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Abstract—Propeller failure is a major cause of multirotor
unmanned aerial vehicles (UAVs) crashes. While conven-
tional multirotor systems struggle to address this issue due
to underactuation, overactuated platforms can continue fly-
ing with appropriate fault-tolerant control (FTC). This article
presents a robust FTC controller for an overactuated UAV
platform composed of quadcopters mounted on passive
joints, offering input redundancy at both the high-level ve-
hicle control and the low-level quadcopter control of vec-
tored thrusts. To maximize the benefits of input redun-
dancy during propeller failure, the proposed FTC controller
features a hierarchical control architecture with three key
components: 1) a low-level adjustment strategy to prevent
propeller-level thrust saturation; 2) a compensation loop
for mitigating introduced disturbances; and 3) a nullspace-
based control allocation framework to avoid quadcopter-
level thrust saturation. Through reallocating actuator in-
puts in both the low-level and high-level control loops,
the low-level quadcopter control can be maintained with
up to two failed propellers, ensuring that the whole plat-
form remains stable and avoids crashing. The proposed
controller’s superior performance is thoroughly examined
through simulations and real-world experiments.

Index Terms—Fault-tolerant control (FTC), input redun-
dancy, nullspace allocation, optimization, overactuated un-
manned aerial vehicles (UAVs), propeller failure.

I. INTRODUCTION

OVERACTUATED multirotor unmanned aerial vehicles
(UAVs) have been proposed in the last decade to over-

come the underactuation issue of traditional colinear multiro-
tor UAVs [1], leveraging vectored thrusts to improve dynamic
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Fig. 1. With two failed propellers on one quadcopter module, our pro-
posed FTC algorithm can keep the platform from crashing and remain
stable trajectory tracking. (Failed propellers are labeled by red boxes).

properties. There are mainly two categories of realizations in
this field. The first group of works [2], [3], [4] employs multiple
propeller-motor pairs in various or varying directions to achieve
full or overactuation. The second group of works [5], [6], [7],
[8], [9] utilizes standard quadcopters mounted on passive joints
as actuation modules, simplifying the design and prototyping
process while reducing internal disturbance levels [9]. With
additional actuators onboard, these platforms should demon-
strate increased robustness against propeller failure compared
to conventional quadcopters: without sufficient fault-tolerant
control (FTC) algorithms, overactuated multirotor systems are
more likely to suffer from propeller failure than quadcopters,
resulting in crashes. Therefore, developing FTC algorithms to
reduce crash likelihood in the event of propeller failure is of
great interest.

In this article, we first implement the previously proposed
nullspace-based control allocation framework [10] to address
the thrust force saturation issue in overactuated UAV plat-
forms. We validate this approach on our customized overactu-
ated platform [8], where four miniquadcopters are connected
to the mainframe via passive hinges, serving as tiltable thrust
generators. The platform features input redundancy in both high-
level wrench control and low-level tiltable thrusts control [11].
Following this, we propose a FTC algorithm specifically for
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scenarios in which one or more propellers on a single quadcopter
(denoted as Bad QC) fail while the other three quadcopters
(denoted as Good QCs) continue functioning properly (see
Fig. 1). This FTC controller employs a hierarchical structure
with three main components: 1) a low-level controller to adjust
the propeller-level thrust force distribution on the Bad QC,
2) a high-level controller to reallocate quadcopter-level thrust
force distribution among the Good and Bad QCs, and 3) a
compensation loop for disturbance attenuation.

In the low-level controller, due to the reduced thrust and
torque capacity, the thrust distribution among the propellers of
the Bad QC is adjusted to maintain control of the tilting angle
and the thrust. However, this low-level adjustment introduces an
interaction torque between the central frame and the Bad QC,
acting as a disturbance. To attenuate this undesirable torque, the
redundant inputs of the three Good QCs are utilized to formulate
a compensation loop [11]. Finally, in the high-level controller,
the nullspace-based allocation framework is implemented to
optimize the thrust distribution of all four quadcopters. This
control framework is validated through both dynamic simula-
tions and real-world experiments.

Our contributions are highlighted as follows:
1) We analyze the thrust force saturation issue in overactu-

ated UAV platforms, and implement the nullspace-based
control allocation framework to address it.

2) We develop a FTC algorithm to fully utilize the redun-
dancy of overactuated UAV when some of the propellers
on a single quadcopter module fail. We analyze and
compare two different low-level control methods, design
a compensation loop for disturbance attenuation, and
incorporate a nullspace-based control allocation to find
the optimal allocation solution under this scenario.

3) We present simulation and experimental validations to
demonstrate the effectiveness of our proposed control
algorithm in handling the thrust force saturation and
propeller failure in overactuated UAV platforms.

The rest of the article is organized as follows. Related work
is summarized in Section II. The dynamics models of the over-
actuated UAV platform are reviewed in Section III. Section IV
presents the control architecture and the nullspace-based frame-
work for control allocation. Section V describes the FTC frame-
work to handle propeller failure. Sections VI and VII present
the simulation and experiment results. Finally, Section VIII
concludes this article.

II. RELATED WORK

A. Control Allocation

Control allocation in overactuated UAV platforms, which
computes individual actuator commands from the desired total
wrench, is a constrained nonlinear optimization problem that
is generally difficult to solve with high efficiency. Ryll et al.
first utilized dynamic output linearization for control allocation
at a higher differential level, requiring accurate acceleration
measurements or estimation [12]. Kamel et al. introduced a force
decomposition (FD)-based method, transforming the nonlinear
allocation problem into a linear one by defining intermediate

variables [2]. This method improved computational speed by
directly choosing the least-square solution but sacrificed input
redundancies. Furthermore, iterative approach [13] and separa-
tion method [14] were proposed for improved efficiency. How-
ever, none of these methods [2], [12], [13], [14] considered input
constraints, leading to instability when the input constraints were
triggered [15].

The quadratic programming (QP)-based framework [16] re-
lied on discretization and linearization to incorporate both in-
equality and equality constraints. Nonetheless, it only generated
approximate solutions, introducing additional disturbance to
the control system. In our previous work [10], we developed
a nullspace-based allocation framework to combine the bene-
fits of FD-based and QP-based frameworks and provide exact
allocation solutions that satisfied the defined input constraints
in real time. Specifically, we demonstrated its capability by
addressing the kinematic-singularity problem of a twist-and-tilt
rotor platform [6]. In this article, we further implement this
framework to address the issue of thrust force saturation and
propeller failure on a different overactuated UAV platform.

B. Fault-Tolerant Control

UAV FTC strategies can be categorized based on their con-
figurations. For quadcopters, due to underactuation, propeller
failure typically requires sacrificing yaw motion control to main-
tain full translational control [17], [18], [19], [20], [21], [22].
Multirotor UAVs with more than six controllable inputs [4],
[23], [24], [25] or tilt-rotor quadcopters [26], [27], [28], [29]
exhibit greater robustness against propeller loss due to input
redundancy. The Y-shaped hexarotor platform with tilted rotors
exhibited enhanced rotor-failure robustness compared to the
standard star-shaped hexarotor platform [30]. Related FTC con-
trollers were presented in [31] based on modifications of control
allocation and in [32] based on center-of-mass shifting. A new
type of overactuated UAV platforms integrates quadcopters and
passive joints to achieve full actuation [5], [6], [8]. Inherently,
these platforms possess more propellers than standard tilt-rotor
platforms, increasing the likelihood of propeller failure. In this
article, we present an FTC for this type of UAV platform that
sufficiently utilizes the redundancy of the entire platform at both
high-level and low-level control, enhancing platform robustness
against propeller failure. As a result, various UAV platforms [6],
[13], [26], [27], [33], [34], which may have different thrust gen-
eration capabilities among propellers or thrust-generation mod-
ules under propeller failure, can achieve improved rotor-failure
robustness.

III. PLATFORM DYNAMICS AND PROPERTY

The overactuated multirotor platform discussed in this article
adopts commercial quadcopters with passive hinges, serving as
two-degree-of-freedom (DoF) tiltable thrust generators [8], [9].
As shown in Fig. 2, we define the world frame, body frame, and
quadcopter frames as FW , FB , and FQi

, respectively. The posi-
tion of the central frame is defined as ξξξ = [x, y, z]T, the attitude
is defined in the roll-pitch-yaw convention asηηη = [φ, θ, ψ]T, and
the angular velocity is defined as ννν = [p, q, r]T.
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Fig. 2. Shown is the prototype used in this article; four commercial
quadcopters are passively hinged to the central frame of the platform.

A. Platform Dynamics Model

The dynamics model of this platform can be simplified as[
W ξ̈ξξ
Bν̇νν

]
=

[
1
m

W
BRRR 0

0 BIII−1

]
uuu+

[
WGGG

000

]
(1)

where m is the total mass of the platform,GGG is the gravitational
acceleration, WBRRR is the rotation matrix from FB to FW , III is
the inertia matrix of the platform and

uuu =

[ ∑4
i=1

BQiRRRTiẑ̂ẑz∑4
i=1(dddi ×B QiRRRTiẑ̂ẑz)

]
=

[
JJJξ(ααα)

JJJν(ααα)

]
TTT (2)

where dddi the distance vector from FB’s center to FQi
, αi is

the tilting angle of quadcopter i (denoted as Qi), and Ti is the
magnitude of the thrust generated by Qi.

B. Actuator Dynamics

For each Qi, the four rotating propellers collectively generate
an independent force and torque output according to⎡⎢⎢⎢⎣

Ti

Mx
i

My
i

Mz
i

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎢⎣
1 1 1 1

−b −b b b

b −b −b b

cτ −cτ cτ −cτ

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎣
ti0

ti1

ti2

ti3

⎤⎥⎥⎥⎦ (3)

where Mx
i , My

i , and Mz
i are the torque outputs in FQi

; b is
a constant defined as b = a/

√
2 with a the arm length of the

quadcopter; cτ is a constant defined as cτ = Kτ/KT with Kτ

the propeller drag constant, andKT the propeller thrust constant;
and tij is the thrust force generated by propeller j (denoted as
Pj) of Qi, defined by: tij = KTω

2
ij , where ωij is the rotational

speed of Pj on Qi. The torque outputs My
i are related to the

hinge angles αi through the tilting dynamics [8]

α̈i =
1
Iyi
My

i − sin
(π

2
i
)
ṗ− cos

(π
2
i
)
q̇ (4)

where Iyi is the inertia in yyyQi
direction.

C. Platform Property

As introduced in [9] and [35], this type of overactuated UAV
platform has unlimited joint angle ranges and greatly reduces
the mechanical complexity compared to existing tiltable-rotor
configurations [2], [12], [27], [36], [37], where each rotor’s
tilting is actuated by a servo motor. Moreover, our proposed
configuration eliminates propeller drags, gyroscopic momenta,
and tilting reaction torques—factors treated as disturbances or
unmodeled dynamics in other tiltable-rotor platforms—due to
paired propellers rotating in opposite directions and the zero-
torque transmission in passive hinges. Therefore, this type of
platform has the best trajectory tracking performance among
these configurations.

Another notable feature of this platform is the presence of
fast auxiliary inputs Mx

i and Mz
i in the low-level control of

Qi (3). In the event of propeller failure, different from other
overactuated UAV configurations requiring abandonment of the
propeller-motor pair and related servo motors, the low-level
input redundancy of our platform offers partial thrust generation
capability, preventing the platform crashes with more weights
onboard. In addition, auxiliary inputs can improve control per-
formance (e.g., as done in [11] and [38]) because the dynamics of
each motor are sufficiently fast and considered as feed-through
dynamics.

Furthermore, our proposed configuration could potentially be-
come a modular reconfigurable quadcopter system by equipping
each quadcopter with a docking frame. Various similar designs
are proposed to transform quadcopter swarms into connected
overactuated flying structures through docking process [39],
[40], [41], [42]. The popularity of constructing flying structures
with quadcopters highlights the significance of our platform and
associated control challenges.

IV. NOMINAL CONTROL

A. Hierarchical Architecture and Tracking Control

The overall controller features a hierarchical structure, con-
sisting of 1) a high-level controller that provides the desired
wrench commands for the platform to track a reference trajec-
tory, and maps these commands to the inputs of each thrust
generator through control allocation; 2) a low-level controller
for each quadcopter to achieve rapid response in tracking the
desired joint angle and thrust. The stability of this controller has
been demonstrated in our previous work, please refer to [9] for
more details.

In high-level control, feedback linearization is implemented,
and the six DoF wrench command is designed as follows:

uuud =

[
JJJξ

JJJν

]
TTT =

[
mWBRRRT 000

000 BIII

]([
uuuξ

uuuν

]
−
[
WGGG

000

])
(5)

where the superscript d indicates the desired values, uuuξ and
uuuν are virtual inputs for position control and attitude control,
respectively. Combining (5) with (1), the platform dynamics
is equivalent to a double integrator and can be written in a
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state-space form as

Ẋ̇ẊX =AAAXXX +BBBũ̃ũu (6)

where

AAA =

⎡⎢⎢⎢⎣
0 0 III3 0

0 0 0 III3

0 0 0 0

0 0 0 0

⎤⎥⎥⎥⎦ , BBB =

⎡⎢⎢⎢⎣
0 0

0 0

III3 0

0 III3

⎤⎥⎥⎥⎦
XXX =

[
ξξξT ηηηT ξ̇̇ξ̇ξT νννT

]T
, ũ̃ũu =

[
uuuTξ uuuTν

]T
. (7)

We design a linear quadratic integral (LQI) control scheme [43],
[44], [45] to close the control loop with the augmented system
states as

X̃̃X̃X =
[
eeeTξ eeeTη ėeeTξ ėeeTη

∫
eeeξdt

T
∫
eeeηdt

T
]T
. (8)

The cost function is

J̃̃J̃J(X̃̃X̃X , ũ̃ũu) =
∫ ∞

0
(X̃̃X̃XTQ̃̃Q̃QX̃̃X̃X + ũ̃ũuTR̃̃R̃Rũ̃ũu)dt (9)

where Q̃̃Q̃Q and R̃̃R̃R are designed matrices that determine the closed-
loop dynamics, and the optimal input ũ̃ũu is given by

ũ̃ũu = −KKKX̃̃X̃X (10)

whereKKK is the solution to the algebraic Riccati equation of the
augmented system.

B. Nominal Allocation Framework

1) FD-Based Allocation: Given uuud, we aim to determine the
desired tilting angle ααα and thrust TTT for the four quadcopters
through the nonlinear mapping (5)—this process is known as
the “allocation problem.” One heuristic solution employs FD to
transform this nonlinear mapping problem into a linear one by
defining intermediate variables [2]

FFF = [Fs0 Fc0 . . . Fs3 Fc3]
T (11)

where

Fsi = sinαi Ti, Fci = cosαi Ti. (12)

With these new variables, (5) can be rewritten as

uuud =

[
JJJξ

JJJν

]
TTT =WWWFFF (13)

where WWW ∈ R6×8 is a constant allocation matrix with full row
rank. Then general solution of FFF is expressed as

FFF =WWW †uuud +NNNWZZZ (14)

where NNNW ∈ R8×2 is the nullspace of WWW and ZZZ ∈ R2×1 is an
arbitrary vector. The least-squares solution can be acquired to
minimize ‖F‖2 = ‖T‖2 by setting ZZZ = 0. The real inputs Ti
and αi for the low-level controller can then be recovered as

Ti =
√
F 2
si + F 2

ci, αi = atan2(Fsi, Fci). (15)

2) Thrust Force Saturation Issue: However, this FD-based
allocation framework (referred as the nominal allocation frame-
work) does not account for input constraints. Specifically, it
could generate a desired thrust exceeding motor saturation,
leading to platform instability. This issue, known as thrust
force saturation, was investigated previously in [7] and [9],
where the nominal FD-based allocation framework proved in-
adequate for utilizing full thrust capability of the platform,
and an analytical solution was provided for a 1-D rotation
scenario by formulating it as a min–max optimization prob-
lem. In this study, we generalize this problem for a standard
trajectory-tracking scenario. At each timestep, the nullspace-
based allocation framework (will be introduced next) deter-
mines the optimal tilting angle and thrust for each quadcopter,
subject to a predefined cost function and input constraints (see
Section VII-B).

C. Nullspace-Based Allocation Framework

In our previous work, we proposed a nullspace-based allo-
cation framework [10], which has the advantages of both the
FD-based and QP-based allocation frameworks while avoiding
their known issues. In this framework, a QP problem is first
formulated at each time step as

min
ΔXXX,sss

JJJ = ΔXXXTPPPΔXXX + sssTQQQsss (16)

s.t. WWW

(
sss+FFF (αααo,TTT o) +

∂FFF

∂XXX

∣∣∣∣
XXX=XXXo

ΔXXX

)
= uuud (17)

XXXmin −XXXo ≤ ΔXXX ≤XXXmax −XXXo (18)

ΔXXXmin ≤ ΔXXX ≤ ΔXXXmax (19)

where (16) is the object function, withXXX defined as

XXX =
[
αααT TTTT

]T
(20)

PPP andQQQ are weighting matrices. Equation (17) uses first-order
linearization to approximate the nonlinear equality constraint
(14), where [·]o is the value of a variable at previous timestep,
Δ[·] is the difference with respect to the previous timestep of
a variable, and sss serves as a slack variable. Equations (18) and
(19) are two inequality constraints to limit the value of a variable
or its rate of change.

The desired inputs for the current step can be approximated
as

XXX =XXXo +ΔXXX. (21)

Then, we can eliminate the approximation errors with the
nullspace projection method

FFF ∗ = (III3n −NNNWNNN
†
W )WWW †uuud +NNNWNNN

†
WFFF (XXX). (22)

Finally, ααα∗ and TTT ∗ can be determined from FFF ∗ using (15). The
nullspace-based allocation framework takes into account input
constraints while still providing an exact solution for (13). This
makes it more broadly widely than existing methods. For a
detailed explanation of the implementation, the reader can refer
to [10]. The FTC utilizing this constrained allocation framework
will be presented in Section V.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: UCLA Library. Downloaded on July 13,2023 at 01:14:04 UTC from IEEE Xplore.  Restrictions apply. 



SU et al.: FAULT-TOLERANT CONTROL OF AN OVER-ACTUATED UAV PLATFORM BUILT ON QUADCOPTERS AND PASSIVE HINGES 5

Fig. 3. Fault-Tolerant Controller Architecture. Each quadcopter is equipped with onboard failure detection and motor-control modules. When
propeller failure is detected, the failure detection module communicates with the onboard controller to modify the low-level control strategy according
to identified failure combinations. In addition, it transmits failure information to the high-level controller, which leverages the nullspace-based control
allocation to adjust thrust distribution among the four individual quadcopters.

D. Low-Level Control

The thrust Ti can be directly controllable in the low-level
controller for each Qi, whereas the tilting angle αi is controlled
by My

i through the motor’s second-order rotational dynamics
(4). Therefore, a double-loop PID controller is applied to track
the tilting angle [1], [8].

Considering these relationships and neglecting the fast motor
dynamics that drive the propeller speeds, the propeller thrusts
can be calculated from (3)⎡⎢⎢⎢⎣

ti0

ti1

ti2

ti3

⎤⎥⎥⎥⎦ = sat

⎛⎜⎜⎜⎜⎝
⎡⎢⎢⎢⎣

1 1 1 1

−b −b b b

b −b −b b

cτ −cτ cτ −cτ

⎤⎥⎥⎥⎦
−1 ⎡⎢⎢⎢⎣

Ti

Mx
i

My
i

Mz
i

⎤⎥⎥⎥⎦
⎞⎟⎟⎟⎟⎠ (23)

where sat(·) is the saturation function. In the event of a failed
propeller, the speed and thrust become nearly zero, subsequently
altering the quadcopter’s maximum thrust and moments.

V. FAULT-TOLERANT CONTROLLER

This section examines the FTC control of the platform when
some propellers are completely failed. Specifically, the focus
lies on scenarios when one or two propellers on a single quad-
copter have failed, while the other three quadcopters continue
to function properly. Here, as an example, Q3 is assumed as
the bad QC. Of note, UAV fault detection has been extensively
studied with various well-developed methods available in the
literature [4], [18], [46]. Therefore, we assume that the propeller
failure combinations has been accurately detected in this article.

A. Fault-Tolerant Controller Architecture

As shown in Fig. 3, the FTC controller comprises three
primary components:

1) The low-level control on each quadcopter encompasses
two onboard functions—one for propeller failure detec-
tion (assumed to be sufficiently fast), and another for
quadcopter attitude and thrust control.

2) The compensation loop serves as an addition to the high-
level position-attitude controller and employs auxiliary
inputs to improve trajectory tracking performance and
attenuate disturbances with faster response within the
saturation constraints.

3) The nullspace-based control allocation framework is en-
gaged to incorporate input constraints and adjust thrust
force distribution among the four individual quadcopters.

When a propeller failure is detected, the low-level control
module adjusts its strategy according to the failure combina-
tion to maintain control over thrust forces and tilting angle.
Simultaneously, the high-level control allocation modifies thrust
force distribution among the four individual quadcopters, con-
sidering their different thrust generation capabilities to prevent
saturation. The compensation loop utilizes the auxiliary torque
inputs of Good QCs to compensate for the disturbance torques
generated by the low-level control of the Bad QC.

B. Propeller Failure Handling

1) One Propeller is Failed:
a) Low-level Control: In this case, three propellers on

Q3 are assumed functional, while propeller P0 is considered to
have failed. As a result, the four outputs in (3) cannot be inde-
pendently controlled [18]. To account for this, (23) is adjusted to
calculate the low-level commands as follows, where the control
of Mz

3 is lost (its magnitude is relatively small)

⎡⎢⎣t31

t32

t33

⎤⎥⎦ = sat

⎛⎜⎜⎝
⎡⎢⎢⎣

1
2 − 1

2b 0

0 1
2b − 1

2b

1
2 0 1

2b

⎤⎥⎥⎦
⎡⎢⎣ T3

Mx
3

My
3

⎤⎥⎦
⎞⎟⎟⎠ . (24)

Given that the mapping matrix in (24) is in full-rank,T3,Mx
3 , and

My
3 can be controlled independently using the three remaining

thrusts, without considering the saturation of t3j . However, in
practice, the occurrence of t32 ≤ 0 as a result of t32 = 1

2b (M
x
3 −

My
3 ) is evidently unreasonable. Therefore, the control of the

tilting angle withMy
3 must take precedence over the toqueMx

3 .
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Based on the aforementioned analysis, (24) is not employed
in the low-level control. Instead, it is reformulated as follows:⎡⎢⎣t31

t32

t33

⎤⎥⎦ = sat

⎛⎜⎜⎝
⎡⎢⎢⎣

1
4 − 1

4b

1
4 − 1

4b

1
2

1
2b

⎤⎥⎥⎦
[
T3

My
3

]⎞⎟⎟⎠ . (25)

This implies the loss of control over bothMx
3 andMz

3 . Although
this strategy introduces a torque disturbance to the central frame
(Mx

3 �= 0 andMz
3 �= 0), it ensures control of α3. The magnitude

of the torque disturbances, which are proportional to T3, can be
reduced by adjusting thrust distribution across all quadcopters
using the nullspace-allocation framework [38]. In addition, this
torque disturbance will be compensated by the add-on com-
pensation loop involving the other quadcopters, which will be
introduced later. The comparison between using (24) and (25)
in low-level control will be shown in Section VI.

b) High-Level Control: From (25), it can be shown that
T3 will not be evenly distributed among the three remaining
propellers, with P3 contributing half of the total required thrust.
Therefore, the maximum value ofT3 must be changed from 4tmax

to 2tmax, where tmax denotes the maximum thrust of a single pro-
peller. In essence, half of the thrust-generation capability is lost
despite only one propeller failing on a quadcopter. Therefore,
the maximum thrust vector Tmax in (18) must be changed from
tmax · [4, 4, 4, 4]T to tmax · [4, 4, 4, 2]T. Note that the existing
allocation strategies [2], [12], [13], [14] cannot accommodate
input constraints, necessitating the use of the nullspace-based
constrainted allocation framework.

c) Fast Compensation Loop: We utilize the auxiliary
inputs Mx

i and Mz
i from the three Good QCs to formulate

a compensation loop, mitigating disturbances induced by the
low-level control of Q3 [11]. The platform’s complete rotational
dynamics derived in [9], and neglecting Bννν × (BIII Bννν), can be
expressed as

Bν̇νν =B III−1 (JJJvTTT + JJJx
MMMM

x + JJJz
MMMM

z) (26)

where

JJJx
M =

⎡⎢⎣− cosα0 0 cosα2 0

0 cosα1 0 − cosα3

sinα0 sinα1 sinα2 sinα3

⎤⎥⎦
MMMx =

[
Mx

0 Mx
1 Mx

2 Mx
3

]T

JJJz
M =

⎡⎢⎣sinα0 0 − sinα2 0

0 − sinα1 0 sinα3

cosα0 cosα1 cosα2 cosα3

⎤⎥⎦
MMMz =

[
Mz

0 Mz
1 Mz

2 Mz
3

]T
. (27)

When a propeller fails, a QP problem is formulated to solve for
the optimal auxiliary inputs of Q0−2 for disturbance compensa-
tion. The equality constraint is designed as

JJJx
MMMM

x + JJJz
MMMM

z + kkk = 0 (28)

TABLE I
CONTROLLABILITY OF My

3 UNDER DIFFERENT PROPELLER FAILURE

COMBINATIONS (My
3 UNCONTROLLABLE CASES LEAD TO

QUADCOPTER-LEVEL FAILURE.)

where kkk is a slack variable. The object function is

JJJ(yyy,kkk) = yyyTAAAyyy + kkkTBBBkkk (29)

where yyy is defined as

yyy = [Mx
0 Mx

1 Mx
2 Mz

0 Mz
1 Mz

2 ]
T (30)

and AAA and BBB are constant, positive semidefinite gain matrices.
Saturation is included as the following inequality constraints:

0 ≤

⎡⎢⎢⎢⎣
1 1 1 1

−b −b b b

b −b −b b

cτ −cτ cτ −cτ

⎤⎥⎥⎥⎦
−1 ⎡⎢⎢⎢⎣

Ti

Mx
i

My
i

Mz
i

⎤⎥⎥⎥⎦ ≤ tmax ∀i = 0, 1, 2.

(31)
Note that for this QP problem, Mx

3 and Mz
3 from Q3 are used

as feedback along with Ti and My
i from Q0−2.

Compared to other disturbance attenuation approaches for
overactuated UAV platforms [47], [48], which primarily com-
pensate for unmodeled dynamics by adjusting the virtual wrench
command via a second-order PID loop, this auxiliary-input-
based compensation loop can be regarded as feed-through dy-
namics. Consequently, it enables faster response to torque dis-
turbances introduced by the low-level adjustment of bad QC.

2) Two Propellers are Failed:
a) Low-Level Control: In this case, it is assumed that

two propellers on Q3 have failed. In order to maintain control
over T3 and My

3 , specific requirements must be imposed on the
propeller failure combinations to ensure My

3 remains control-
lable. This framework is unable to address two situations that
may occur when propeller failure affects both P0 and P3 or both
P1 and P2 (see Table I).

As an example, we consider the case where both P0 and P1

are failed. The low-level controller is designed as[
t32

t33

]
= sat

⎛⎝[ 1 1

−b b

]−1 [
T3

My
3

]⎞⎠ . (32)

In this case,Mx
3 andMz

3 will be transferred to the central frame
as disturbance torques with larger magnitudes than those in case
of a single propeller failure. As in Section V-B1, the high-level
maximum thrust constraint is modified, and the compensation
loop is implemented for disturbance attenuation.
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TABLE II
PHYSICAL AND SOFTWARE PROPERTIES IN SIMULATION

Obviously, in the event of three or four propeller failures, the
quadcopter effectively loses all control. Nonetheless, in cases
of quadcopter-level failure (marked with × in Table I), the
platform remains controllable if the other Good QCs retain the
controllability for the DoFs to be controlled, which must include
at least the gravity direction [18]. For the four-quadcopter config-
uration investigated in this article, the quadcopter opposing to the
failed one would also need to be disabled, and platform control
would rely on the remaining pair of quadcopters. Specifically, the
high-level control’s thrust saturation limit for each quadcopter
must be adjusted accordingly, with the thrust limits of the lost
pair of quadcopters set to zero. Finally, when two nonopposing
quadcopters lost control due to the aforementioned propeller
failures cases, the platform would fail. Thus, all possible pro-
peller failure scenarios have been addressed.

VI. SIMULATION

A. Simulation Setup

To compare the two low-level control adjustment strategies
(see Section V-B1), a dynamic simulation was constructed us-
ing MATLAB/Simulink. The Simscape Multibody module was
employed to simulate the platform’s complete dynamics. All
known hardware characteristics were included in the simulated
model, such as sampling frequencies, measurement noise, com-
munication delay, motor dynamics, and more, with the full list
provided in Table II. Here,m0 and I0 refer to the mass and inertia
matrix of the mainframe, while mi and Ii refer to the mass and
inertia matrix of each quadcopter with the passive hinge.

B. Simulation Results

Two low-level adjustment strategies (24) and (25) were com-
pared in this simulation. The nominal controller with FD-based
allocation was utilized at the high level to track the reference
position and attitude trajectory. In both tests, P0 on Q3 began to
fail at 2 s (see Fig. 4).

As illustrated in Fig. 4(a), with the first strategy (24), the
desired thrust t32 could become a nonpositive value, which
was subsequently set to zero due to propeller limitation. This
deteriorated the regulation of the tilting angle. As a result, the
high-level thrust finally saturated at approximately 9 s, leading
to instability in the position and attitude control of the whole
platform.

In contrast, with the second strategy (25), both position and
attitude control remained stable throughout the trajectory, as

Fig. 4. Simulation: Trajectory tracking performance of two low-level
adjustment strategies under propeller failure. (a) corresponds to (24),
(b) corresponds to (25), (a) first strategy, (b) second strategy.

shown in Fig. 4(b). In the low-level control of Q3, all propeller
thrusts stayed within the saturation range, thus ensuring proper
tilting angle control.

VII. EXPERIMENTS

A. Experiment Setup

The Crazyflie 2.1 quadcopter served as the basis for each
individual unit within the platform. To achieve greater thrust
force, the battery and motors on each quadcopter were upgraded,
resulting in a maximum thrust force of 0.67 N(4 × tmax) and a
mass (including the passive hinge) of 27 g. The entire platform
has a total mass of 144 g, with overall dimensions of 36 × 36 ×
6 cm. A light-weighted tether was attached from the ceiling of
the indoor environment to the center of the platform to protect the
hardware in the case of failure. This tether remained loose and
exerted negligible force and torque on the platform throughout
all the experiments.

An OptiTrack motion-capture system served as the external
sensor for measuring the platform’s position and attitude. The
main controller operated on a ground-based computer and com-
municated through Ethernet with the motion-capture system
to calculate Ti, αi, Mx

i , Mz
i for each quadcopter. The radio-

communication antenna transmitted these values, along with
the attitude of the central frame, to the individual quadcopter.
Every quadcopter was equipped with its own microprocessor,
IMU, and modules for failure detection and onboard control.
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Fig. 5. Experimental setup. A host PC runs at 100 Hz the high-level
controller of the whole platform with measurements from the OptiTrack
motion-capture system. Control signals are sent to each unit-copter that
runs the low-level controller at 500 Hz.

Fig. 6. Experiment: Using different allocation frameworks to handle
thrust force saturation. (a) FD-based framework. (b) Nullspace-based
framework.

The system presumed the propeller failure combinations to be
identifiable by the efficient failure detection module; it utilized
the control module to adjust the low-level control strategy based
on the propeller-failure combination and to regulate Ti and αi.
The experimental setup is shown in Fig. 5.

B. Thrust Force Saturation

In this experiment (see Fig. 6), both FD-based and nullspace-
based allocation frameworks were implemented on the UAV
platform to track a six DoF reference trajectory and remain
at the final attitude for 2 s. As shown in Fig. 6(a), the FD-
based allocation framework could not address the thrust force
saturation issue. Specifically, the desired thrust commands T2

and T3 continued to increase and saturated at approximately
10.7 s, leading to an unstable system. Meanwhile, T0 and T1

remained below 0.4 N, implying that the platform could generate
sufficient thrust to remain airborne. For the nullspace-based allo-
cation framework, the platform successfully reached the desired
attitude and maintained stability [see Fig. 6(b)]. As analyzed
in Section IV-B2, this experiment further demonstrates that
the FD-based framework does not fully exploit the platform’s
capabilities, while the nullspace-based framework enhances per-
formance by incorporating the constraints.

C. Propeller Failure

Three cases were designed to verify the effectiveness of the
proposed FTC controller in scenarios, where one or two pro-
pellers failed during trajectory tracking. For each case, the nom-
inal allocation strategy with low-level adjustment (denoted as
N+L controller) is compared with the FTC controller. Propeller
failure was simulated by setting the speed of the corresponding
propellers to zero.

1) One Failed Propeller:
a) Unsaturated Trajectory: In this experiment, an un-

saturated trajectory was employed, ensuring that T3 ≤ 2 tmax at
each timestep. As analyzed in Section V-B1, the N+L controller
maintained the stability of the platform when the trajectory did
not trigger low-level saturation of Q3. In this situation, the main
difference between the N+L controller and the FTC controller
was the fast compensation loop for disturbance rejection. The
P0 on Q3 began to fail at 1 s. The tracking performance of the
two controllers is plotted in Fig. 7.

As shown in Fig. 7, both controllers maintained the sta-
bility of the UAV platform. However, for the N+L controller
[see Fig. 7(a)], disturbance torques Mx

3 and Mz
3 introduced

by low-level adjustment could only be compensated by the
integral action in the trajectory tracking controller, leading to
the oscillation of the platform. In contrast, the FTC controller
[see Fig. 7(b)] incorporated a compensation loop to attenuate
disturbance, resulting in improved tracking performance and
reduced oscillation for the entire platform.

b) Saturated Trajectory: In this test, a more challenging
reference trajectory that requires T3 > 2 tmax at some timesteps
[see Fig. 8(a)] was designed, activating the low-level saturation
constraint of Q3. Likewise, P0 of Q3 was set to fail at 1 s. The
tracking performance of the two controllers is plotted in Fig. 8.

As shown in Fig. 8(a), when the low-level saturation constraint
was triggered. the N+L controller caused the UAV platform to
become unstable at approximately 7 s. Two explanations are
given here. First, the nominal allocation strategy did not consider
the thrust-saturation constraint, leading to output desired thrust
T3 beyond the capability of Q3. Second, the disturbance torques
M 3

x andM 3
z generated by the low-level control were transferred

to the central frame without compensation.
For the FTC controller [see Fig. 8(b)], the high-level control

facilitated thrust distribution adjustment through the nullspace-
based allocation strategy, enabling different saturation values for
different quadcopters. In addition, the disturbance torques Mx

3
and Mz

3 can be compensated with the auxiliary inputs. Conse-
quently, position and attitude control remained stable along the
entire trajectory.
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Fig. 7. Case 1: Trajectory tracking performance when one propeller is
failed. (U stands for the unsaturated trajectory that satisfies T3 ≤ 2 tmax
all the time, N+L stands for the nominal controller + low-level adjustment,
FTC stands for the FTC framework we proposed. Same notations are
applied for the rest of this article.) (a) One Fail (U): N+L. (b) One Fail.
(U) FTC.

2) Two Failed Propellers: In this experiment, P0 and P1 of
Q3 began to fail at 1 s while tracking the reference trajectory. The
tracking performance of the N+L controller and FTC controller
are both plotted in Fig. 9. In this scenario, the disturbance torques
Mx

3 and Mz
3 introduced by the low-level controller were larger

than in Case 2, making platform stabilization more challenging
despite the reference trajectory possessing a relatively smaller
tilting attitude compared to Case 2.

As shown in Fig. 9(a), the entire platform became unstable
with the N+L controller. For the FTC controller, the platform
successfully tracked the reference position and attitude reference
trajectories [see Fig. 9(b)]. Due to the larger interacting distur-
bance torques produced by low-level adjustment in this case,
the overall performance for both controllers was worse than that
observed in Case 2. Some video clips of this experiment are
shown in Fig. 1.

Fig. 8. Case 2: Trajectory tracking performance when one propeller
is failed. (S stands for the saturated trajectory that T3 > 2 tmax at some
time steps.) (a) One Fail (S): N+L. (b) One Fail (S): FTC

D. Discussion

Utilizing the hierarchical control architecture, the high-level
control of our proposed configuration is the same as other over-
actuated UAV configurations, therefore thrust-force saturation
issue we solved in this work is a general problem that could
meet by all overactuated UAV platforms.

The specialty of our configuration lies in the input redun-
dancy in the low-level control loop, which offers partial thrust-
generation capability when propeller failure happens. If the
low-level redundancy ensures passive joint control, the partial
thrust-generation utilized by our proposed FTC could provide
better performance than giving up the failed quadcopter module.
If the control of the passive joint is not maintained by the
low-level control (failed cases in Table I), the uncontrollable
relative motion between the quadcopter and mainframe will
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Fig. 9. Case 3: Trajectory tracking performance when two propellers
are failed. (a) Two Fails: N+L. (b) Two Fails: FTC.

introduce a huge disturbance to the platform which could be
future work for this research.

VIII. CONCLUSION

In this article, we have addressed the FTC method for over-
actuated UAV platforms. Our approach is applicable to the
widely used hierarchical control architecture and utilizes the
nullspace-based constrained control allocation we have recently
developed.

To summarize the FTC within the hierarchical control, the
low-level control maintains the quadcopter’s control of the
orientation and thrust whenever possible. The high-level con-
trol sets up the maximum thrust available to each quadcopter
unit and solves desired commands using the nullspace-based
constrained allocation framework. Furthermore, uncontrolled
disturbances generated by the Bad QC are compensated by
the Good QCs whenever within the saturation range of them.

Both simulation and experimental results, in cases of one or
two propeller failures, have demonstrated FTC’s stability and
improved trajectory-tracking performance compared to the nom-
inal control method.

Our FTC analysis and methods encompass all possible combi-
nations of propeller failures and can be applied to other platform
configurations with similar low-level propeller actuators and
maximum thrust limit setups in the high-level control [49], [50],
[51]. For aerial platforms with fixed rotor angles, the high-level
control method can be readily applied with the maximum thrust
of failed propellers set to zero. Finally, in situations where the
platform is inevitably failing, graceful crashing is desirable and
warrants future investigation.
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