This appendix collects the mathematical details underlying the HOCBF recursion in
Eq. (10).
A.1 Class-K Functions and Regularity Requirements

Definition 5 (Class-K Function) A class-K function « is continuous and strictly increasing,
that is, for any

s1 < 89 — a(sl) < a(SQ). (104)
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Furthermore, it satisfies
a(0) = 0. (105)

Assumption 1 (Regularity of the Class-KC Functions) For an HOCBF recursion of relative
degree r, the class-K functions «; are chosen such that

w eCTTH i=1,...,r (106)

The required differentiability follows from the recursive construction. In the
HOCBEF recursion, the functions «; are repeatedly differentiated. The required differ-
entiability becomes visible from the first two recursive quantities. Using the recursion
in Eq. (10) gives

Y1 = o + a1 (o) = H + ay(H),

' : 5 Oag 107
s = v + aa(1) = H + G (H) + as(un) = 7 + 22U (107)

WH + O[Q('l)[}l).

Thus, construction of ¥y already requires one derivative of ;. Continuing the
recursion up to r differentiates a; up to r — 1 times, as up to r — 2 times, and in
general, a; up to r — i times.

A.2 Appearance of the Control Input in the HOCBF Recursion

Lemma 7 (Appearance of the Control Input in the HOCBF Recursion) Let H(x) have
relative degree r, and let the recursive quantities 1; be defined by Eq. (10). Then the physical
control input u does not appear explicitly in Yo, ..., Yr—1 and appears for the first time in r.

Proof Equation (107) shows that every recursive step introduces one additional derivative of
H, while the differentiated class-XC functions generate terms containing lower-order derivatives
of H. Repeating the recursion therefore gives

wi:H(i)—&-(bi(H,H,...,H(i_l)), i=1,...,r (108)

where @, collects the terms generated by the class-KC functions and their derivatives.
Substituting the relative-degree relation in Eq. (9),

H" = ap(x) + br(@)u,  be(x) #0. (109)

into Eq. (108), for i = r, gives
¥r = ar() +br(a:)u+<1>r<H, H,...,H“‘”), (110)
so that u appears explicitly for the first time in . O

A.3 Recursive HOCBEF Sets

Definition 6 (Recursive HOCBF Sets) For each recursive quantity ¢;_1 defined in Eq. (10),
define the corresponding state set as

Cy1 = {z | Yo(z) > 0}, Cy = {z | Y1(x) > 0}, (111)
o Cr={z[¢¥r_1(z) >0}.
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Using ¥ = H(zx) from Eq. (10) gives
C = {SU | H(z) > 0} = Xsafe- (112)

Thus, C is the original safe state set. The sets Cs, ..., C, analogously contain the
states for which the corresponding higher-order recursive quantities are nonnegative.
These are definitions of the sets; whether a trajectory remains in them is established
by the forward-invariance proof in Appendix A.5.

A.4 Forward Invariance

Definition 7 (Forward Invariance) A set C is forward invariant if
a:(t()) el = a:(t) e C, Vit > to, (113)

for all times for which the solution exists.

For the first recursive set C; = Xiate, forward invariance therefore means that a
trajectory starting with H(x(to)) > 0 satisfies H(x(t)) > 0, and hence y(f) < Ymax,
for all subsequent times.

A.5 Proof of the HOCBF Forward-Invariance Result

Proof of Theorem 1 Using the HOCBF condition in Eq. (11) and the recursive definition in
Eq. (10) gives )
Yr = Pr_1 + ar(Pr—1) 20, (114)
and therefore .
wrfl > *ar(w'r‘fl) (115)
From the class-K properties in Definition 5, a;-(0) = 0. Since « is strictly increasing, 0 < &
implies - (0) < ar(§), and therefore ai-(£) > 0.
In particular, at the boundary ¢,_1 = 0, Eq. (115) gives
Yr_1 > —ar(0) = 0. (116)
At this boundary, the rate of 1,._1 is therefore nonnegative. Hence, 1,_1 cannot decrease
through zero toward negative values. Together with the initial condition t,_1(x(tg)) > 0,
this gives
Yr—1(x(t)) >0, Vit >tg. (117)
Thus, the trajectory remains in C} defined in Definition 6.

Using the recursive definition in Eq. (10) for ¢ = r — 1 then gives

Yr—1 = Yr_2 + ar_1(Yr—2) > 0. (118)
Applying the same argument together with the initial condition ¥,_2(x(tg)) > 0 gives

Yr—2(x(t)) > 0. Repeating the argument recursively yields
Yro120 = Pp 220 = -+ = Yo=H>0. (119)

Consequently,

z(t)eC1NCyN---NCh, Yt >to. (120)
Hence, the intersection C1NCyN---NC; is forward invariant according to Definition 7. Since
C1 = Xsate from Eq. (112), the trajectory also remains in the safe state set and consequently

H(x(t) >0 <= y(t) < ymax, (121)
which proves the output-safety result. O

33



B Mathematical Details of the OLB Construction

This appendix collects the mathematical details underlying the OLB construction
introduced in Section 4.

B.1 Derivation of the Transformed System

This subsection derives the transformed system used to formulate the tracking prob-
lem and backstepping limiting law. Starting from the physical triangular system in
Eq. (23), consider the i-th subsystem,

T = fi(Z1, ... ) + GiTivas i=1,...,r—1. (122)

The transformed states are defined in Eq. (26) as x; = ;. Differentiating Eq. (122)
and substituting this transformation gives

i ~
Ofi o | - =
= . %éxj + GiTit1
j=1
L (123)
of;

Z Nfll‘j + gi LTit1, Z':L...,T*l.

— OI; ~~

= , gi

Ji(@15es®i,215000,5)

Thus, differentiation preserves the triangular connection between the transformed
states. In general, however, the functions f; still depend on the physical states @.
If the OLB system class considered, is further restricted to systems for which

of;

0i;

= a” = COnSt., ] - la ey i. (124)

then substituting Eq. (124) into Eq. (123) gives

a'jizfi(xl,...,a:i)—&—gixiH, t=1,...,7r—1,

K]
i (125)
filz1, ..., 2) :Zaijxja 9i = Ji-
j=1
Hence, the transformed dynamics have the triangular form
&1 = fi(z1) + g122,
Ty = fo(x1,22) + g273,
(126)

Tpo1 = fro1(T1, o Tp1) + Gro1 2
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For this system representation classical recursive backstepping design can be applied
straight forward.

B.2 Proof of the Recursive OLB Law

Proof of Proposition 2 First recursive step. The first tracking error is

e1 = aoLB (Y, Ymax) — T1. (127)
To determine the desired value of x2, consider the quadratic Lyapunov function
1
Vi = 56%. (128)
The virtual control xg 4 is chosen such that the derivative of V1 is negative definite if o =

xg’d.
Differentiating the tracking error in Eq. (127) and substituting the first transformed state
derivative 21 = f1(z1) + g122 from Eq. (126) gives
é1 = doLs — f1(71) — g172. (129)
Differentiating the Lyapunov function in Eq. (128), substituting the error derivative from
Eq. (129), and requiring a negative-definite derivative for zo2 = x3 g gives
) . !
Vi =e1 [dorp — fi(a1) — g129,4] = —cief, c1 > 0. (130)

Solving Eq. (130) for x5 ¢ gives

1 ..
T2d = [coLs — fi(z1) + cien]. (131)

Thus, if 22 = x5 4, the desired Lyapunov derivative in Eq. (130) is obtained. However, x2
cannot be assigned directly. Therefore, define the next tracking error as
e = Ty 4 — T2, To = Ta 4 — €. (132)
Substituting Eq. (132) and the desired value x5 4 from Eq. (131) into the Lyapunov derivative
in Eq. (130) gives
Vi= —016% + gieies. (133)
The next backstepping step must therefore drive eo toward zero while cancelling the remaining
cross term giejes.

General recursive step.
Fori=2,...,r — 1, define

e =Tjq— T (134)
and extend the Lyapunov function recursively as
1o 1= o
Vi=Vi1+ 56 :§Z€j~ (135)
Jj=1
After the preceding backstepping step,
i—1
Viey = —ZCJE? +gi-1ei-16;. (136)
j=1

Equation (133) is the first instance of this structure.
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The next desired state z;41 4 is chosen such that, for z;11 = ;41 4, the Lyapunov
function satisfies

i
Vi L —chef‘ (137)
=1

Differentiating the error e; from Eq. (134) and substituting the i-th transformed state
derivative ; = fi(x1,...,2;) + gix;+1 from Eq. (126) gives
é =259 — fi(x1,. .., %) — gi%ig1- (138)

Differentiating the Lyapunov function in Eq. (135), and substituting the preceding derivative
Vi—1 from Eq. (136) and the error dynamics from Eq. (138), gives

Vi = Vi1 +eié

— . 2 . (139)
=- chej +ei [gi—1€i—1 + @50 — fi(z1, ..., 25) — giwiga] -
j=1

Comparing the actual derivative in Eq. (139) with the desired derivative in Eq. (137), the
desired state z;4 1,4 must satisfy

gi—1€i—1+ &59 — fi(T1,.. ., %) — GiTip1,d = —Ci€i- (140)
Solving for ;41 4 gives

1 ..
Titrd = [@5,0 — fi(@1, ... @) + gic1€i—1 + cieq] - (141)
1

If 2541 = x341 4, Eq. (141) gives exactly the desired Lyapunov derivative in Eq. (137). Since
xi41 is again not directly assignable before the final step, define

€it1 = Tit1,d — Titl- (142)
Substituting #;41 = %; 41,4 — €;+1 and the desired value in Eq. (141) into Eq. (139) gives

7
y 2
Vi = — Z cje; =+ 9i€i€it1- (143)
Jj=1

Equation (143) has the same structure as Eq. (136). The construction can therefore be
repeated recursively until the final desired transformed state x,. ¢ is obtained.
O

C Proof of the HOCBF-OLB Correspondence

This appendix proves the three statements of Proposition 3 separately.

C.1 Phase-Plane and Recursive-Quantity Correspondence

Proof of Proposition 3, Statement 1 For OLB, substituting the phase-plane limit in Eq. (42)
into the tracking-error definition in Eq. (43) gives

e1 = Quim — & = ’y?LB(amax —a)—ad. (144)
For HOCBF, substituting into the recursion from Eq. (10),

Y1 = Yo + a1 (o), (145)
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the safety function H(a) = amax — @ = ¥g in Eq. (44) and the first class-K function aj in
Eq. (45) gives

) HOCBF
Y1 =—a+

Comparing Eqgs. (144) and (146) gives
o

if the gains are chosen according to Eq. (55), i.e. yilOCBEF — ,OLB,

With the HOCBF condition ¥; > 0, Eq. (146) is then equivalent to

(Oémax - Oé)- (].46)

Q< V{IOCBF

(@max — @) = 71 (amax — @) = im, (148)

which is exactly the OLB phase-plane limit in Eq. (42). On its boundary, & = ¢j,. This
proves Statement 1. |

C.2 Active Error-Dynamics Correspondence

Proof of Proposition 3, Statement 2 For the relative-degree-two HOCBF, the recursion in
Eq. (10) gives )

Yo = Y1 + a2 (Y1) (149)
On the active boundary of the HOCBF control constraint, )2 = 0. Substituting asg (1) =
~v2101 from Eq. (45) into Eq. (149) therefore gives

(150

For OLB, the transformed states are 1 = &, x2 = ¢. Using Eq. (38), their first transformed
subsystem is
21 = Zax1 + (1 + Zg)z2. (151)
Thus,
fl(acl) = Zar1, g =1+ Zq. (152)
Differentiating the OLB error e; = dyjy — & in Eq. (43) and using the transformed subsystem
in Eq. (151) gives
é1 = édoLB — f1(x1) — 9172, (153)
where &1, denotes the time derivative of the phase-plane function dyi,, = aoLp(@, max).
The first desired transformed state of the OLB recursion is given by Eq. (32),

1.,
Z2,d = o [@oLB — fi(z1) +cien]. (154)

During active limiting, x2 = x5 4. Substituting Eq. (154) into the error dynamics in Eq. (153)
gives
é1 = dorp — f1(z1) — [doLs — f1(z1) + c1e1] (155)
Hence,
é1 = —cieq. (156)

If 4HOCBE — JOLB then ¢ = e; according to Eq. (56). If additionally

(157

is imposed, then comparison of Egs. (150) and (156) shows that the active error dynamics
are identical.
This proves Statement 2. ]



C.3 Limiting-Control Correspondence

Proof of Proposition 3, Statement 3 For HOCBF, substituting the functions H = amax — «,
o1 (H) = vHOCBY H and a (1) = v2¢1 from Egs. (44) and (45) into the second recursion
in Eq. (149) gives

. .. daq -

Yo =1 +as(y1) = H + THIH +aa(y)
_ 4 HoCBrg |:7d 4 AHOCBE (o a)] (158)
— _&— (V?OCBF + 72) a4+ 91 0P 2 (amax — ).

The limiting HOCBF input lies on the active boundary s = 0. Substituting the angle-of-
attack dynamics & from Eq. (38) into Eq. (158) and setting ¢ = 0 gives

0= —Zact — (1 + Zg) (Moo + Mgq + Myn)

) (159)
_ (ﬁIOCBF + 72) Q-+ ,ylHOCBF,yQ(amaX —a).

Solving Eq. (159) for the elevator input gives

HOCBF - (Za + ’Y{{OCBF + ’YQ) & — (1 + Zq)(Maa + qu) + ”)’{{OCBF’YQ(amax - Oé)

7711m - (1 + Zq)]\4-"7
(160)
For OLB, differentiating the phase-plane function in Eq. (42) gives
. d .
doLB = — [71(amax — )] = —’y?LBa. (161)

dt
Substituting Eq. (161), 1 = &, the quantities f1(z1) = Zaz1,91 = 1 + Z4 from Eq. (152),
and the OLB error from Eq. (144) into the desired transformed state in Eq. (154) gives

1 ..
T2d = oL — f1(z1) + creq]

e R e (o] g
- (Za + ,leLB + 01) &+ cl'y?LB(ozmax —a)
- 1+ 7, '
The second aircraft equation in Eq. (36) is,
T2 = q = Maqa+ Mgq+ Myn. (163)

During active limiting, 2 = x3 4. Substituting Eq. (162) into Eq. (163) and solving for 5
gives

orp  — (Za #9028 er) a - (14 Zg)(Maa + Maa) + 19 (0max — a)
Mim = (1+Zq)M7]

(164)

Equations (160) and (164) show the two matching requirements directly. Applying

B = OB e = (165)

leads to
= Ml (166)
This proves Statement 3. O
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D Proofs of the General HOCBF-OLB
Correspondence

D.1 Proof of the First-Level Correspondence
Proof of Proposition 4 For OLB, the physical phase-plane boundary is defined in Eq. (19) as

yl?rIriB = aoLB (Y, Ymax)- (167)

For HOCBF, Eq. (10) with i = 1 gives ¥; = o + a1 (o) with 99 = H. Moreover,

H(z) = h(y = p(x)). Hence, H = (dh/dy)y. Substituting these relations into the first
HOCBEF recursion, applying 11 > 0, and using h/Jy < 0 gives

Y1 = o + a1(o) = H + a1 (H)
- Z—Zwal(h(y))zo

j < 0a(h(®)

(168)

. HOCBF
= Oh — Jlim °
7377;

Comparing the HOCBF phase-plane boundary in Eq. (168) with the OLB boundary in
Eq. (167) gives

—

on (h(y)) = —g—’;aomy, — (169)

which proves the phase-plane correspondence in Eq. (70).
Substituting into the first HOCBF quantity 11 given in Eq. (168), the a; from Eq. (169),
and using the OLB tracking-error definition e; = oo (Y, Yymax) — ¥ in Eq. (27) gives

Oh . Oh oh ;
Y1 = 87yy - @QOLB (¥, ymax) = _87/ (@oLB(Y, Ymax) — 9) (170)
and hence
oh
1= 77{93;61 (171)

For the affine safety function h(y) = k(ymax — y) from Eq. (73), Oh/dy = —k. Substituting
this relation into Eq. (171) gives
1 =ker, (172)

which completes the proof. O

D.2 Proofs of the Higher-Order Correspondence
For convenience note that for the safety function in Eq. (77), Eq. (78) gives

P =cer, Uy = cél, c> 0. (173)

D.2.1 One OLB Backstepping Recursion

Proof of Proposition 5, Statement (4)(a) Using the HOCBF recursion in Eq. (10) for i = 2,
together with the linear class-K function as(¥1) = 211 from Eq. (79), gives 12 = ¥1 +v291.
Substituting Eq. (173) and imposing the active HOCBF boundary g = 0 gives

0 =11 + 7291
= cé1 + yacer (174)
=c(é1 +v2e1).
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Since ¢ > 0,

€1 = —2e1. (175)

For OLB, the desired first-error dynamics é; = —ciey follow from z3 = x5 4 by sub-
stituting x5 4 given in Eq. (131) into the é; equation in Eq. (129). Comparing é; = —cie1
with Eq. (175) shows that both active error dynamics coincide if 42 = ¢1. This proves
Statement (ii)(a). O

D.2.2 Two OLB Backstepping Recursions

Proof of Proposition 5, Statement (ii)(b) For HOCBF, using the recursion in Eq. (10) for
1 =2 and i = 3, together with the linear class-K functions in Eq. (82), gives
b =1 + y2t1, P3 = 2 + 3t

Substituting 11 = ce; and 1/}1 = cé1 from Eq. (173) first into 2, and then substituting the
resulting expression for 19 into 13, gives

2 = cé1 + yacer

= c(é1 +12e1),
d (176)

s = g le(ér +y2en)] +y3e(ér +2e1)

= c[é1+ (72 +73)é1 +1273€1] .

Imposing the active boundary condition 13 = 0 and using ¢ > 0, the active HOCBF error
dynamics are

‘ é1+ (72 +13)é1 + y2y3e1 = 0. ‘ (177)

For OLB, the first tracking error is defined in Eq. (28) as e; = x; 4 — 1. Differentiating and
using the first transformed state derivative 1 = f1(z1) + g1z2 gives

é1 =214 — fi(z1) — g1@o. (178)
The first desired transformed state is given in Eq. (32) by

1 ..
T2.d = - [i1,q — f1(z1) + cre1] . (179)

with aorB (Y, Yymax) = %14 = Yiim Using the tracking-error relation ez = x3 4 — x2, or
equivalently xo = 29 4 — ez, in Eq. (178) and substituting Eq. (179) gives
é1=T1q9g— fi(x1) — g1 (9. g4 — €2
1,d— fi(z1) — g1 (22,4 ) (180)
= —cie1 + gie2.

For the second tracking error, using that at the final active limiting step, z3 = x3 4 with x3 4
defined in the recursive OLB law in Eq. (33) as

1 .
T3a= [i2,0 — f2(w1,72) + gre1 + caea] . (181)
gives
ég = &g g — f2(z1,22) — g2
2,d — fa( ) — 92234 (182)
= —g1€1 — c2€2.
Hence, the corresponding two-step active OLB error dynamics are
é1 = —cre1 + gies, éy = —g1e1 — caea. (183)
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Differentiating €7 in Eq. (183), substituting é2, and using giea = é1 + c1e1 from the first
relation gives

€1 = —c1€1 + g1€2
= —c1é1 — gie1 — cagies (184)
= —(c1 +e2)é1 — (cre2 + g7 e
Hence,
€1+ (c1 + e2)é1 + (crea + gi)er = 0. (185)

Comparing Egs. (177) and (185), the active HOCBF and OLB error dynamics are identical if

Y2 +7v3 =c1+c2,
) (186)
Y27v3 = c1¢2 + g1-

This proves Statement (ii)(b). O

E Proof of the Higher-Order Aircraft Limiting-Input

Correspondence
Proof of Proposition 6 For the present design choice H = amax — @ and ’ylHOCBF = ’y?LB,
the first HOCBF quantity and the first OLB tracking error coincide, ¥; = ey, according to
Proposition 4.

Furthermore, under the gain relations in Eq. (102), Proposition 5 implies identical active
dynamics of e; for HOCBF and OLB.

For the linear phase-plane boundary used here,

OLB .
€1 =7 (amax — 01) —Q,
and therefore

OLB .. 3)

6 = OLBs (187)

Hence, identical active e; dynamics require the same value of a®,
From Eq. (87), the difference between the values of a® generated by the two limiting

inputs is
0= L2 (E0ERE — ShBim) (158)
Since (1 4+ Z4)My # 0 and 7, > 0, it follows that
Mo tom = Teme lim |
This proves the proposition. O
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