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Abstract—Propeller failure is one major reason for the falling
and crashing of multirotor Unmanned Aerial Vehicles (UAVs).
While conventional multirotors can barely handle this issue due to
underactuation, over-actuated platforms can still pursue the flight
with proper fault-tolerant control (FTC). This paper investigates
such a controller for one such over-actuated multirotor aerial
platform composing quadcopters mounted on passive joints with
input redundancy in both the high-level vehicle control and
the low-level quadcopter control of vectored thrusts. To fully
utilize the input redundancies of the whole platform under
propeller failure, our proposed FTC controller has a hierarchical
control architecture with three main components: (i) a low-level
adjustment strategy to avoid propeller-level thrust saturation;
(ii) a compensation loop to attenuate introduced disturbance;
(iili) a nullspace-based control allocation framework to avoid
quadcopter-level thrust saturation. Through reallocating actuator
inputs in both the low-level and high-level control loops, the
low-level quadcopter control can be maintained with at most
two failed propellers and the whole platform can be stabilized
without crashing. The proposed controller is extensively studied
in both simulation and real-world experiments to demonstrate
its superior performance.

Index Terms—Over-actuated UAV, propeller failure, fault-
tolerant control (FTC), nullspace allocation, input redundancy,
optimization

I. INTRODUCTION

VER-ACTUATED multirotor UAVs have been proposed

in the last decade to overcome the underactuation issue
of traditional co-linear multirotor UAVs [ 1] through vectoring
of thrusts and provide better dynamics property. There are
mainly two categories of realizations in this field. The first
group of works [2—4] adopt multiple propeller-motor pairs in
various or varying directions to achieve full or over actuation.
The second group of works [5-9] make use of regular quad-
copter as mounted on passive hinges as actuation modules to
simplify the design and prototyping process and reduce the
internal disturbance level [9]. With more actuators onboard,
these platforms must exhibit better robustness towards pro-
peller failure compared to conventional quadcopters: without
sufficient FTC algorithms, over-actuated multirotor systems
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Fig. 1: With two failed propellers on one quadcopter module, our
proposed FTC algorithm can keep the platform from crashing
and remain stable trajectory tracking. (Failed propellers are
labeled by red boxes).

are more likely to suffer from propeller failure than quad-
copters, resulting in crashes. Therefore, it is of interest to
develop FTC algorithms to reduce the likelihood of crashes
in the event of propeller failure.

In this paper, we first implement the previously proposed
nullspace-based control allocation framework [10] to address
the thrust force saturation issue of over-actuated UAV
platforms. We verify this approach on our customized over-
actuated platform [8] where four mini-quadcopters are con-
nected to the mainframe by passive hinges as tiltable thrust
generators. And it has input redundancy in both the high-level
wrench control and low-level tiltable thrusts control [11]. Fol-
lowing this, we propose a FTC algorithm specifically for the
scenario where one or more propellers on a single quadcopter
(denoted as Bad QC) are lost, but the other three quadcopters
(denoted as Good QCs) are still functioning properly (see
Fig. 1). This FTC controller exhibits a hierarchical structure
with three main components: (i) a low-level controller to adjust
propeller-level thrust force distribution on the Bad QC, (ii)
a high-level controller to reallocate quadcopter-level thrust
force distribution among the Good and Bad QCs and (iii) a
compensation loop for disturbance attenuation.

In the low-level controller, due to the reduced thrust and
torque capacity, the thrust distribution among the Bad QC’s
propellers 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 as disturbance. To attenuate this undesirable torque, the re-
dundant inputs of the three Good QCs are utilized to formulate
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a compensation loop [!1]. 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 verified in both dynamic simulations and
real-world experiments.

Our contributions are highlighted in the followings:

(1) We analyze the thrust force saturation issue of over-
actuated UAV platforms, and implement the nullspace-
based control allocation framework to address it.

(2) We propose a FTC algorithm to fully utilize the redun-
dancy of over-actuated UAV when some of the propellers
on one quadcopter module are failed. Two different low-
level control methods are analyzed and compared while
a compensation loop is designed for disturbance attenua-
tion, and nullspace-based control allocation is included to
find the optimal allocation solution under this scenario.

(3) We provide simulation and experimental validations to
demonstrate the effectiveness of our proposed control
algorithm in handling the thrust force saturation and
propeller failure of over-actuated UAV platforms.

The remainder of the paper is organized as follows. Related
work is summarized in Sec. II. The dynamics models of
the over-actuated UAV platform are reviewed in Sec. III.
Sec. IV presents the control architecture and the nullspace-
based framework for control allocation. Sec. V describes
the FTC framework to handle propeller failure. Sec. VI and
Sec. VII present the simulation and experiment results. Finally,
the paper is concluded in Sec. VIIIL

II. RELATED WORK
A. Control Allocation

The control allocation of over-actuated UAV platforms,
which computes the command for each actuator from the
desired total wrench, is a constrained nonlinear optimization
problem and is generally difficult to solve with high efficiency.
Ryll et al. first utilized the dynamic output linearization to do
control allocation at a higher differential level which required
accurate acceleration measurements or estimation [12]. An
Force Decomposition (FD)-based method was introduced by
Kamel et al., which transformed the nonlinear allocation prob-
lem into a linear one by defining intermediate variables [2].
This method improved the computational speed by directly
choosing the least-square solution, but at the expense of losing
input redundancies. Furthermore, iterative approach [13] and
separation method [14] were proposed for improved efficiency.
However, none of these methods [2, 12—14] could include
input constraints, which leads to instability when the input
constraints are triggered [15].

The Quadratic Programming (QP)-based framework [16]
relied on discretization and linearization to incorporate both
inequality and equality constraints. But it only generated
approximate solutions and introduced additional disturbance
to the control system. In our previous work [10], a nullspace-
based allocation framework was created to combine the
benefits of FD-based and QP-based frameworks and provide
exact allocation solutions that satisfied the defined input con-
straints in real-time. Specifically, we demonstrated its ability

by solving the kinematic-singularity problem of a twist-and-
tilt rotor platform [6]. In this paper, we further implement this
framework to address the issue of thrust force saturation and
propeller failure on a different over-actuated UAV platform.

B. Fault-tolerant Control

UAV fault-tolerant control (FTC) strategies can be di-
vided into several groups according to their configurations.
For quadcopters, due to the underactuation, when propeller
failure happens, normally the yaw motion is sacrificed to
maintain full control of translation [17-22]. Much research
has been conducted using this approach, such as reinforcement
learning [23], fuzzy gain-scheduled PID [24], and LQR [25].
Multirotor UAV platforms with more than six controllable
inputs [4,26-28], or tilt-rotor quadcopters [29-32] are more
robust against propeller loss due to input redundancy. The Y-
shaped hexarotor platform with tilted rotors was proved to have
better rotor-failure robustness compared with the standard star-
shaped hexarotor platform [33]. Related FTC controllers were
presented in [34] based on modifications of control allocation
and in [35] based on Center-of-Mass (CoM) shifting.

As a new type of over-actuated UAV platforms that use
quadcopters and passive joints to achieve full actuation [5, 6,

], they inherently have more propellers than standard tilt-
rotor platforms and thus the likelihood of propeller failure
is increased. In this paper, we present an FTC for this type
of UAV platform to sufficiently use the redundancy of the
entire platform in both high-level and low-level control, thus
improving the robustness of the platform against propeller fail-
ure. As a result, various UAV platforms [6, 13,29, 30, 36, 37]
that may have different thrust generation capabilities among
propellers/thrust-generation modules under propeller failure
can have better rotor-failure robustness.

III. PLATFORM DYNAMICS & PROPERTY

The over-actuated multirotor platform discussed in this
paper adopts commercial quadcopters with passive hinges,
serving as two-Degree-of-freedom (DoF) tiltable thrust gen-
erators [8,9]. As shown in Fig. 2, we define the world frame,
body frame and quadcopter frames as Fy, Fp, and Fg,,
respectively. The position of the central frame is defined as
¢ = [z,y,2]", the attitude is defined in the roll-pitch-yaw
convention as B = [¢,0,v]", and the angular velocity is
defined as v = [p,q,7]".

A. Platform Dynamics Model

The dynamics model of this platform can be simplified as,

W ..
£l = # '5R 0 U+ vG (1
BI./ 0 BIfl 0 ’
where m is the total mass of the platform, G is the gravi-

tational acceleration, VgR is the rotation matrix from Fp to
Fw, I is the inertia matrix of the platform. And
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Fig. 2: Shown is the prototype used in this paper; four commercial
quadcopters are passively hinged to the central frame of the platform.

where d; the distance vector from Fp’s center to Fq,, o is
the tilting angle of quadcopter 7 (denoted as Q;), and 7; is the
magnitude of the thrust generated by Q.

B. Actuator Dynamics

For each Q;, the four rotating propellers collectively gen-
erate an independent force and torque output according to:

T; 1 1 1 1 tio
MP| _|-b —b b b ti1
MYl b b =b b tio |’ )
M7 ¢ —Cr Cr —Cr ti3

where M, MY, and M} are the torque outputs in Fg,; b
is a constant defined as b = a/+/2 with a the arm length of
the quadcopter; ¢, is a constant defined as ¢, = K, /K with
K the propeller drag constant and K1 the propeller thrust
constant; and ¢;; is the thrust force generated by propeller j
(denoted as P;) of Q;, defined by: ¢;; = Kwaj, where w;; is
the rotational speed of P; on Q;. The torque outputs M/ are
related to the hinge angles «; through the tilting dynamics [8]:

1
o = FMZU — sin (gz)p — cos (gi)(j, 4)

where I! is the inertia in the yo, direction.

C. Platform Property

The proposed

As introduced in [9], this type of over-actuated UAV plat-
form has unlimited joint angle ranges and greatly reduces
the mechanical complexity, compared to existing tiltable-rotor
configurations [2, 12,30, 38, 39] where the tilting of each rotor
is actuated by a servo motor. Besides, our proposed configu-
ration can eliminate the propeller drags, gyroscopic momen-
tums and tilting reaction torques, which had been treated as
disturbances or unmodeled dynamics in other tiltable-rotor
platforms, because of the paired propellers rotating in opposite
directions and the zero-torque transmission in the passive
hinges. Therefore, this type of platform has the best trajectory
tracking performance among these configurations.

Another feature of this platform is the presence of fast
auxiliary inputs M and M7 in the low-level control of Q;
(Eq. (3)). When propeller failure happens, different from other
over-actuated UAV configurations that the propeller-motor pair
and related servo motors have to be given up, the low-
level input redundancy in our platform, offers partial thrust
generation capability which could prevent the platform from
crashing with more weights onboard. Besides, the auxiliary
inputs can be controlled to improve control performance (e.g.,
as done in [11,40]) because the dynamics of each motor are
sufficiently fast and can be regarded as feed-through dynamics.

Furthermore, our proposed configuration has the potential
to become a modular reconfigurable quadcopter system by
equipping each quadcopter with a docking frame. Various
similar designs are proposed to transform a quadcopter swarm
to a connected over-actuated flying structure through the
docking process [41—45]. The popularity of building flying
structures with quadcopters also points out the significance of
our platform and related control problems.

IV. NOMINAL CONTROL

A. Hierarchical Architecture & Tracking Control

The overall controller has a hierarchical structure: (i) a high-
level controller that provides the desired wrench commands
for the platform to track a reference trajectory, and maps
the wrench commands to the inputs of each thrust generator
through control allocation (ii) a low-level controller on each
quadcopter to track the desired joint angle and thrust with fast
response. The stability of this controller has been proved 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:

[t 2] () [S])

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

X = AX + B, (6)
where
0 0 Is O 0 0
|00 0 Iy 1o o
0 0 O 0 0 I3
X=[¢" g7 € )], d=[ul ul]

We design a LQI control scheme [46—48] to close the control
loop with the augmented system states as

2\~?=[eg el ég el
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The cost function is
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where @ and 'ﬁ are designed matrices that determine the
closed-loop dynamics, and the optimal input % is given by

=KX, (10)

where K is the solution to the algebraic Riccati equation of
the augmented system.

B. Nominal Allocation Framework

1) Force Decomposition-based Allocation: Given u?, we

try to solve for the desired tilting angle @ and thrust T" of the
four quadcopters through the nonlinear mapping Eq. (5)—this
is known as the “allocation problem”. One heuristic solution
uses FD to transform this nonlinear mapping problem to a
linear one by defining intermediate variables [2]:

T
F = [E‘?O FcO Fs3 FC3] ) (11)
where
Fqi = SiI’lOLZ‘T'Z‘, Fci = COSO[,'T,'. (12)
With these new variables, Eq. (5) can be rewritten as
ul = Bf] T =WF, (13)

where W € R%%8 is a constant allocation matrix with full row
rank. Then general solution of F is expressed as

F=Whw!+Ny2Z, (14)

where Ny € R®*2 is the nullspace of W and Z € R?*! is an
arbitrary vector. The least-squares solution can be acquired to
minimize |F|? = |T|? by setting Z = 0. The real inputs 7;
and «; for the low-level controller can then be recovered as

T, = Q/Fszl- + FCQZ, o = atan2(FSi, FCZ)

2) Thrust Force Saturation Issue: However, this FD-based
allocation framework (referred as the nominal allocation
framework) does not take input constraints into consideration.
Specifically, it could generate a desired thrust greater than
motor saturation, leading to the instability of the platform.
This is known as the thrust force saturation issue, which
was investigated previously in [9], where the nominal FD-
based allocation framework was shown to be insufficient to
use the full thrust capability of the platform and an analytical
solution was provided for a one-dimensional rotation scenario
by formulating it as a min-max optimization problem. Here,
we generalize this problem in a standard trajectory-tracking
scenario. At each timestep, the nullspace-based allocation
framework (will be introduced next) can find the optimal tilting
angle and thrust for each quadcopter subject to a predefined
cost function and input constraints (see Sec. VII-B).

15)

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 J=AX"PAX +s'Qs (16)
AX,s
oF d
st. W(s+ F(a,,T,) + =< AX)=u (17)
X |x_x,
Xmin_XogAXngax_Xo (18)
A-}(min < AX < A)(max (19)
where Eq. (16) is the object function, with X defined as
X=[" T, (20)

P and @ are weighting matrices. Eq. (17) uses first-order
linearization to approximate the nonlinear equality constraint
Eq. (14) where [-], is the value of a variable at the previous
time step, A [] is the difference with respect to the previous
time step of a variable, and s is a slack variable. Egs. (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,

X =X,+AX. 21

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

F* = (I3, — NwN}, )W + Ny NI F(X).  (22)

Finally, a* and T* can be solved from F* with Eq. (15).
This nullspace-based allocation framework can include input
constraints while still providing an exact solution for Eq. (13).
Therefore, it is more broadly applicable than the existing
methods and the reader can refer to [10] for details on its
implementation. We will present the FTC in Sec. V utilizing
this constrained allocation framework.

D. Low-level Control

The thrust T; is directly controllable in the low-level
controller for each Q;, but the tilting angle «; must be
controlled through M via the motor’s second-order rotational
dynamicsEq. (4). Therefore, to track the tilting angle, a double-
loop PID controller is applied [!, 8].

With these relationships, and neglecting the fast motor
dynamics that drive the propeller speeds, the propeller thrusts
can be calculated from Eq. (3):

—1

tio 11 1 1 T;
tiv| -b —-b b b b
| =5 6 b —b b MY (23)
ti3 ¢ —Cr Cr —Cr M7

where sat(-) is the saturation function. A failed propeller
means the speed and thrust is near zero and thus the quad-
copter’s maximum thrust and moments are changed.

V. FAULT-TOLERANT CONTROLLER

In this section, we investigate the FTC control of this
platform when some propellers are completely failed. Specifi-
cally, we focus on the scenario when one or two propellers
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Fig. 3: Fault-Tolerant Controller Architecture. Each quadcopter has its own onboard failure detection and motor-control modules. When
propeller failure is detected, the failure-detection module will communicate with its onboard controller to change the low-level control
strategy according to the failure combinations, and sent the failure information to the high-level controller, and the nullspace-based control
allocation will adjust the thrust distribution among the four individual quadcopters.

on a single quadcopter have failed, while the other three
quadcopters remain functional. Here, as an example, Qs
is assumed as the Bad QC. Of note, UAV fault detection
has been extensively studied with various well developed
methods [4, 18,49], therefore we assume the propeller failure
combination is well detected in this paper.

A. Fault-tolerant Controller Architecture

As shown in Fig. 3, the FTC controller has three main parts:
(1) The low-level control on each quadcopter has two onboard
functions. One performs propeller failure detection (assumed
to be sufficiently fast), and the other performs quadcopter
attitude and thrust control. (ii) The compensation loop is an
addition to the high-level position-attitude controller and is
implemented with the auxiliary inputs to improve the trajectory
tracking performance and attenuate disturbance with faster



response within the saturation constraints. (iii) The nullspace-
based control allocation framework is utilized 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 will change its strategy according to the failure combi-
nation to maintain the control of thrust forces and tilting angle.
In the meantime, the high-level control allocation can adjust
thrust force distribution among the four individual quadcopters
based on their different thrust generation capabilities to prevent
saturation. The compensation loop will utilize the auxiliary
torque inputs of Good QCs to compensate for the disturbance
torques caused 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 are
assumed to be functioning on Qs, while the propeller Py is
assumed to have failed. As a result, four outputs in Eq. (3)
cannot be independently controlled [18]. Therefore, Eq. (23)
is adjusted to calculate the low-level commands as follows
where the control of M5 is lost (its magnitude is relatively
small),

1 _ 1 0
t31 2 2b T3
tso| =sat| [0 % 5 | | Mg (24)
t33 19 4 My

2 2b

Since the mapping matrix in Eq. (24) is in full-rank, T3, M3,
and MY can still be controlled independently with the three
remaining thrusts without considering the saturation of 3;.
However, in reality ¢35 < 0 could occur from t3o = %(Mg” —
M;;’ ) which is obviously unreasonable. Therefore, the control
of the tilting angle with M} must take precedence over the
toque M3

Based on the above analysis, Eq. (24) is not adopted in the
low-level control. Instead, it is changed to

—

1
ts1 4 4b
T:
1 1 3
ﬁ32 = sat 1 1 |:M§/:| (25)
t33 1 1
2 2b

This means that the control of both M3 and M3 are lost.
Although this strategy will transfer a torque disturbance to
the central frame (M3 # 0 and M5 # 0), the control of as
can be guaranteed. The magnitude of the torque disturbances
are proportional to 75 and can be decreased by adjusting the
thrust distribution across all quadcopters using the nullspace-
allocation framework [40]. In addition, this torque disturbance
will be compensated by the the add-on compensation loop
by the other quadcopters, which will be introduced later. The
comparison of using Eq. (24) and Eq. (25) in low-level control
will be shown in Sec. VI.

b) High-level Control:  From Eq. (25), it can be shown
that 75 will not be equally distributed on the three remaining
propellers and that Ps must contribute half of the total required
thrust. Therefore, the maximum value 73 has to be changed
from 4t t0 2tmax, Where tpax is the maximum thrust of a

single propeller. In other words, half of the thrust-generation
capability will be lost even though only one propeller is
failed on a quadcopter. Therefore, the maximum thrust vector
Tiax in Eq. (18), must be changed from &,y - [4,4,4,4]T to
tmax - [4,4, 4, 2]T. Note that the existing allocation strategies
[2, 12—14] cannot take input constraints, thereby necessitating
the nullspace-based constrainted allocation framework.

¢) Fast Compensation Loop: We use the auxiliary
inputs M and M7 of the three Good QCs to formulate a
compensation loop to eliminate the disturbance caused by
the low-level control of Qs [I11]. The platform’s complete
rotational dynamics derived in [9], and with the neglect of
By x (BIBv), is

By =B I*I(JUT+J31§/IM$+J§4MZ). (26)
where
[ — cosag 0 COS (vg 0
M= 0 Ccos v 0 —cosas |,
sin oy sina;  sinas sin ag
T
M? = [Mw ME M3 Mi]
0 1 2 L) @7)
sin oy 0 —sin s 0
M= 0 —sinag 0 sinas |,
cosqqy  Cosq cosQiy  COSQg

M7 =[M; M7 M; M|

When a propeller fails, a QP problem is formulated to
solve for the optimal auxiliary inputs of Qy_o for disturbance
compensation. The equality constraint is designed as

M+ J3y M+ k=0, (28)
where k is a slack variable. The object function is
J(y,k) =y" Ay + k' Bk, (29)
where y is defined as
y=[Mg Mp My Mj Mp M), (30)

and A and B are constant, positive semi-definite gain matrices.
Saturation is included as the following inequality constraints:

-1

1 1 1 1 T;
b —=b b b MY .

0<| " 4 b MY Stmax, ¥i=0,1,2. (31)
¢ —C¢r ¢ —Cr M7

Note that for this QP problem, M35 and M5 from Qs are used
as feedback along with 7; and MZ” from Qqy_o.

2) Two Propellers are Failed:

a) Low-level Control: In this case, we assume two
propellers on Qs have failed. To maintain control of T3
and MY, there must be requirements on the propeller failure
combination to ensure Mé’ remains controllable. There are two
cases that cannot be handled by this framework when propeller
failure occurs on both Py and Ps or both P; and Py (Tab. I).

As an example, we consider the case where both Py and
‘P are failed. The low-level controller is designed as

][ 3] [3])

(32)



TABLE I: Controllability of M/} under Different Propeller Failure
Combinations (M3 uncontrollable cases lead to quadcopter-level
failure.)

Group Failure Combination Y Controllable?

0 v

1 v

One 5 v
3 v

0,1 v

0,2 v

0,3 X

Two 1.2 %
1,3 v

2,3 v

X

Three or Four

In this case, M5 and M3 will be transferred to the central
frame as disturbance torques with larger magnitude than in
the case of a single propeller failure. Similar to Sec. V-BI,
the high-level maximum thrust constraint is modified and the
compensation loop is implemented for disturbance attenuation.

Obviously, the case of three or four propeller failures means
the quadcopter loses total control. In the cases of quadcopter-
level failure (marked with x in Tab. I), the platform would still
be 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 our four quadcopter configuration
investigated in this paper, the quadcopter opposing to the
failed one would also have to be disabled and the platform
control would rely on the remaining pair of the quadcopters.
Specifically, the high-level control’s thrust saturation limit for
each quadcopter has to be changed accordingly, where the
thrust limits of the lost pair of quadcopters are set to zero.
Finally, when two non-opposing quadcopters lost control due
to the aforementioned cases of propeller failures, the platform
would fail. Thus, we have completed the treatments for every
possible propeller failures.

VI. SIMULATION

A. Simulation Setup

To compare the two low-level control adjustment strate-
gies (Sec. V-Bl), a dynamic simulation was built in Mat-
lab/Simulink. The Simscape Multibody module was used to
simulate the dynamics of the complete platform. All the known
characteristics of the hardware were included in the simulated
model, including sampling frequencies, measurement noise,
communication delay, motor dynamics, and so on, the full list
is shown in Table II, where mq and I; refer to the mass and
inertia matrix of mainframe while m; and I; refer to the mass
and inertia matrix of each quadcopter with the passive hinge.

B. Simulation Results

Two low-level adjustment strategies (Eq. (24) and Eq. (25))
were compared in this simulation. The nominal controller with
FD-based allocation was utilized at high-level to track the
reference position and attitude trajectory. For both tests, Py
on Qg started to fail at 2s (Fig. 4).

TABLE II: Physical and Software Properties in Simulation

Parameter Value Unit
mo 0.036 kg
m; 0.027 kg
Io diag ([3 3 4.5]) kg-cm?
I; diag ([0.16 0.16 0.29])  kg-cm?
l 0.14 m
tmax 0 167 N
Communication delay 0.02 s
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Fig. 4: Simulation: Trajectory tracking performance of two low-
level adjustment strategies under propeller failure. (a) corresponds
to Eq. (24) and (b) corresponds to Eq. (25)

As we can see in Fig. 4a, with the first strategy (Eq. (24)) the
desired thrust ¢32 could be non-positive value, which was then
set to zero due to propeller limitation. This deteriorated the
regulation of the tilting angle. In result, the high-level thrust
finally saturated at approximately 9s, and then the position
and attitude control of whole platform became unstable.

For the second strategy (Eq. (25)), both position and attitude
control remained stable along the whole trajectory as shown in
Fig. 4b. And in the low-level control of Qj3, all the propeller
thrusts remained in the saturation range, so the tilting angle
control was guaranteed.

VII. EXPERIMENTS
A. Experiment Setup

The Crazyflie 2.1 was used for each individual quadcopter
of the platform. To provide greater thrust force, the battery
and motors on each quadcopter were upgraded, resulting in
a maximum thrust force of 0.67 N(4xt,,) and a mass
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that runs low-level controller at 500 H z.

(including the passive hinge) of 27 g. The total mass of
the entire platform was 144 g with overall dimensions of
36 x 36 x 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 was used as an exter-
nal sensor to measure the position and attitude of the platform.
The main controller was run on a ground-based computer,
which communicated via Ethernet with the motion-capture
system to calculate T;, «;, MF, M7 for each quadcopter.
These values and the attitude of the central frame were
sent to each individual quadcopter via a radio-communication
antenna. Each individual quadcopter was equipped with its
own microprocessor, IMU, and modules for failure detection
and onboard control. The combinations of propeller failure was
assumed to be known with sufficiently fast failure detection
module; the control module was used to adjust the low-level
control strategy based on the propeller-failure combination in
addition to regulating 7T; and «;. The experimental setup is
shown in Fig. 5.

B. Thrust Force Saturation

In this experiment (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 2s. As shown in Fig. 6a, the FD-
based allocation framework could not handle the thrust force
saturation issue. Specifically, the desired thrust commands 75
and T35 continued to increase and saturated at approximately
10.7s, resulting in an unstable system. Meanwhile, 7 and
Ty remained below 0.4 N, implying that the platform had
the potential to generate sufficient thrust to remain airborne.
For the nullspace-based allocation framework, the platform
successfully reached the desired attitude and remained stable
(Fig. 6b). As analyzed in Sec. IV-B2, this experiment further
demonstrates that the FD-based framework cannot fully utilize
the capability of the platform, while the nullspace-based
framework shows improved performance through the inclusion
of the constraints.
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Fig. 6: Experiment: Using different allocation frameworks to
handle thrust force saturation.
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C. Propeller Failure

Three cases are designed to verify the effectiveness of the
proposed FTC controller when one or two propellers have
failed during trajectory tracking. For each case, the nominal
allocation strategy with low-level adjustment (denoted as N+L
controller) is compared with the FTC controller. The failure
is created by setting the speed of related propellers to zero.

1) One Failed Propeller:

a) Unsaturated Trajectory: In this experiment, an un-
saturated trajectory was used which satisfied T5 < 2t at
each time step. As analyzed in Sec. V-B1, when the trajectory
did not trigger low-level saturation of Qs, the N+L controller
could maintain the stability of the platform. In such a scenario,
the main difference between the N+L controller and the FTC
controller was the fast compensation loop for disturbance
rejection. The Py on Qs began to fail at 1s. The tracking
performance of the two controllers is plotted in Fig. 7.

As shown in Fig. 7, both controllers could maintain the
stability of the UAV platform. However, for the N+L controller
(Fig. 7a), the disturbance torques M3 and M5 introduced
by low-level adjustment could only be compensated by the
integral action in the trajectory tracking controller, which re-
sulted in the oscillation of the platform. For the FTC controller
(Fig. 7b), since it included the compensation loop to attenuate
disturbance, the tracking performance of whole platform was
improved with minimal oscillation.

b) Saturated Trajectory: In this test, a more challeng-
ing trajectory that requires 75 > 2 t;,,x at some time steps (see
Fig. 8a) was designed as the reference trajectory, which would
trigger the low-level saturation constraint of Q3. Similarly, Py
of Q3 was designed to fail at 1s. The tracking performance
of the two controllers are plotted in Fig. 8.
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rest of this paper.)

As shown in Fig. 8a, with the N+L controller, the UAV
platform became unstable at approximately 7s when the low-
level saturation constraint was triggered. Two explanations
are given here. First, the nominal allocation strategy could
not account for the thrust-saturation constraint and therefore
output the desired thrust 73 beyond the capability of Qj.
Second, the disturbance torques M? and M3? generated by
the low-level control were passed to the central frame without
compensation.

For the FTC controller (Fig. 8b), the thrust distribution
can be adjusted in the high-level control with the nullspace-
based allocation strategy by setting different saturation values
for different quadcopters. In addition, the disturbance torques
M3 and M3 can be compensated with the auxiliary inputs.
Therefore, the position and attitude control remained stable
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Fig. 8: Case 2: Trajectory tracking performance when one pro-
peller is failed. (S stands for the saturated trajectory that 73 > 2 tmax
at some time steps. Reference attitude trajectory with ¢max = 0.5 rad,
Omax = 0.2 rad, Ymax = 0.4 rad.)

along the entire trajectory.

2) Two Failed Propellers: In this experiment, Py and P; of
Q3 began to fail at 1s 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 M3 and M3 introduced by the low-level
controller were larger than Case 2, so it would be more difficult
to stabilize the platform although the reference trajectory had
a relative smaller tilting attitude compared with Case 2.

As shown in Fig. 9a, the entire platform became unstable
with the N+L controller. For the FTC controller, the platform
successfully tracked the reference position and attitude refer-
ence trajectories (Fig. 9b). Because in this case the interacting
disturbance torques created by the low-level adjustment were
larger, the overall performance of both controllers was worse
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than in Case 2. Some video clips of this experiment are shown
in Fig. 1.

D. Discussion

This paper proposed a fault-tolerant control strategy, which
can be used on a group of over-actuated UAV platforms built
on quadcopters and passive hinges.

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 over-actuated UAV platforms.

The specialty of our configuration lies in the input re-
dundancy 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 Tab. I),
the uncontrollable relative motion between the quadcopter and
mainframe will introduce a huge disturbance to the platform
which could be a future work for this research.

VIII. CONCLUSION

In this paper, we have addressed the fault-tolerant control
method for over-actuated UAV platforms, where our method
applies to the popular hierarchical control architecture and
utilizes the nullspace-based constrained control allocation we
have recently developed.

To summarize the FTC in the hierarchical control, the low-
level control retains the quadcopter’s control of the orientation
and thrust whenever possible. The high-level control sets
up the maximum thrust available to each quadcopter unit
and solves desired commands by using the nullspace-based
constrained allocation framework. Furthermore, the uncon-
trolled disturbances generated by the Bad QC are compensated
by the Good QCs whenever within the saturation range of
them. The simulation and experimental results for the case of
one or two propeller failures respectively have demonstrated
FTC’s stability and superior performance in trajectory-tracking
performance compared to the nominal control method.

Our FTC analysis and methods cover all possible combi-
nations of propeller failures upon the detection of the pro-
peller failures and they can also be applied to other platform
configurations with similar low-level propeller actuators and
similar setup of the maximum thrust limits in the high-level
control [50-52]. In the case of aerial platforms with fixed
rotor angles, the high-level control method can readily be
applied with the maximum thrust of the failed propellers set
to zero. Finally, for the cases where the platform faces failing
inevitably, graceful crashing is desirable and is of interest for
future work.
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