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ABSTRACT

Fault-tolerant control (FTC) can increase the safety of drones, such as quadrotors. It has been
known for eight years that the position of quadrotors can still be controlled in case of up to three
rotor failures by spinning the quadrotor about an average thrust direction. It has also been shown
that the robust incremental nonlinear dynamic inversion (INDI) control concept can be used to
transition the quadrotor to the desired state in case a of single rotor failure or two opposing rotor
failures. However, the previous concepts use active FTC as they rely on fault detection and isolation.
In this paper, up to three rotor failures of quadrotors are investigated using a passive FTC appraoch
based on INDI and control allocation. Simulation results show that a single rotor failure or two
opposing rotor failures can be compensated but three simultaneous rotor failures lead to a crash.
Nevertheless, if the third rotor fails with some time delay, the failure can be compensated since
the quadrotor has already started spinning about an average thrust direction before. The results
are validated outdoor with a real quadrotor equipped with an inertial measurement unit and a
satellite navigation device. Here, it must be ensured that the state estimator remains stable even
if the inertial measurement unit spins rapidly and permanently. Furthermore, it can happen with
small quadrotors that the occurring rotational speed exceeds the maximum measurable rotational
speed of the gyro sensors, which leads to a crash.

Keywords: Quadrotor; Rotor Failure; Incremental Nonlinear Dynamic Inversion; Control Allocation; Passive
Fault-Tolerant Control

1 Introduction
Multirotors are widely used for various industrial applications. Quadrotors are a commonly found

version of multirotors with four rotors. However, faults like motor or propeller failures (in this paper
summarized as rotor failures) of quadrotors can lead to crashes with undesired consequences. Mechanical
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changes to increase flying safety such as increasing the number of rotors or installing parachutes usually
bring disadvantages such as lower efficiency. Fault-tolerant control (FTC) is a promising technology for
enhancing flying safety because it generally requires only software changes and no mechanical changes.
In FTC, a general distinction is made between active and passive FTC. In active FTC, explicit knowledge
of the fault is required (through fault detection and isolation) in order to switch the controller mode.
In contrast, passive FTC is inherently functional due to high robustness even in the event of a fault.
Passive FTC has the advantage over active FTC that no failure can occur due to incorrect fault detection.
To date, however, only active fault-tolerant controllers for quadrotor rotor failures have been published.
Furthermore, to the best of our knowledge, all fully automatic fault-tolerant controllers for quadrotors
have so far only been tested in laboratories or with onboard vision, although the majority of quadrotors
are operated outdoors using satellite navigation. In addition, we believe that there is as yet no publication
that demonstrates fault-tolerant control that works even in the event of a third rotor failure.

1.1 Previous Work
Standard quadrotor flight controllers usually fail as soon as a rotor fails, but it was shown that

quadrotors still can be controlled in the presence of rotor failures by spinning around an average thrust
vector [1–3]. Reference [2] has shown that position is still controllable with up to three rotor failures
(i.e., with only one rotor intact) when reduced attitude kinematics are used, i.e., when the quadrotor is
free to rotate about an axis. The periodic equilibrium with non-zero angular velocity during hover was
investigated in Ref. [4] and called relaxed hover solution.

In recent years, a number of different flight controllers have been introduced to the scientific com-
munity that can still stabilize quadrotors in the event of rotor failures. Different linear controller methods
like LQR [2, 5], PID control [6] and linear parameter varying control [7] were investigated. In addi-
tion, nonlinear methods such as feedback linearization [1, 3, 8], backstepping [9], incremental nonlinear
dynamic inversion (INDI) [10–12] and nonlinear model predictive control [13] were investigated. A
nonlinear cascased controller with control allocation (CA) was presented that is able to compensate a
complete rotor failure of a quadrotor subjected to large initial rotational rates and arbitrary initial attitude
[14].

1.1.1 Passive vs. Active Fault Tolerant Control
None of the previous Refs. [1–14] explicitly use passive FTC. While some references explicitly use

or assume active FTC [1, 3, 6, 9, 10], some other references can be assumed to use active FTC based on
context [2, 4, 5, 7, 8] or on the provided source code [12]. In the case of the remaining Refs. [11, 14],
we cannot, to the best of our knowledge, clearly determine whether the approach is passive or active.
Since Ref. [11] seems to be an improvement of Ref. [10] to allow for high-speed flight, we assume that
it uses also active FTC. Since Ref. [14] cites a delay typically present before the FTC is triggered as the
motivation for the upset recovery problem, we also suspect the use of an active FTC here. Consequently,
we believe that there are no publications of passive FTC for quadrotors with complete rotor failures to
date. The use of INDI combined with CA for passive FTC control of quadrotors was already discussed
in Ref. [15].

1.1.2 Experimental Setup
Numerical simulations with rotor failures are presented in all previouslymentioned Refs. [1–14]. The

first experimental FTC validation of a quadrotor with one or two opposing rotor failures was published
in Ref. [2] using a camera-based external motion capture system. In Refs. [11–14] experimental results
with a similar sensor setup are presented. Outdoor experiments were conducted in Ref. [7], however,
only an attitude controller was used. A sensor concept with onboard vision was successfully investigated
and experimentally validated for the first time in Ref. [8] to compensate for a motor failure. To the best
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of our knowledge, there is no publication yet on FTC of quadrotors subjected to rotor failures validated
outdoors with position control using satellite navigation.

1.1.3 Failure Cases
In the previously mentioned publications, different failure cases were investigated such as a single

rotor failure [1–4, 6–14], two opposite rotor failures [2, 4–6, 9, 12], and three rotor failures [2, 4].
However, the case of three rotor failures was demonstrated in Refs. [2, 4] only in numerical simulation
andwithout transition from normal operation to the relaxed hover condition. To the best of our knowledge,
there is no publication that simulates or experimentally validates the transition from normal operation to
compensation for three rotor failures.

1.2 Contributions
We make the following contributions to further increase the safety of quadrotors:

• We present the presumed first passive FTC for quadrotors that is capable of compensating for total
rotor failures. The controller is based on INDI and CA. The code is publicly available on Github.1

• With the presented passive FTC, we present the presumed first transition from normal operation
to the relaxed hover solution in case of three rotor failures. We discuss why a triple rotor failure is
a particularly difficult scenario that can only be compensated under specific conditions using the
presented passive FTC.

• In flight tests2, we demonstrate, probably for the first time, rotor-failure compensation of a quadrotor
intended for automatic outdoor operation, using an inertial measurement unit and a satellite
navigation device.

1.3 Organization
The quadrotor rigid body dynamics and the control task are described in section 2. In section 3 the

cascaded control approach with INDI and CA is presented. A small quadrotor with enough power to
operate with only one rotor is presented in section 4.1 before the simulation and flight test results are
shown in section 4.2 and section 4.3.

2 Problem Formulation

2.1 Notation
We use the conventions of the international standard ISO 1151 in the area of flight dynamics. A

lower-case italic subscript of a 3-D vector indicates that the vector is expressed in the corresponding
frame. The inertial frame 𝑔 is represented by the north-east-down coordinate system. The body-fixed
frame 𝑏 is originated at the center of gravity of the vehicle with forward-right-down convention, see
Fig. 1a. The upper-case subscript 𝐾 indicates motion of the body relative to the earth. For symbols that
are not part of ISO 1151, we use lower-case boldface symbols to denote vectors, upper-case boldface
symbols for matrices and non-boldface symbols for scalars. Normal font subscripts are abbreviations
that indicate the affiliation of the symbol: desired (d), filtered (f), reference (ref), control (cntrl), current
(0), sensor (sens), motor (mot), battery (bat).

1Data available online at https://github.com/iff-gsc/FTC_Quadrotor_EuroGNC_2022/tree/final_paper_
version. Retrieved April 8, 2022.

2Video online at: https://youtu.be/g6vfgj2IRvE
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2.2 Quadrotor Flight Dynamics
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(a) Geometry parameters and rotor definitions.
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(b) Reduced attitude problem similar to Ref. [12].

Fig. 1 Schematic quadrotor and reduced attitude problem.

2.2.1 Rigid Body Equations of Motion
The six degrees of freedom rigid body equations of motion are applied to compute the angular

velocity 𝛀, the attitude quaternion 𝒒𝑏𝑔, the velocity 𝑽𝐾 and the position 𝒔𝑔 = [ 𝑥 𝑦 𝑧 ]𝑇𝑔 w.r.t. the earth
(see Ref. [16], section 1.7):

¤𝛀𝑏 = 𝑰−1
𝑏

[
𝑸𝑏 −𝛀𝑏 × (𝑰𝑏𝛀𝑏)

]
, (1)

¤𝑽𝐾𝑏 =
1
𝑚
𝑹𝑏 + 𝑴𝑏𝑔

[
0 0 𝑔

]𝑇
−𝛀𝑏 × 𝑽𝐾𝑏 , (2)

¤𝒒𝑏𝑔 =
1
2


0 −𝑝 −𝑞 −𝑟
𝑝 0 𝑟 −𝑞
𝑞 −𝑟 0 𝑝

𝑟 𝑞 −𝑝 0


𝒒𝑏𝑔 , (3)

¤𝒔𝑔 = 𝑴𝑔𝑏𝑽𝐾𝑏 , (4)

with the mass 𝑚, the inertia matrix 𝑰, the force 𝑹, the moment 𝑸, the gravitational acceleration 𝑔 =

9.81 m/s2, 𝛀𝑏 = [ 𝑝 𝑞 𝑟 ]𝑇 , 𝒒𝑏𝑔 = [ 𝑞0 𝑞1 𝑞2 𝑞3 ]𝑇 and the transformation matrix from inertial 𝑔 to
body frame 𝑏 𝑴𝑏𝑔 ∈ SO(3).

2.2.2 Propeller Aerodynamics and Motor Dynamics
For the present application, a simple propeller model can be used to compute the thrust 𝑇𝑖 and the

drag moment 𝜏𝑖 of the 𝑖th propeller (see Fig. 1a) depending on its angular velocity 𝜔𝑖:

𝑇𝑖 = 𝑘 · 𝜔2
𝑖 , (5)

𝜏𝑖 = 𝑑 · 𝜔2
𝑖 . (6)

The factors 𝑘 and 𝑑 can easily be obtained from publicly available databases, by usage of blade element
momentum theory codes or by measurements. Note that this model does not take into account axial or
lateral incident flow.

For the brushless motors the direct current motor model of Ref. [17] was applied and validated by
measurements:

¤𝜔𝑖 = −
𝐾2
𝑇

𝑅 · 𝐽 · 𝜔𝑖 −
𝜏𝑖

𝐽
+ 𝐾𝑇 · 𝑉bat

𝑅 · 𝐽 · 𝑢𝑖 , (7)

where the angular velocity of the 𝑖th motor depends on the drag moment 𝜏𝑖, battery voltage 𝑉bat, motor
duty cycle 0 ≤ 𝑢𝑖 ≤ 1, motor torque constant 𝐾𝑇 , propeller inertia 𝐽 and motor internal resistance 𝑅.
In previous work, the motor speed 𝜔𝑖 is used as an input variable to the quadrotor system. However,
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the motor electronic speed controllers (ESCs) for quadrotors in the model building sector typically do
not accept a target speed but rather a desired duty cycle 𝑢𝑖 from which the speed is an indirect result
depending on the motor torque, see Eq. (7). We therefore use the desired duty cycle as an input variable.

2.2.3 Sum of Forces and Moments
The total force vector is the sum of all thrust vectors since other aerodynamic forces are neglected:

𝑹𝑏 =
[
0 0 −∑

𝑖 𝑇𝑖

]𝑇
. (8)

The total moment vector

𝑸𝑏 =


𝑏 −𝑏 −𝑏 𝑏

𝑙 𝑙 −𝑙 −𝑙
0 0 0 0

︸                 ︷︷                 ︸
𝑳

𝑻 +


0
0∑

𝑖 (𝑎𝑖𝜏𝑖)

 +


0
0

𝐽
∑
𝑖 (𝑎𝑖 ¤𝜔𝑖)

 +

𝐽𝑞(𝜔1 − 𝜔2 + 𝜔3 − 𝜔4)
−𝐽𝑝(𝜔1 − 𝜔2 + 𝜔3 − 𝜔4)

0

 − Γ𝛀𝐾𝑏 (9)

is composed of thrusts times lever arm (see Fig. 1a), propeller drag moments, moments of inertia due
to motor acceleration, gyroscopic moments, and rotational damping. The motor rotational direction is
defined by 𝒂 = [ −1 1 − 1 1 ]. The rotational damping factor Γ > 0 determines the final angular
velocity of the quadrotor after a rotor failure.

2.3 Reduced Attitude Control
Crucial to the success of the FTC is the prioritization and stabilization of the reduced attitude, which

is described in Ref. [12]. The task of the attitude controller is to align the measured reduced attitude
vector 𝒏 like the desired reduced attitude vector 𝒏d, see Fig. 1b. For this purpose, the variables ℎ1 and
ℎ2 are stabilized to zero as in Ref. [12], see Fig. 1b. The desired reduced attitude vector 𝒏d is specified
by the position controller.

3 Control Design
The control concept is based on the control allocation concept of Ref. [15], the reduced attitude

concept of Ref. [12] and the idea of incremental position control of Ref. [18] aswell as somemodifications.
The modifications include the different control input definition, use of other control variables for attitude
control and different incremental control law for position control. The overall controller consists of two
cascades, which are both based on the principle of INDI as shown in Fig. 2. The inner cascade contains
the attitude controller, see section 3.2. The outer cascade controls the position, see section 3.4. A crucial
part of the presented control concept is the inner loop INDI with CA, which prioritizes the reduced
attitude in case of actuator saturations and is presented in section 3.1. For higher performance of the
position controller, the outer loop also uses INDI, see section 3.3.

Quadrotor

𝐻sens(𝑧)

Inner Loop
INDI + CA

Attitude
Control

𝜈 ¥𝒏
𝜈 ¥𝜓

𝜈¥𝑠𝑇

𝒏d

¤𝜓d
𝜈 ¥𝒔¤𝒔d Position

Control
Outer Loop
INDI

𝒖

𝒔f , ¤𝒔f , ¥𝒔f 𝒏f , ¥𝒔f 𝑴𝑏𝑔,f , 𝛀f , ¤𝛀f 𝑴𝑏𝑔,f , ¤𝛀f , ¥𝒔f

Fig. 2 Block diagram of the overall control system.
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3.1 Inner Loop INDI And CA
The reduced attitude control of Ref. [12] is adopted, which aims to control the direction of the

thrust vector 𝒏 and the quadrotor rotation angle 𝜓 around the unit vector in thrust direction 𝒏. With this
division, rolling and pitching (direction of the thrust vector) can easily be prioritized over the yawing.
Additionally, the vertical position is controlled in the inner loop. Therefore, the control variables of the
inner loop are

𝒚 =

[
ℎ2 −ℎ1 𝜓 𝑧𝑔

]𝑇
=

[
𝑪 𝒏𝑏,d 𝜓 𝑧𝑔

]𝑇
(10)

with 𝒉 = [ ℎ1 ℎ2 ℎ3 ]𝑇 = 𝒏𝑏,d = 𝑴𝑏𝑔 𝒏𝑔,d and [ ℎ2 − ℎ1 ]𝑇 = 𝑪 𝒏𝑏,d. In order for the controller
to handle the upset recovery maneuver, we propose a case distinction in the definition of the control
variables as alternative to Eq. (10), but this is not further elaborated in this paper:

𝒚upset =


[
ℎ2 −ℎ1 𝜓 𝑧𝑔

]𝑇
if ℎ3 < 0 ,[

2 ℎ2√
ℎ2

1+ℎ
2
2
− ℎ2 −

(
2 ℎ1√

ℎ2
1+ℎ

2
2
− ℎ1

)
𝜓 𝑧𝑔

]𝑇
else.

(11)

Following the principle of INDI, the control variables are derived until they are statically dependent
on the system input. Unlike previous works where commandedmotor speeds are defined as system inputs,
in this work the motor duty cycles are defined as system inputs, see section 2.2.2. If the motor dynamics
is to be neglected as a higher order dynamic for the moment, the steady-state relationship between static
duty cycle 𝒖̄ and static motor speed 𝝎 based on Eq. (7) is required ( ¤𝜔𝑖 = 0). For simplicity, we assume
that the relationship is linear, i.e., the reduction in motor speed due to applied torque is neglected:

𝜔𝑖 =
𝑉bat
𝐾𝑇

𝑢̄𝑖 . (12)

For quadrotors two control effectiveness matrices are considered, one for the motor angular velocity and
one for the motor angular acceleration as derived in [19]. Accordingly, in this work, the time derivative
of the input variable ¤̄𝒖 is considered in addition to the static input variable 𝒖̄. The inner control loop has
a relative degree of two, i.e. the second derivative of the control variables depends statically on the static
system input 𝒖̄ and its time derivative ¤̄𝒖, which can be found be using Eq. (10) and considering Eqs. (1),
(2), (8), (9) as well as Eqs. (5) and (6). Now a Taylor series expansion is applied to the second time
derivative of Eq. (10) summarizing the current second derivative in ¥𝒚0 and neglecting all derivatives with
respect to the system states. Note that this approximation is common for INDI and that it is only valid if
the actuator dynamics are significantly faster than the system dynamics:

¥𝒚 ≈ ¥𝒚0 +
𝜕 ¥𝒚
𝜕𝒖̄

����
0
Δ𝒖 + 𝜕 ¥𝒚

𝜕 ¤̄𝒖

����
0
Δ ¤𝒖 ≈


𝑪 ¥𝒏𝑏,d,0

¤𝑟0

¥𝑧𝑔,0

 +
𝜕

𝜕𝒖̄

[
¤𝛀
¥𝑧𝑔

] �����
0

Δ𝒖 + 𝜕

𝜕 ¤̄𝒖

[
¤𝛀
¥𝑧𝑔

] �����
0

Δ ¤𝒖 (13)

with ¥𝜓 = ¤𝑟, Δ𝒖 = 𝒖 − 𝒖̄0, Δ ¤𝒖 = ¤𝒖 − ¤̄𝒖0, where the subscript 0 indicates the current system state, and

¥𝒏𝑏,d = ¤𝛀 × 𝒏𝑏,d +𝛀 × ¤𝒏𝑏,d + ¤𝑴𝑏𝑔 ¤𝒏𝑔,d + 𝑴𝑏𝑔 ¥𝒏𝑔,d . (14)

The second approximation in Eq. (13) only holds when 𝒏𝑏,d ≈ [ 0 0 − 1 ]𝑇 . This assumption is made
to avoid singularities when 𝒏 and 𝒏d are perpendicular. This simplification overestimates the control
effectiveness for case |ℎ3 | < 1.
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Like in previous work [20], a low-pass filter is used to reduce the noise of the sensor signals for ¥𝒚0.
Typically, the following continuous-time transfer function is selected as filter:

𝐻sens(𝑠) =
1

1
𝜔2

sens
𝑠2 + 2𝜁sens

𝜔sens
𝑠 + 1

(15)

with natural frequency 𝜔sens and damping ratio 𝜁sens. These transfer functions are implemented as
equivalent discrete-time transfer functions 𝐻mot(𝑧) and 𝐻sens(𝑧). For synchronization all quantities are
filtered (subscript f), so that the subscripts 0 in Eq. (14) can be replaced with f [19].

Before solving Eq. (13) for Δ𝒖, we approximate it to discrete-time in 𝑧 domain with sample time 𝑇s
by substituting Δ ¤𝒖 = (1 − 𝑧−1)𝑇−1

s Δ𝒖 according to Ref. [19]:

𝝂 ¥𝑦 ≈ ¥𝒚f +
(
𝑮̃1 +

1
𝑇s
𝑮̃2

)
Δ𝒖 − 𝑮̃2

𝑧−1Δ𝒖

𝑇s
, (16)

where the predicted acceleration ¥𝒚 is already replaced by the desired acceleration, the so-called called
pseudo-control input 𝝂 ¥𝑦, with

𝑮̃1 =
𝜕

𝜕𝒖̄

[
¤𝛀
¥𝑧𝑔

] �����
f

≈ 𝜕

𝜕𝝎

[
¤𝛀
¥𝑧𝑔

] �����
f

𝜕𝝎

𝜕𝒖̄

����
f
≈ 2𝑰−1

𝑏

(
𝑘𝑳 + 𝑑

[
0 0 1

]𝑇
𝒂

)
𝒖̄

(
𝑉bat
𝐾𝑇

)2
(17)

and

𝑮̃2 =
𝜕

𝜕 ¤̄𝒖

[
¤𝛀
¥𝑧𝑔

] �����
f

≈ 𝜕

𝜕 ¤𝝎

[
¤𝛀
¥𝑧𝑔

] �����
f

𝜕𝝎

𝜕𝒖̄

����
f
= 𝑰−1

𝑏 𝐽

[
0 0 1

]𝑇
𝒂
𝑉bat
𝐾𝑇

. (18)

Equation (16) is subjected to

(𝒖min − 𝒖̄f) ≤ Δ𝒖 ≤ (𝒖max − 𝒖̄f) with 𝒖min = 0, 𝒖max = 1 (19)

and is solved for Δ𝒖 with the weighted least squares (WLS) CA algorithm of Ref. [15] which is an
adaption for incremental control inputs based on Ref. [21] (in the implementation we use QCAT3):

Δ𝒖 = arg min
Δ𝒖∈[0−𝒖0, 1−𝒖0]

𝑐(Δ𝒖) with 𝑐(Δ𝒖) =






[
𝛾

1
2𝑾𝑣𝑮

𝑾𝑢

]
Δ𝒖 −

[
𝛾

1
2𝑾𝑣𝒗

𝑾𝑢𝒖d

]




2

, (20)

where the cost function 𝑐(Δ𝒖) is a combination of the primary pseudo-control error cost and the secondary
input actuation cost with 𝒗 = 𝝂 ¥𝑦 − ¥𝒚f +𝑇−1

s 𝑮̃2𝑧
−1Δ𝒖 and 𝑮 = 𝑮̃1 +𝑇−1

s 𝑮̃2 . 𝑾𝑣 = diag(𝑤 ¤𝑝, 𝑤 ¤𝑞, 𝑤 ¤𝑟 , 𝑤 ¥𝑧)
is the diagonal weighting matrix for the control objective, and𝑾𝑢 is the diagonal weighting matrix for the
inputs. The distinction between the primary and secondary objective is made by the scale factor 𝛾 ≫ 1.

Incremental
WLS CA

Schedule
QuadrotorΔ𝜈 ¥𝒚𝜈 ¥𝒚

−¥𝒚f ¥𝒚0

𝑮1
Δ𝒖 𝒖

𝒖̄f 𝒖̄
𝐻sens(𝑧) 𝐻mot(𝑧)

𝐻sens(𝑧)

Fig. 3 Block diagram of inner loop INDI and CA.

3Ola Harkegard (2022). QCAT (https://www.mathworks.com/matlabcentral/fileexchange/4609-qcat),
MATLAB Central File Exchange. Retrieved January 20, 2022.
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Figure 3 shows the block diagram of the inner loop INDI and CA. The actuator states can either be
obtained from measurement or from a model. In this work they are obtained from a model. Using a
model increases the robustness against actuator faults as shown later. A first order transfer function is
used as the actuator model, which is obtained by neglecting the propeller drag moment in Eq. (7), with
the following Laplace transform:

𝐻̃mot(𝑠) =
𝐾mot

𝑇mot𝑠 + 1
= 𝐾mot 𝐻mot(𝑠) (21)

with motor time constant 𝑇mot = 𝑅𝐽𝐾
−2
𝑇
and static gain 𝐾mot = 𝐾𝑇𝑉bat.

3.2 Attitude Control
The inner loop pseudo-control input is divided into attitude control and altitude control: 𝝂 ¥𝑦 =

[ 𝝂𝑦atti 𝜈¥𝑧 ]𝑇 . The pseudo-control input of the attitude controller 𝝂 ¥𝑦atti is composed of the reference model
and the feedback gains:

𝝂 ¥𝑦atti = 𝝂 ¥𝒚atti,ref + 𝝂 ¥𝒚atti,cntrl . (22)

The feedback controller includes three gains 𝑘 () for each of the three control variables. They can
be designed by any linear control design technique considering the ideally inverted system (chain of
integrators and delay due to actuator dynamics and sensor filters [19]) in Fig. 4:

𝝂 ¥𝒚atti,cntrl =


𝑘𝑛𝑒ℎ2 + 𝑘 ¤𝑛 ¤𝑒ℎ2 + 𝑘 ¥𝑛 ¥𝑒ℎ2

𝑘𝑛𝑒ℎ1 + 𝑘 ¤𝑛 ¤𝑒ℎ1 + 𝑘 ¥𝑛 ¥𝑒ℎ1

𝑘𝜓𝑒𝜓 + 𝑘 ¤𝜓𝑒𝑟 + 𝑘 ¥𝜓 ¤𝑒𝑟

 , (23)

where 𝑒() denotes the control error, e.g. 𝑒ℎ2 = ℎ2,ref − ℎ2,f .

1
𝑠𝑲 1

𝑠

¤𝑒𝑦¥𝑒𝑦𝜈 ¥𝑦,cntrl 𝑒𝑦
𝐻mot(𝑠)𝐻sens(𝑠)

Fig. 4 Block diagram of the attitude error dynamics for the ideally inverted system with 𝑲 = [ 𝑘 ¥𝑦 𝑘 ¤𝑦 𝑘𝑦 ].

The desired attitude inputs 𝜓d and 𝒏d are filtered by a second order reference model, which outputs
the reference signals with first and second time derivatives, see Fig. 5. The second time derivative of the
reference signal is part of the pseudo-control input in Eq. (22). For the calculation of the control error,
the reference signals are filtered equivalently to the feedback signal, see Fig. 5.

𝐻sens(𝑧)
𝐻sens(𝑧)
𝐻sens(𝑧)

𝐻mot(𝑧)
Reference
Model

𝒚ref¤𝜓d

𝒏d

𝒆𝑦

𝒚f

¤𝒚f

¥𝒚f

¤𝒆𝑦
¥𝒆𝑦
𝜈 ¥𝑦,ref

¤𝒚ref

¥𝒚ref −
−

−
𝐻mot(𝑧)
𝐻mot(𝑧)

Fig. 5 Attitude controller reference model and control error computation with 𝒚 = 𝒚atti.

3.3 Outer Loop INDI
Using INDI in the outer loop has two advantages over using NDI: The system responds significantly

faster to disturbances such as wind gusts and no integrating controller (I controller) is needed to achieve
steady-state accuracy [18]. Unlike Ref. [18], in which INDI is based on linearization, in this work the
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control law typically used for NDI [12] is modified to get an equivalent incremental control law for the
desired reduced attitude vector:

Δ𝒏d =
𝝂¥𝑠 − ¥𝒔f
∥ ¥𝒔f − 𝒈∥ , (24)

𝒏d =
𝒏f + Δ𝒏d
∥𝒏f + Δ𝒏d∥

. (25)

In contrast to the inner control loop, no model is used for the dynamics of the system input 𝒏, but the
measurement of the reduced attitude 𝒏f . With this controller, the same disturbance transfer function is
obtained as in Ref. [18]. In addition, satisfying control performance is obtained even with large deviations
between the desired acceleration 𝝂¥𝑠 and the filtered acceleration ¥𝒔f . Singularities should be avoided by
limiting the denominators of Eqs. (24) and (25) to values greater than zero.

3.4 Position Control
The desired acceleration vector depends on a reference from the reference model 𝝂¥𝑠,ref in case of

commanded position changes and on a part contributed by the feedback controller 𝝂¥𝑠,cntrl:

𝝂¥𝑠 = 𝝂¥𝑠,ref + 𝝂¥𝑠,cntrl . (26)

Since no position changes are commanded in this paper, 𝝂¥𝑠,ref = 0. The feedback controller includes
three gains 𝑘 () for each of the three directions that can be designed by any linear control design technique
similarly to section 3.2:

𝝂¥𝑠,cntrl =


𝑘𝑠𝑒𝑥 + 𝑘 ¤𝑠 ¤𝑒𝑥 + 𝑘 ¥𝑠 ¥𝑒𝑥
𝑘𝑠𝑒𝑦 + 𝑘 ¤𝑠 ¤𝑒𝑦 + 𝑘 ¥𝑠 ¥𝑒𝑦
𝑘𝑠𝑒𝑧 + 𝑘 ¤𝑠 ¤𝑒𝑧 + 𝑘 ¥𝑠 ¥𝑒𝑧

 . (27)

The component in thrust direction 𝜈¥𝑠𝑇 is filtered by a low pass filter with the same design as the attitude
controller reference model and then passed to the inner loop INDI and CA.

4 Results
The passive fault-tolerant controller is investigated by nonlinear simulation, see section 4.2, and

flight tests, see section 4.3. The quadrotor used and the parameters used for the simulation model are
presented in section 4.1.

4.1 Presentation of the Used Quadrotor
The flight tests are performed with the custom built quadrotor Minnie, see Fig. 6a. All parameters

required for the simulation model, see section 2.2, were measured or estimated and are shown in Tab. 1.
The main components are listed in Tab. 3 in the appendix. All controller parameters of the controller
presented in section 3 are shown in Tab. 2.

To operate outdoors, the quadrotor is equipped with an inertial measurement unit (IMU), a satellite
navigation device (GPS) as well as magnetic sensor. The flight controller board is a Matek H743-SLIM.
An IMU of the type MPU6000 and an IMU of the type ICM42605 are integrated on this board for
measurement of the angular rate and specific force. Additionally, the GPS and compass module M8Q-
5883 is connected. The rigid body state of the quadrotor is estimated using the Extended Kalman Filter
(EKF) of ArduPilot version ArduCopter V4.2.0-dev4. The implementation consists of a real time inertial
navigation system (INS) and an EKF running at a delayed fusion time horizon. The difference between
the INS and EKF is then used to correct the INS using a simple error gain. The EKF becomes unstable

4Final source code for flight test: https://github.com/ybeyer/ardupilot/tree/EuroGNC_2022_flight_test
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(a) Complete quadrotor. (b) Attached cardboard drag plate in order to in-
crease the yaw damping in flight tests.

Fig. 6 Photos of the custom built quadrotor Minnie with enough power to operate with only one motor.

Table 1 Quadrotor parameters.

Symbol Value Unit
𝑚 0.43 kg
𝑙 7.95 E − 2 m
𝑏 9.90 E − 2 m
𝑘 1.06 E − 6 N

(rad/s)2

𝑑 9.9 E − 9 N m
(rad/s)2

Symbol Value Unit
𝐼𝑥𝑥 1.1 E − 3 kg m2

𝐼𝑦𝑦 9.9 E − 4 kg m2

𝐼𝑧𝑧 1.8 E − 3 kg m2

𝐼𝑥𝑧 −1.6 E − 5 kg m2

𝐼𝑦𝑧 2.1 E − 8 kg m2

Symbol Value Unit
𝐾𝑇 5.6 E − 3 N m/A
𝑅 0.32 Ω

𝑉bat 22.2 V
𝐽 2.6 E − 6 kg m2

Γ 1.0 E − 3 N m
rad/s

Table 2 Parameters of the flight controller. Note that there are more parameters for the yawing reference
model as well as the lateral position reference model but these are not needed in this work.

Symbol Value Unit
𝑘𝑠 3.353 s−2

𝑘 ¤𝑠 3.901 s−1

𝑘 ¥𝑠 0.7114 −
𝑘𝑛 200 s−2

𝑘 ¤𝑛 39.96 s−1

𝑘 ¥𝑛 0.9513 −
𝑘𝜓 50 s−2

𝑘 ¤𝜓 15.61 s−1

𝑘 ¥𝜓 0.4357 −

Symbol Value Unit
𝑤 ¤𝑝 10 s2/rad
𝑤 ¤𝑞 10 s2/rad
𝑤 ¤𝑟 0.01 s2/rad
𝑤 ¥𝑧 1 s2/m
𝑤𝑢𝑖 1 −
𝛾 1000 −
𝑢d 0.1 −

Symbol Value Unit
𝜔sens 503 rad/s
𝜁sens 1 −
𝜔𝑛 15 rad/s
𝜁𝑛 1 −
𝑇s 2.5 E − 3 s

after approximately 10 rotations around the yaw axis, which was discovered by software in the loop
simulations. As a temporary solution for this problem, the gain of the angle correction was reduced about
a factor of 100 in case the norm of the attitude error gets above a predefined threshold5. This change
allows the unmodified EKF to be used in normal operation, but automatic scheduling of the gain provides
stable operation during fast, sustained rotations. The motor speed controller (ESC) runs the BLHeli_32
Rev32.7 firmware.

5See Git commit 0cff682f in the final source code for flight test.
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4.2 Simulation
The simulation is carried out in Matlab/Simulink using the Heun integration method at 1200 Hz to

compute the flight dynamics. No sensor models or state estimations are included so that the controller
measurement input is the undisturbed output of the flight dynamics module.

(a) Motor command from the controller. (b) Motor speed.

(c) Angular rates in body frame. (d) Position in the inertial frame.

Fig. 7 Simulation of successive rotor failures. Motor 2 and 4 are switched off after 1 s. Motor 3 fails one
second later. A moderate rotational damping of Γ = 0.0019 Nm/(rad/s) is used.

A simultaneous shutdown of the opposing motors 2 and 4 and subsequent shutdown of motor 3 is
shown in Fig. 7. The fault error is induced in hover after one second and leads to hardly noticeable
position errors, which is consistent with the results from other studies. Here, the remaining motors
accelerate jerkily after a short delay and a yaw rate builds up. The controller, which has not received
any direct info about the rotor failures, sends a maximum power request to the affected motors in a very
short time after the failures. The remaining motors are controlled with a reduced power demand in the
very short time until the maximum power demand of the other motors has built up. By looking at the
commanded power requirements in this way, the passive fault-tolerant operation of this control scheme
can be explained. As soon as a motor command reaches the maximum value, the CA algorithm starts
to prioritize the required roll and pitch accelerations over the required yaw acceleration according to its
parameterization. This automatically builds up and achieves the yaw rate required for stabilization.

The third motor is switched off one second after the first two motors. At this point, the quadrotor has
already been set into rapid rotation around the yaw axis. The reactions of flight controller and quadrotor
now strongly depend on the parameterization of the CA algorithm. If the required vertical acceleration is
not strongly prioritized over the roll and pitch acceleration, the quadrotor will lose a lot of altitude. This is
because the quadrotor must inevitably have built up a pitch and roll angle at the stable dynamic operating
point with only one active motor (which can be seen from the permanent rotation rates about the roll
and pitch axes). With the control concept used here, this means that a permanent control error in the
pitch and roll angle must be tolerated. However, during normal operation of the quadrotor, prioritizing
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(a) Angular rates in body frame without cardboard. (b) Angular rates in body frame with cardboard.

(c) Position in the inertial frame without cardboard. (d) Position in the inertial frame with cardboard.

Fig. 8 Two flight tests with two opposing rotor failures, left without cardboard, right with cardboard.
Motor 2 and 4 are switched off after 1 s and the quadrotor remains stable. Without the cardboard the gyro
measuring the yaw rate saturates after 6 s at 2000 degrees/s and the quadrotor loses control.

the required vertical acceleration over roll and pitch acceleration may be undesirable [15]. As a simple
proposed solution, we have therefore automatically adjusted the weighting of the vertical acceleration in
the CA algorithm from the rotation speed around the thrust vector:

Δ𝑤 ¥𝑧 =
Δ𝑤 ¥𝑧,max

2

(
1 + tanh

(
2.297
𝑟range

s
rad

·
(
|𝒏 ·𝛀|
∥𝛀∥ · |𝑟f | − 𝑟mid

)))
. (28)

Satisfactory results were achieved with Δ𝑤 ¥𝑧,max = 300 s2/m, 𝑟mid = 8 rad/s and 𝑟range = 6 rad/s. From
Eq. (28) follows 0 ≤ Δ𝑤 ¥𝑧 ≤ Δ𝑤 ¥𝑧,max and Δ𝑤 ¥𝑧 = Δ𝑤 ¥𝑧,max/2 if |𝑟f | = 𝑟mid and if |𝒏 ·𝛀|/∥𝛀∥ = 1 (angular
velocity vector is parallel to the thrust vector). Moreover, Δ𝑤 ¥𝑧 = 1 % · Δ𝑤 ¥𝑧,max if |𝑟f | = 𝑟mid − 𝑟range and
if |𝒏 · 𝛀|/∥𝛀∥ = 1. The remaining altitude error, see Fig. 7d, depends on the weighting between the
required vertical acceleration and the roll and pitch acceleration in the CA algorithm.

Based on the previous explanations, we assume that a simultaneous failure of three motors cannot
generally be compensated with this control concept. If all motors fail at the same time, the remaining
motor generates torque mainly by its thrust and not by its drag. Thus, the controllable torque hardly acts in
the desired direction to make the quadrotor rotate around its thrust vector. Instead, the quadrotor is set in
rotation mainly around its pitch or roll axis, initially getting into a state that is generally undesirable. From
this state, the controller was unable to transition the quadrotor to the desired stable dynamic operating
point in our studies. We are also not aware of any study that calculates the optimal trajectory in the
presence of a simultaneous triple rotor failure. Therefore, it is also not known which position errors are
to be expected at least in the event of such a failure. The strong oscillations in Fig. 7 can be decreased by
switching off the third motor smoothly.
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(a) Flight test with cardboard. (b) Simulation with equal rotational damping.

Fig. 9 Position control with two opposing rotor failures. At each corner, the target speed is zero and a total
of 5 seconds is required for each edge. Start and end at zero, counterclockwise flight direction.

4.3 Flight Test
During the first flight tests, the controller was able to stabilize the quadrotor as expected when two

motors abruptly shut down. However, the yaw damping of the quadrotor in the flight test was lower than
assumed in the simulation, causing the quadrotor to reach an unmeasurable yaw rate of 2000 °/s a few
seconds after the motors were switched off, see Fig. 8a. The results of such a flight test are shown in
Fig. 8 in the left column. When the limit rate of any gyro is reached, the EKF and the controller become
unstable and the quadrotor crashes a few seconds later.

That is why the yaw damping was increased artificially by means of cardboard attached to the motor
arms, see Fig. 6b. The right column of Fig. 8 shows the same failure but a significantly lower yaw
rate, see Fig. 8b. Compared to simulation results, see Fig. 7, the vertical position error was limited to
approximately 0.5 m. However, moderate lateral position errors also occur due to wind, among other
factors. A third rotor failure has not yet been successfully flight tested.

Figure 9 demonstrates the tracking performance in the case of two opposing rotor failures. Overall,
the tracking performance is satisfactory with position errors in the decimeter range in the case of the ideal
simulation and position errors in the range of half a meter in the case of the flight test.

5 Conclusion
In this paper, a passive FTC based on INDI and CA is developed for a quadrotor. As expected,

the controller proves to be very robust and, thanks to the CA, can compensate for a single and two
opposite rotor failures with only minor short-term position errors. A third rotor failure can only be
compensated under certain conditions: The quadrotor must have been previously started spinning around
an average thrust direction and the weighting of the desired vertical acceleration in the CA algorithm
must be significantly higher than the weighting of the desired roll and pitch acceleration. However,
the compensation of two adjacent rotor failures cannot be compensated by this passive FTC. We also
demonstrate that rotor failures can be compensated outdoors. For this purpose, a standard state estimator
(Extended Kalman Filter) was slightly modified to provide a stable solution even in the presence of fast
permanent rotation.

In the future, a third motor failure should be demonstrated in flight tests. Moreover, the performance
of this passive FTC should be compared with active FTC. In addition, the transition could be calculated
for three rotor failures with nonlinear optimal control as a benchmark.
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Appendix

Table 3 Components of the quadrotor Minnie

Component Label
Motors Brotherhobby VY 2004 Motor 1700KV
Battery Tattu R-Line 4.0 6s 1300mAh 130C Lipo
ESC Holybro Tekko32 F3 4in1 40A ESC
Propellers Gemfan 5125 SL Hurricane 5.1” 3-Blade
Frame aMAXinno F6Mini 6”
Flight controller board Matek H743-SLIM
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