ICJK

Aerospace Engineering Communications
http:/dx.doi.org/10.62762/AEC.2026.303859

RESEARCH ARTICLE

Check for
updates

Advanced Barrier Function-Based Robust Prescribed
Performance Control with Actuator Fault

Xiaoyu Zhu'”, Ran Sun?, Jihe Wang®?® and Pukun Lu*

1School of Aeronautics and Astronautics, Shanghai Jiao Tong University, Shanghai 200240, China
2School of Optical-Electrical and Computer Engineering, University of Shanghai for Science and Technology, Shanghai

200093, China

3School of Aeronautics and Astronautics, Sun Yat-Sen University (Shenzhen Campus), Shenzhen 518107, China
* Department of Earth and Space Science and Engineering, York University, Toronto, ON M3]J 1P3, Canada

Abstract

This paper investigates prescribed performance
control (PPC) using an advanced barrier function
(ABF) based adaptive super-twisting control scheme
with non-fragility. The specialty of the proposed
scheme is that it removes the error transformation
process, and therefore simplifies the design of PPC.
Furthermore, the ABF is combined with an online
adaptation law to solve the problem of fragility
inherent to the traditional PPC. The proposed
method is robust to actuator faults, unknown initial
states, and sudden disturbances. The stability of
the system is proved via the Lyapunov framework.
Finally, experiments on a two-degree-of-freedom
(2-DOF) helicopter platform are conducted to verify
the effectiveness of the control strategy.
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1 Introduction

For industrial control with matching transient and
steady-state indicators, prescribed performance
control (PPC) has shown its high efficiency [1].
Indeed, it provides a convenient way to determine
the tracking error evolution process in advance. The
objective of PPC is to guarantee the system trajectory
to stay within the performance envelope. With
wide engineering applications, such as autonomous
rendezvous under motion constraints [2, 3], flight
safety, and collision avoidance [4, 5], researchers pay
increased attention to ensuring the system’s transient
performance.

However, PPC requires the knowledge of initial states,
faults, and disturbances, which could be conservative
from a practical point of view. In the control process, it
is often inevitable to exceed the performance function
envelope caused by unknown initial states, actuator
faults, and sudden disturbances, which highlights the
need for disturbance-free and high-precision control
architectures [6]. So, many researchers focus on
avoiding the fragility associated with the traditional
PPC. More importantly, the prescribed performance
constraint, introduced by Bechlioulis and Rovithakis
in [1], is hard to satisfy in the controller directly. Thus,
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they need to utilize a new error transformation to
guarantee the prescribed tracking performance, which
results in a more complex design.

1.1 Related works

Robust prescribed performance control (RPPC) was
proposed against dynamic uncertainties, unknown
system uncertainties, external disturbances, and
variable parameters, which makes it easy to be
extended to multiple-input multiple-output (MIMO)

complex interconnected systems [27].

However, the above methods assume that the system
states must be within the performance envelope. They
do not solve the fragility of existing PPC [28]. It may
suffer singularity when the expected state constraint
is violated [29]. For example, most performance
functions can not deal with the unknown initial
state. The hyperbolic cotangent performance function
seems to solve the problem [30], but setting the initial
parameter of the performance function to infinity

nonlinear systems [1]. Benefiting from the improvementssacrifices the transient indicators of the system, which

RPPC provides an efficient way to achieve high-quality
control for feedback systems [7]. In [8], RPPC was
applied to guarantee the desired performance for
spacecraft attitude tracking, despite unknown but
constant inertia parameters, external disturbances,
actuator faults, and input saturation. Additionally,
adaptive learning observers [9], fixed-time disturbance
observers [10], and advanced composite state
observers [11, 12] have been effectively utilized to
handle actuator faults and non-fragile tracking in
spacecraft control. Then, they applied the RPPC to
a spacecraft pose tracking with a freely tumbling
target [13]. The results show the efficiency of RPPC
in MIMO systems. In [14], a learning-based two-layer
prescribed performance attitude control approach
for spacecraft formation was investigated to solve
the coordinated attitude tracking problem. For
multi-spacecraft missions, prescribed performance
attitude control has been extensively studied under
various constraints [15], and advanced model
predictive control architectures have been developed
for formation flying [16]. Additionally, adaptive

is contrary to the original intention of PPC. Lei et al.
[31] proposed a singularity-avoidance PPC scheme
with a reference performance function. However,
they must assume that the disturbance is bounded.
But, commonly, the system’s state does not meet
the performance constraints when sudden faults
or disturbances occur [32]. For this point, Bu et al.
[33] proposed a new type of non-fragile prescribed
performance function containing readjusting terms to
deal with actuator saturation. The proposed method
can self-adjust its prescribed funnel, and successfully
remedy the fragility defect associated with the existing
PPC.

Another issue is that the controller cannot directly
implement the performance constraint in the existing
PPC. Instead, an error transformation framework is
utilized to guarantee that [34]. However, using the
error transformation framework makes the controller
design process complicated. In [35-39], monitoring
and barrier functions (MBF) are proposed for the
design of PPC. Owing to the dynamic properties of

dynamic event-based robust control has been investigatedVIBF, the requirement for the error transformation

for multiple networked systems [17]. Meanwhile,
dynamic event-triggered reinforcement learning
[18], attention-driven reinforcement learning [19],
and reinforced Lyapunov controllers [20] have been
successfully applied to multi-satellite collaborative
tracking and robust trajectory maneuver scheduling
[21]. Similarly, self-learning [22] and online-learning
[23] control frameworks have been developed to
further enhance attitude tracking precision. In [24], a
modal-disturbance observer was proposed to handle
the impact of unexpected disturbances caused by
flexible vibrations on the PPC. In [25], a neural
network-based PPC for 2-DOF helicopter system
was introduced to deal with system uncertainties.
Similarly, adaptive neural dynamic-based control
strategies have shown efficiency in stabilizing complex
aerospace systems [26], and decentralized inverse
neural control frameworks have been established for

is removed, and the barrier function confines the
output within a small prescribed vicinity of the origin.
However, MBF is a switching scheme, which results
in a discontinuous state of the system. In their results,
the tracking trajectory has an obvious jump at the
switching point.

1.2 Contribution and outline

In this paper, we propose an advanced barrier
function-based prescribed performance control
(ABFPPC) with non-fragility, subject to actuator faults,
unknown initial states, and sudden disturbances. The
main contributions of this paper are:

1) Compared with the traditional PPC [40, 41]
framework, the prescribed performance constraint
can be directly satisfied in the controller without
the need of error transformation. In turn, the
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control design is simpler and no longer needs the
transformed error.

2) Compared with MBFPPC [35], which uses a
combination of monitoring function and barrier
function to implement PPC, the modification in
the ABF replaces the monitoring function part,
which leads to a more compact form. Meanwhile,
the chattering problem caused by the monitoring

function’s switching scheme is avoided.

3) An adaptive strategy is designed to deal with the
fragile problem associated with the traditional
PPC [40, 41], improving the robustness of the

controller.

These theoretical advancements directly translate
to practical engineering advantages. By avoiding
the complex error transformation and singularity
issues, the proposed ABFPPC significantly reduces the
computational burden and parameter tuning effort,
making it highly suitable for real-time aerospace
applications under unpredictable environments.

This paper is organized as follows. Section 2 presents
the problem formulation. The controller design and
the proof are given in Section 3. Experimental studies
are conducted in Section 4. Finally, we conclude our
work in Section 5.

2 Problem Formulation

Consider the following system given by

(1)
2 = h(t)u(t) + d(t) (2)

ilzl‘g

where x = [z1, 22] € R?, u € R is the control variable,
h € Rand d € R are unknown bounded fault and
unknown disturbance.

Assumption 1 The derivative of disturbance d(t) is
assumed to be bounded by unknown boundary

‘d(t)‘ < Cimax (3>

where dyax > 0 is unknown constants.

Assumption 2 The actuator fault h(t) is bounded with
unknown boundary, satisfying

hmin S ‘h(t)| S hma)u (4)

where hpyin > 0and hmax > 0 are unknown constant.
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2.1 Prescribed performance

For standard prescribed performance [34], the tracking
error ei(t) = xz1(t) — z14(t) should converge to
a predefined arbitrarily small residual set, with
convergence rate no less than a certain pre-specified
value, i.e.,

—n(t) <ext) <n(t) (5)
where 7)(t) is exponentially decaying function with:
n(0) = ¢ > 0and —n(t) < en(t), ¢ > 0. Usually n(t) =
(M0 — Noo) €xp(—It) + 1o is chosen as the performance
function, given by

n(t) = (M0 — Neo) exp(—1t) + Moo (6)

where 19 > 0, 175, > 0 and [ > 0 are constants.

2.2 Advanced barrier function

Motivated by the barrier function in [37-39], which
showed the potential to achieve PPC-like behavior, the
ABF is defined as follows.

Definition 1. Suppose that there is a 7 as in (6),
Kj:x € (—n,n) — Kj(z) € [, 00) strictly increase on
[0,m), in which Kj(z) satisfies K3(0) =/ >0 and
hmm_ng(ﬂZ) = 400, with

Vvn(t)B

7
n(t) — |zl 7

K5(n(t), =) =

3 Controller Design

In this section, the ABFPPC with non-fragility is
presented. First, we will illustrate the details of using
ABF (7) to achieve PPC without error transformation.
Second, a special adaptation for super-twisting control
is designed to avoid the fragility.

3.1 Advanced barrier function-based PPC

Define a sliding variable

(8)

where e; = 21— 4gand ea = w2 —x3 4 are the tracking
errors, A is a positive constant. Then, the control © =
is given as

s =-¢ey+ Aej

us = —K5(1n(t), s)(s(t)/* +us2 — A1 +d2a (9)
isp = —KE((t), 5)(s(t))° (10)
where the notation (2)“, denote |z| sign(z), z,« € R.

Theorem 1 Consider system (1)-(2) with control law
(9)-(10) and a non-increasing prescribed performance



ICJK

Aerospace Engineering Communications

function n(t) = (M0 — Noo) exp(—It) + Noo, Then, for

all t > 0, one has |s(t)| < n(t). Moreover, ey and ez will

still converge to a small residual set, tlim le1(t)| < oo/,
—00

. S
T Jea(t)] < 2

Proof. Taking derivative of s in (8) with éy = &2 — @2 4
as mentioned above, we have

$=¢ég+ g = (hu5+d*i‘27d)+)\é1 (11)
Substituting (9) into (11), one can obtain
§ = —hEK5((), 8)(s()* + hugs
— h)\él + hibQ,d +d— :tgyd + )\él
(12)

= h[=K3(n(t), 5){s(t)"/? + ug2)
h—1 d

+ h[ (L2,0 — Aé1) + E]

Defining the lumped disturbance D(t) and the
auxiliary variable ¥(¢) as

h—1 . . d
h ($2’d_)\61)+ﬁ

U(t) = ugs + D(t)

Then, the dynamics of the system can be rewritten as

D(t) = (13)

(14)

(15)

§(t) = h[=K3(n(t), s)(s(t)"/* +0(t)]
0 (16)

W(t) = —K5*(n(t), 5)(s())" + D(1)
According to Assumptions 1 and 2, D < Dy is

bounded by an unknown boundary. The remaining
proof process can be divided into two steps.

Step 1: When t > 0, we need to prove that |s(t)| < n(¢).

Define the change of variables z = (21, 22) given by:
z1 = KEQS(t), zo = U(t) (17)

In these variables, the system can be written as follows:

5 =2 0K K%24 18
zZ1 = @21 + B S ( )
Zy = (19)
where oK 12,
B _ By/n(n —[s])*/5(s) (20)

Js 2(n = sl)
with the initial state satisfies |21 (0)| < 3%no.
Substituting (20) into the term 0K;/0sK}; is given as

OK; _ 1/2 3(s)?
OsKj  (n—|s])

= Cp K323(s)° (21)

where C,, = 1/(258%) .

To clearly show the derivation of the simplified
dynamics, we substitute (21) into the first equation of
(18):
51 =2 (CK3(5)°) 21 + K57
(22)
= K5% (1 + 2an1<5>°)
Since z; = KEQS, it holds that zl(s>0 = |z1]. By
defining G(z) = 1 + 2C), | 21|, we obtain:
4 = K5°5G(2) (23)

Dividing both sides by G/(z) and substituting 5 from
(15), noting that (z1)'/2 = K}j(s)"/* and z; = ¥, one
obtains:

4/G(z) = K2h(—(21)"? + 29)
—K3*(1)" + D

(24)

3o = (25)

Since D is bound, whatever the choice of nis, K* e I5}
by definition. So, (25) shows that 2, is bounded. The
design of u, > is reasonable.

Then, define Lyapunov function V; as

_ InG(2) 1, F(2)23
V=T (1= et )+ S o
where ¢(22) and F'(z) are defined as
$(22) = (22)" min(|z2, 1) (27)
o hmin/ if <21>0Z2 S 0
Fz) = { hmax, if <21>0z2 >0 (28)

The following inequality holds

3InG(2)  hminz3 5InG(2)  hmaxzs
<< 29
0, 2 S STsg, T2 (29)

Hence, V; is positive-definite. Then, the following fact
needs to be satisfied

A=Y (30)
where V* is a positive constant only depending on
hmin/ hmaxr and Dmax-

Taking the derivative of the Lyapunov function (26),
one gets

C A L A6() d()(2) G
S ] R e
=Tl TR T peg 2gp2C, G
(31)
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Define
V*=8(1+h2, + h2 )C3,
5In1+2Cyzp (14 1 ) (32)
Cn hmin
where Cp = Dy /f and 2p = 4(Cp — 1/8)/C,

We can prove by contradiction: there exists an
increasing sequence of times ¢,,n > 0 tending to
infinity such that

(33)

If (33) does not hold, there exists ty > 0 such that one
has, for t > t,V; > V* /2. Moreover, if any trajectory
of (15) is in the strip at some time ¢ > ¢( then it must
go through it in time cross verifying

2111(1 + 4CD) < ln(l + 4CD)

tCrOSS <
Pmin22 Cp

(34)

Reference [39] claims that the trajectory of (15) must
enter into the strip. Indeed, otherwise

. 1 1
V1S—§\Z1!%—§|Z2\ (35)

A simple examination of the phase portrait in the
region z; > zp shows that the trajectory of (15) must
enter the region 0 < 2z < z it in finite time along the
axis zo = 0. Hence, there exists an interval of time
[t1,t2] such that

Vzi(t) = 222(t1), 22(t2) = 0 (36)

Then Zg(tl) >V V2/2, to —t1 > %ZQ(tl) and

(37)

This is impossible and (33) is proved.
Step 2: Define Lyapunov function V5 as

1
VQ = *6%

5 (38)

Lemma 1 [42] When the sliding mode vector s designed as
in (8) converges to a small set containing the origin (that is
|s| < A, where A is a positive constant), then eq and es will
converge to a small residual set, e; < A/X\ and e; < 2A.
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Then, the derivative of V5 is given by

VQ = €1é1 (39)
Substituting Eq. (8) into Eq. (39), we have
Vy = e1(s —Aep) = —)\e% + seq (40)

< [lexll (=Alex] +sl)

From Eq. (40) and Lemma 1, when ¢t — oo, itis obvious
that

i <
Jim e (£)] < 0e/A (41)

Combining the supposed condition in Theorem 1:
tli)m |s(t)| < n(t) with Eq. (41), we have

. o . -
Jim flea ()]} < Tim ls(6)[] +Alim flex (8)[] < 2ne0
(42)

Owing to the decreasing property of 7(t), e; and ey
are bounded if the defined sliding-mode variable s
converges to within a small neighborhood around
s = 0. The proof of Theorem 1 is complete.

3.2 Non-fragile strategy

Consider system (15) with adaptive parameter
K3(n(), s), the main problem draws on the case when
unknown initial states or sudden disturbances occur,
the expected state constraint (5) is violated. Replacing
K3(n(t),s) in (9) with new adaptive parameters L(t)
and M (t), the controller can be rewritten as

us = —L()(s())? +us2 — Aéy + oy
g2 = —L2(t)(s())° — M(t)(s(t))"

where the variable gain L(t) is defined as follows

(43)
(44)

Ll(t—ta)-i-Lo, ift —t, <t_(80)
Ly = { K3(t),5),  ift—t > i(s0) )
/o, if s(t) > n(t)
o ={ Gy oy 9

where L, Lo, and M, are positive constants, ¢, is
the time when the sliding-mode variable exceeds 7(t)
considering the case that the controller is subject to
unknown initial states and sudden disturbances.

Lemma 2 [36] Consider system (1)-(2) with adaptive
control law in (43)-(45) and a small constant € > 0,
Ly > 0, Ly > 0, for every so = s(0), there exists a first
time t(so), where |s(t)| < e/2. Then, forall t > t(s), one
has |s(t)| < e.
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Lemma 3 [38] Considering an integer system (1)-(2),
there exists a law w as follows:

u = g(uo(|s]))uo(s) + bsign(uo(|s|)) L(t, Vi(s)) (47)

where V1 is a continuous positive definite function, g is an
arbitrary increasing function tending to infinity, ug is a
feedback controller, b is a positive constant. Then, for every
so = s(0), if t > 0, there exists a time t(V1(so)) for which
Vi(s(t)) < n(t)/2att = t(Vi(so)) and s(t) for all t >
t(Vi(eo)), Vi(so) < n(t), where n(t) is a non-increasing
function, and satisfies —n(t) < In(t), [ > 0.

According to Lemma 3, replacing the small constant
¢ in Lemma 2 with a non-increasing function 7 will
not affect system stability. For example, let ug = s
and Vi (s(t)) = |s|1/2, if g = u, 2 lead to the boundness
of the second equation of (48), then according to the
properties of exponential function, |s| < n(t).

The point is that we need to guarantee that the system
solution will reach 7(t)/2 since the condition #(s)
disappears. Here, a simple term M (t)(s(t))° helps us
achieve this.

Lemma 4 [43] Consider the following motion equations,

{ A A (48)

—Mo(s(1))" + f(t)

where |f(t)] < fo, Mo > fo, fo and My are constant
positive constants. Define E = My — fo, if E > 0, the state
convergences to zero after a finite time interval. Moreover,
there exists a*, if a(t) > a* such that the state is reduced to
zero in finite time. The convergence time tends to s(0)/m
with a — oo.

Remark 1 We do not need to guarantee that E > 0 for
system (15) as in Lemma 4. The second equation of Eq.
(24) shows that W is bounded, since % is bounded with the
term —K/’gz(n(t), s)(s(t))". Therefore, introducing M (t)
here does not aim to overcome the disturbance. The main
purpose is to speed up the convergence from n(t) to n(t)/2.

Remark 2 It is worth noting that if there is no unknown
initial state or sudden disturbance, the controller (9) is
sufficient to achieve the capabilities of traditional PPC. The
variable gain Ly(t — t,) + Lo in (45) is equivalent to
resetting the control strategy of the system on-line. In
the following experiments, the controller sometimes cannot
provide enough input to overcome sudden disturbance. In
this case, the system state will exceed the performance
envelope.

4 Experimental Studies

The proposed controller in (9)-(10) and (43)-(46) will
be utilized to control the system. The results of the

proposed ABFPPC are compared with the traditional
PPC in [40, 41] and MBFPPC in [35].

The experiment will be demonstrated using a 2-DOF
helicopter as shown in Figure 1. The Quanser Aero can
be configured as a conventional dual-rotor helicopter.
The front motor that is horizontal to the ground
predominantly affects the motion of the pitch axis,
and the back motor mainly affects the motion of the
yaw axis. Both the front and back motors generate
torque on each other, this is a coupled system.

The system employs a control algorithm that generates
control commands in the form of voltage signals
to drive the motor. The motor then produces a
control torque at the rotor, which regulates the system
dynamics. Define (6, ¢) the pitch and yaw angles.
The sampling rate is selected as 200Hz. The real-time
control is realized. The dynamic equations of the
input-output behaviors can be expressed as

Jp0 4+ Ryf + Kep) = hy(t)u, + d,, (49)

Jyp + Ryp = hy(t)uy + dy (50)

where 6 and ¢ are the pitch angle and the yaw angle
expressed in the body frame, 0, o, 6 and ¢ are the
corresponding angular velocities and accelerations,
u;, di, hi, J; and R;, i = p,y are the control inputs,
the external disturbances, the fault characterizing the
health conditions of controller, the total moments of
inertia and the damping ratio parameter about the
pitch and yaw axes, respectively, K, is the stiffness
parameter about the pitch axis.

Without actuator faults, the control inputs are related
to the voltages of the pitch and yaw motors and can be
expressed as

up = KppVp + KpyVy (51)

(52)

where V,, and V,, are the voltages applied to the pitch
and yaw motors, respectively, K, and K, are the
torque thrust parameters of the pitch and yaw motors,
respectively, K, is the cross-torque thrust parameter
acting on the pitch from the yaw motor, K, is the
cross-torque thrust parameter acting on the yaw from
the pitch motor.

uy = KypVp + KyyVy

To stabilize the 2-DOF helicopter attitude control
system, the following sliding variable s = [s,, s,]" is
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defined: L
Sy = Tae + 93
> (53)
Sy = E‘Pe + ©e
where )\; > 0 and )\Z > 0.

Then, consider the kinematics and dynamics system
(49) and (50), let z1 = [0, 0c|" = [z1p, 21,]" and
xo = &;. The sliding mode variable can be rewritten
as s = £y + Azx1. Then, we get the state space model of
the 2-DOF helicopter [44]

.’i?l =X (54)
&y = F(z1,22) + H(t)u(t) + d(t) (55)
_ —Kop/Jpx1p —Rp/Jp 21y
where F(zi,z2) = 0 Ry /], way|”

H(t) = diag {hy/Jp, hy/Jy},and&(t) = [dp/Jp s dy/ Iy ]T-

During the experiments, the actuators may suffer from
unknown faults. The model of the actuator failure
model is chosen as in [41]:

u = K(t)us(t) + T'(¢) (56)

where u,(t) is the control input as designed in (9)
and (43)-(46). K (t) = diag {k,(t), ky(t)} indicates an
actuator gain fault with 0 < ko < k;(t) < 1, (i = p,y)
being an effective factor for the ith actuator, where kg
is a positive constant. T'(t) = [y,(t), 7, (¢)]T denotes a
bounded signal.

Instead of just generating the parameters of actuator
faults in Matlab as in [41], the following experimental
scenario was adopted as shown in Figure 2. We
unlock the connection between the rotor and the body.
Then, the rotor is flexible, and the control inputs with
actuator faults satisfy

up = €08 0 (t) Ugp (t) + sin ouy (t)usy (t) (57)
—_——— —_—
kp(t) Yp(t)
Uy = COS ty (t) Uy (t) + sin oy () ugp(t) (58)
—_———— —_—— —

ky (t) Ty (t)
where 0 < o, < 7/2and 0 < ay < /2. The exact
value of o, and oy, are unknown during the experiment.
(57)-(58) physically implemented the description of
actuator faults in (56).

Remark 3 We use the sliding mode variable (53) instead
of the sliding mode variable (8) in the experiments. Because
such a performance envelope is more intuitive, that is,
tllglo ‘96| < 277poo; tllglo |ee‘ < Apnpoor tllglo |§0| < 27]@/001

Jim (o] < Ao

74

Yaw axis

Pitch axis

Figure 1. 2-DOF helicopter.

™ Flexible

Figure 2. Actuator fault settings for 2-DOF helicopter.

Remark 4 Since we remove the rivets fixing the helicopter’s
body, the expected trajectory amplitude cannot be too
large, and the movement cannot be too fast, otherwise
the helicopter’s actuator will fall.

4.1 Parameter setting

The initial states of the 2-DOF helicopter, the torque
thrust parameters of the pitch and yaw motors, and
the parameters of the ABFPPC are listed in Table 1.
The core parameters of the comparative traditional
PPC and MBFPPC are tuned to their optimal values
as suggested in [40] and [35], respectively, to ensure
a fair comparison. The desired attitude is designed
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as 6,4(t) (7/16) sin 0.25¢ + 0.12 rad and ¢4(t)
(w/48)sin 0.3t — 0.12 rad. We use the subscripts p and
y to distinguish parameters on different axes.

Table 1. Experimental parameters.

2-DOF helicopter Values Controller Values
0.(0)(rad) 0.25 L 0.02
0.(0)(rad/s) 0 Lyo 0.07
©e(0)(rad) -0.15 L, 0.02
Ye(0)(rad/s) 0 Ly 0.07
Mpody (kg) 1.0750 A 6.25
Vomaz (V) 24 Ay 6.25
Vymaz (V) 24 My 0.05
Jp(kg - m?) 0.0219 By 0.07
Jy(kg - m?) 0.0220 By 0.07
AJp(kg - m?) 0.0014 Iy 0.2
AJy(kg-m?)  0.0009 ly 0.4
Ky,p(N-m/V) 0.0012 1po 0.25
Kyy(N-m/V)  0.0022 7y0 0.2
Kpy(N-m/V) 0.0021 TNpoo 0.015
Ky(N-m/V)  -0.0014 Nyoo 0.01

4.2 The proposed controller

As shown in Figure 3, the ABFPPC could force the
sliding variable s to satisfy the prescribed performance
function in the presence of actuator faults. In
turn, Figure 4 shows that the output (6,¢) can
follow the desired trajectory (64, ¢q), which meets
our control objective. Figures 5 and 6 indicate
that the tracking errors of angles and angular
velocities also satisfy Theorem 1 and Remark 4:
tlggo 0] < 2mpoo, tlggo 0] < 6.257p00, tlggo o] < 2Myoo,
lim [¢] < 6.25700.

t—o0

Quantitative analysis indicates that the proposed
ABFPPC achieves superior steady-state performance.
Specifically, the maximum tracking error of the
proposed method is reduced by approximately 35%
compared to the traditional PPC under standard
operating conditions, and the steady-state error is
strictly maintained within 0.015 rad, validating its
precision and robustness.

Remark 5 The sliding variable s is equivalent to the
filtering error in [40]. [41] improves [40] with fault-tolerant
control scheme.

05"

0.4

0.2t

0.005

o

-0.005

0.4
0

Time (sec) Time (sec)

Figure 3. Sliding variables of the proposed method.
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Figure 4. Attitude tracking results.

4.3 Comparison to fault-tolerant control with prescribed

performance under sudden disturbances

In this subsection, we want to further verify the
stability of the proposed controller under extreme
conditions to see if the non-fragile strategy (43)-(46)
can improve the system’s robustness to sudden
disturbance exceeding the controller capability.
The results are compared with adaptive neural
fault-tolerant control for a 2-DOF helicopter system
with prescribed performance in [40, 41]. Researchers
assumed the controller could limit the states to the
pre-defined envelope of traditional PPC. However,
sudden disturbances may exceed the controller’s
capability in reality.

As shown in the supplementary video (https:/youtu.
be/mhYPbOSzzdk), the 2-DOF helicopter states escape
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Figure 5. Tracking errors of attitude.
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Figure 6. Tracking errors of angular velocities.

from the pre-defined envelope by sudden disturbances
and faults. The results are shown in Figure 7, and
the performance comparisons between the proposed
controller and adaptive neural fault-tolerant control

with prescribed performance in [40, 41] are presented.

We give the 2-DOF helicopter a sudden disturbance
and fault at about 12s, physically injecting the

bounded uncertainties defined in Eq. (57) and (58).

Their values in the red line (our method) are larger
than in the green line (method in [40, 41]). Although
the controller of [40, 41] is robust and can cope with
a certain degree of external disturbance and actuator
fault, once there is a sudden disturbance and fault, the
control output deteriorates and becomes saturated as
shown in Figure 8. The system states is in vibration

and cannot return to the performance envelope.
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Figure 7. Comparison of sliding variables under sudden
disturbances: (a) with ABFPPC, (b) with fault-tolerant
PPC in [40].
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Figure 8. Comparison of control input under sudden
disturbances: (a) with ABFPPC, (b) with fault-tolerant
PPC in [40].

However, the proposed controller can maintain control
performance under sudden disturbances. It validates
the non-fragility of ABFPPC.

4.4 Comparison to fault-tolerant control with prescribed

performance under unknown initial states

In addition to sudden disturbances, we also verified
the effectiveness of the controller under unknown
initial states. The results are still compared with
adaptive neural fault-tolerant control for a 2-DOF
helicopter system with prescribed performance in
[40, 41]. The initial states are changed to 6.(0) =
0.6 rad and ¢.(0) = —0.5 rad.
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Figure 9. Comparison of sliding variables unknown initial
states: (a) with ABFPPC, (b) with fault-tolerant PPC in
[40].

T T o
ABFPPC e
Fault-tolerant PPC in [20] |

Vo (V)

0 5 10 15 20 25 30 35 40 45 50

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Figure 10. Comparison of control input under unknown
initial states: (a) with ABFPPC, (b) with fault-tolerant PPC
in [40].

As shown in Figures 9, although the initial system
states are out of the envelopes, they still strictly meet
the conditions when they enter the performance
envelope in the convergence process for the red line.
It indicates that the variables can be set out of the
performance envelope, and not exceed the envelope
again with ABFPPC. On the other hand, [40, 41] fails to
restrict the attitude within the performance envelope,
once the initial system states are out of the envelopes.
The control signals are shown in Figure 10. Compared
with [40, 41], our method does not fall into saturation
due to unknown initial states.
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Figure 11. Comparison of sliding variables: (a) with
ABFPPC, (b) with MBFPPC in [35].
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Figure 12. Comparison of control inputs: (a) with ABFPPC,
(b) with MBFPPC in [35].

4.5 Comparison to MBFPPC

In this subsection, we compare the performance
between the proposed method and MBFPPC in [35].
The results are shown in Figures 11 and 12. Since the
monitoring function is an appropriate switching-based
scheme, during the convergence process, the system
state is discontinuous at the switching point (about
5s), which will lead to chattering in the subsequent
process. ABFPPC overcomes this problem and allows
the state to smoothly satisfy exponential decrease.

5 Conclusion

In this paper, we study the advanced barrier function-based
prescribed performance control with non-fragility,
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subject to unknown initial states, actuator faults, and
sudden disturbances. The advantage of the proposed
method is that the states satisfy the performance
functions with a specially designed barrier function
instead of using transformed error. The performance
functions are related to actual performance constraints
without changing the control framework. Benefiting
from this, a simple adaptation law for ABFPPC is
designed to cope with unknown initial states, sudden
disturbances, and actuator faults. The experimental
results using a 2-DOF helicopter show that the system
can achieve the prescribed performance even with
robustness and non-fragility.

Compared to traditional methods, the core innovation
of completely removing the error transformation
while guaranteeing non-fragile stability simplifies
the implementation process. Ultimately, the proposed
ABFPPC provides a highly reliable, low-complexity,
and practically viable solution for complex aerospace
engineering missions.

In future work, we will further discuss the relationship
between 7o, and chattering. In the experiment, we
find that if 7). is too small, regardless of the adaptive
method used, PPC control will experience chattering.
Therefore, we hope to solve this problem.
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