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Abstract

This paper proposes a new robust fault tolerant control architecture based on a disturbance
observer. The control architecture is composed by a nominal controller and a rotor’s fault
observer capable to identify and estimate motors’ degradation performance. Besides, is
designed for a quadrotor vehicle and validated in critical and non critical motors’ failures.
For both failure cases, each motor performance is analyzed to counteracted the failure and
restore the system stability. If the practical stability is not recovered (critical case) a control
reconfiguration is performed for safe landing. Experimental tests are carried out in real time
to illustrate the effectiveness of the proposed architecture when confronting the stability of
the system with aggressive disturbances or uncertainties.

Introduction

Aerial quadrotor is a type of Unmanned Aerial Vehicle (UAV) which is composed by four motors and
by an embedded electronic-control system where the control algorithm is executed (Zulu and John, 2016).
Applications of quadrotors have focused the attention of a large part of the scientific community with respect
to other UAVs configurations due to the low cost, simplicity and versatility (Amin et al., 2016), (Kerr et al.,
2020), (Menouar et al., 2017). However, quadrotors have some disadvantages, they are an underactuated and
unstable systems with nonlinearities, fast dynamics and couplings between its different states. This type of
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aerial vehicle still represents a challenge for the control scientific community due to its different applications
(Poultney et al., 2018; Saeed et al., 2015). Several control approaches were proposed in the literature for
quadrotors. Most works propose solutions for challenges related with the stability and trajectory tracking.
Linear controllers (as the PID and the Linear Quadratic Regulator) are the most widely used techniques
in the industry and academia (Balaguer et al., 2021; Miranda-Colorado and Aguilar, 2019; Bouabdallah
et al., 2004a; Outeiro et al., 2021). The main advantages of linear controllers are the simplicity to implement
and tune, for achieving an acceptable performance in real time. However, its performance is degraded
considerably when working outside the linear zone such as aggressive flight maneuvers (Comert, Ceren and
Kasnakoglu, 2017). Hence, the application of this type of techniques is limited when dealing with real life
scenarios.

One of the main problems for commercial quadrotor aerial vehicles is that their inner control architecture
is not conceived for compensating rotors failures. Therefore, the failures influence the dynamics of the
vehicle affecting the stability, reliability, and safety during the flight envelope. This problem makes the
aerial vehicles not safe for their use on civil applications (or in populated areas). If non conventional
maneuvers are required, more advanced control strategies must be considered. Strategies such as Sliding
Mode Control (SMC) (Silva and Santos, 2020), He, (Ortiz et al., 2016), Model Predictive Control (MPC)
(Betancourt-Vera et al., 2018; Cavanini et al., 2021), BackStepping (Jia et al., 2017) or heuristic controllers
(Gu et al., 2020) are examples of these types of controllers, which have been used to face aggressive behaviors.
Likewise, controllers using quaternion (Abaunza and Castillo, 2019; Castillo et al., 2019) have been used to
deal with these conditions. In this case, the orientation of the vehicle is described alternately to the Euler
angles, which allows avoiding various problems such as the indetermination that arises with the Euler angles
when encountering singularities (Castillo et al., 2016). However, the main disadvantage of some nonlinear
techniques is their complexity, for executing the algorithm in real time on the vehicle and for obtaining the
controller parameters. Therefore, simple controllers are preferred by non-experts users or practitioners, and
some researchers have improved this kind of controllers by adding blocks/modules in the control structure,
turning it into a robust control scheme.

Observer schemes, such as the Disturbance Observer Based Control (DOBC) techniques (Chen et al., 2015),
are popular for non conventional tasks. They allow to increase robustness into the system against uncertain-
ties, without a significant increase in the algorithm complexity. These techniques are based on observing the
inputs and the outputs of the plant and based on the theoretical response that should be obtained attribut-
ing everything inexplicable to a disturbance (Guo and Cao, 2014). The previous results, in an equivalent
disturbance that explains all the unknown behavior that can range from external disturbance to modeling
errors and nonlinearities. In addition, the source of the disturbance is not relevant for these methodologies.
Among the most used DOBC techniques are the Disturbance Observers (DOBs) based on input—output mod-
els (Sariyildiz et al., 2019); Active Disturbance Rejection Control (ADRC) (Han, 2009), which approximates
the plant to an integrator chain and all the other behaviors are considered as disturbances; Generalized
Extended State Observer (GESO) (Li et al., 2011), which uses an observer with the model and assumes that
the disturbance is constant, and the Uncertainty and Disturbance Observer (UDE) (Zhong and Rees, 2004),
which uses the model and the known plant state to obtain an approximation of the disturbance. This last
one demonstrated its practical validation for compensating external disturbances in quadrotors (Sanz et al.,
2016; Qian and Liu, 2019; Lu et al., 2020; Betancourt-Vera et al., 2020; Dhadekar et al., 2021).

For dealing with undesired and inner nonlinear performances into the system (some of them produced by
actuators failures) the Fault Tolerant Control (FTC) techniques (Yin et al.,, 2016) are used frequently.
These methods are used to deal with failures that could arise from the system, preventing the performance
degradation and making the control system safe and reliable. These techniques can be classified into passive
and active (Ortiz-Torres et al., 2020a). In the first case, the controller works itself to minimize the effect of
the failures but it is not capable to overcome them. Nevertheless, in the second case, when the fault occurs,
a self-reconfigurable controller is applied to maintain the desired performance of the system. These kinds
of techniques generally use the following methodology (Zhang and Jiang, 2008; Safaeipour et al., 2021):
the identification of the plant in regular operation, control tuning for the regular operation, detection and



identification of the possible fault, and the control law reconfiguration. For instance, in (Sadeghzadeh et al.,
2012), the authors proposed an active FTC based on a Gain-Secheudeld PID combined with an observer
capable to detect and identify faults on a quadrotor. A passive FTC was proposed in (Yu et al., 2019; Gracia
et al., 2018) using a Sliding Mode Control (SMC) combined with a heuristic controller that was optimized
for different possible faults scenarios, and (Lyu et al., 2017) an extra sensor observer for thrust fault was
presented. A robust adaptive FTC for uncertain MIMO process system exposed to actuator faults was
implemented in (Aric1 and Kara, 2020). The scheme is composed by centralized model reference adaptive
control with output feedback framework for output tracking despite the presence of actuator fault regardless
of time and duration.

Recently, works on active FTC for quadrotor vehicles subjected to actuator partial faults can be found in
(Merheb and Noura, 2019; Nian et al., 2020; Ortiz-Torres et al., 2020b; Biiylikkabasakal et al., 2017). In
(Merheb and Noura, 2019; Nian et al., 2020) the faults were injected only when the vehicle was flying at hover
position. To the best of our knowledge, only few experimental validations for a quadrotor flying in a non-
hover position have been validated, see (Avram et al., 2017) and (Ortiz-Torres et al., 2020b). In (Ortiz-Torres
et al., 2020b), the authors developed a Fault Detection (FD) and accommodation algorithm using nonlinear
adaptive estimation techniques. In addition, three observers were considered for the FD: a nonlinear adaptive
observer and a linear Proportional-Integral Observer (PIO) applied to a PVTOL - Planar Vertical Take Off
and Landing- and a quasi-Linear Parameter Varying (qLPV) for a quadrotor. Due to the complexity of
designing, tuning and implementing these controllers, it is difficult to conduct real-time simulations and
experiments. Therefore, a simple solution is required. In this paper, we propose a simple and efficient
robust control algorithm for handling rotor failures. The control architecture is composed by a nominal
controller (e.g. controller of a commercial aerial vehicle) and an observer that simplifies its implementation
on real-time scenarios. Regardless of aggressive rotor failures, the nominal controller does not require to be
re-tuned. To the best of our knowledge, this is the first time that an uncertainty and disturbance observer is
designed using the real control inputs of the system (the actuators). This allows us to design a rotors fault
estimator and as well to provide the practical stability of the aerial vehicle when rotors failures are induced.
Finally, the proposed scheme is tested in aggressive conditions in numerical simulations and in real-time
flights, corroborating and exploiting their robustness properties on rotor’s faults. We consider in this work
as aggressive conditions, when rotor failures of more than 40% of LoE are induced in a hover and non hover
position.

The paper is organized as follows: the preliminaries and problem formulation are given in Section 2. The
rotors fault observer is designed in Section 3. Numerical and practical validation of the architecture is carried
out and main graphs are illustrated in Section 4. An analysis of the results are given in Section 5. And
finally in Section 6, the final conclusions and perspectives of our work are given.

2 Preliminaries & Problem formulation

The model of a quadrotor can be described by representing the vehicle as a 3D rigid body, as shown in Fig.
1, and using the Newton-Euler formalism. Therefore, it can be expressed as
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where £(t) denotes the vector position of the vehicle with respect to the frame &, v(t) € .# describes the
linear velocity, €2(¢) represents the angular velocity of the body defined in %, and m is the total mass of
the vehicle. The constant moment of inertia is denoted by J expressed in %, 7(t) £ [u2,us, u4] expresses
the torques applied in the rigid body, €(t) introduces the skew-symmetric matrix of Q(t), R(t) means the
rotation matrix from % to .#, and F(t) £ [0,0,u] are the forces applied to the rigid body. d¢,d,, denotes

the exogenous and unknown disturbances.
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Figure 1: Quadrotor aerial vehicle representation. % = {z,ys, 2} denotes the inertial frame, and Z =
{zpB,yB, 2B} is the body frame attached to the center of mass of the vehicle.

Note that, system (1) is often expressed as

i(t) = (A+AA)z(t) + (B+AB)a)
+f(x, a,t) + d(t) (2)
y(t) = =(t)

where z(t) € R” and @(t) € R™ are the state and control variables, f(z,u,t) : R" x R x RT™ — R" defines a
non-linear function, and d(¢) : RT™ — R™. The full state is assumed to be measurable. The state and control
matrices are split so that A and B are known and AA and AB are parametric uncertainties. Moreover, it
is assumed that the nonlinear function W # 0, for all (z,u) € R” x R™.

The equations of the model (1) can be written in the form of (2) as (Bouabdallah et al., 2004b):
_ 106 Is _ 06| ¢ _ |06 _ 106
ol o el [ e[
where d = [d¢,d,)T, B = mtm Y (m™! - g),I;l,Igl,Igl]T and f is composed by fi =

cosd)sin@cosw—&-sinq&sinwul’ f_~2 _ cos¢sinosinw—sin¢coswu1’ f3 _ ﬂ(l o COS¢COSQ), ](—-4 _ (@;I;)éd) _ %997
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fs = (Izilw)¢¢+ %be and fo = (ImI—zIy)éd).

An aerial vehicle needs a robust control system to compensate the adverse effects of model uncertainties (AA,
AB), unmeasured and nonlinear dynamics (f) and external disturbances (d), such as wind and turbulence
(Luque-Vega et al., 2012). These non desired effects can be also produced by actuators fault (damage in
the propeller or the motor itself) producing a loss in the efficiency of the vehicle. Voltage variations in
battery can also be seen as Loss of Efficiency (LoE) in motors, which is reasonable due to the motor thrusts
(Schacht-Rodriguez, 2018).

In this work, the challenge will be to propose a robust control architecture via a rotor fault observer for
improving/reinforcing the performance of the closed-loop system when using nominal controllers (linear,
nonlinear). This novel control-observer architecture, depicted in Figure 2, is robust with respect to model
uncertainties and external disturbances (e.g. wind gust). In addition, it is capable to detect and compensate
rotors fault, as loss of efficiency. Our goal is to validate experimentally the proposed architecture in flight
tests with critical and non critical scenarios. Note that this architecture is quite different from the traditional
Fault Tolerant Control (FTC) schemes because our system is capable to react fast enough to compensate
rotors fault, without using the isolation and reconfiguration tasks of the FTC schemes, even when the aerial
robot is flying in a non-hover position.
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Figure 2: Block diagram of the control structure. u;q corresponds to the estimated disturbances, ]\Zfiyd is the
rotor faults estimation and &4 is the desired position. u represents the vector control input containing the

main thrust and the control torques respectively. (; means the external disturbances and ¢,, symbolizes the
desired threshold.

3 Rotors fault observer

Let us consider a reference model as follows
x4(t) = Aqwq(t> +Byry(t) (3)

where x, € R", A, € R"*™ and B, € R"*™ are the state reference matrix and the control reference vector,
respectively. rq(t) is continuous and uniformly bounded command to the system.

Let assume that the desired dynamics of the closed-loop system (1) or (2) are given in terms of the reference
model described in (3). Therefore, the goal will be to find a control algorithm such that x — x, where x is
the real system state and x, the reference model state. Thus define the error as e = ¢, — x. Differentiating
the error and using (2) and (3), and adding and subtracting A4, it holds

e = Ajet+Axz+Byr,(t) - (A+AA)x
—(B+ AB)u — f(z,q,t) — d(¢). (4)

Hence, the goal will be that e — 0 asymptotically. Then, @ can be proposed as
Ba=(A;—A)z+B,ry(t) - AAxz —ABu—-f —d (5)

Notice from the above that (5) can be separated in two parts; one concerning the reference tracking perfor-
mance, that can be defined as u., while the second one relating to the unknown dynamics and effects into
the system, that will be denoted as ug. Thus, considering the pseudo-inverse of B as Bt = (BTB)~'B7,
(5) becomes

u = u, + uy. (6)

with
U = B+[(Aq —A)z + Byr,(t)] (7)

and
ug = B+[—AA:J: — ABu — f(x,q,t) — d(¢)]. (8)

On the one hand, note from (7) that u.(t) = Ka(t) + BtB,r,(t), with K = B* (A, — A) is the control part
for stabilizing the system in ideal conditions, i.e., its linear part. On the other hand, uy will contain the
observer part and will be the control part for compensating and estimating the inner uncertainties, unknown



dynamics or external perturbations in the system. Let us define the lumped term w € R™, containing all
the model uncertainties and external disturbances as follows

w= AAx — ABu — f(z,u,t) — d(t). (9)
Assumption 1 The lumped disturbance w is bounded as well as its derivative

Observe that (8) is a function of the unknown variables AAx, AB, @, f(x,u,t),d(t). However, using (2), it
can be rewritten as
u; = BT [Az + Ba — 7] (10)

Intuitively, it indicates that the unknown dynamics and disturbances are related and then can be estimated
from the known dynamics of the system and control signal. Following ideas from (Zhong and Rees, 2004),
(10) can be approximated by

Ua(s) = G(s)BT[AX(s) + BU(s) — sX(s)] (11)

Assume that Gy (s) is a strictly proper low-pass filter with unity steady-state gain and broad enough band-
width. From assumption 1, the asymptotic stability of the closed-loop system for multi-rotor vehicles can
be demonstrated as in (Sanz et al., 2017).

3.1 Rotor fault estimator

To compensate external disturbances affecting the vehicle, the estimation of ug with the form in (8) is
the only one necessary. This is possible because uy is related with the control inputs of the system .
Nevertheless, if the goal is to compensate rotor’s faults, this control input needs to be reformulated.

The control inputs, u;, in the quadrotor system are functions of the combination of the motor’s forces f;.
From Figure 1, this relation is often given by

uy (t) 11 1 1] [A®

_ Ug(t) o l —l —l Z f2(t)

el A1 el I R R R NS (12)
uy(t) —ap ap —cy crl |fa(t)

where f;, with ¢ : 1,--- 4, are the upward lifting forces generated by motor i, [ represents the horizontal
distance from the center of mass to the center of a rotor and c; is the propeller torque coeflicient. We
assume, in this work, that the thrust of each propeller is directly controlled and attached in the z axis of the
vehicle, i.e., the blade flapping effect is not considered.

Notice that (6) and (12) have the same structure, therefore, u. and ug are also vectors of four components
and functions of the forces f;. In addition, the force ¢, produced by motor i, can be computed using its
angular rate wyy,, such that, f; ~ kfw?wi with k; defining an aerodynamic thrust factor.

In real-time validation, the control inputs of the system u are transformed into the real control inputs for
each actuator (motors). This is often known as control allocation, where each control input of the system wu;
is fused or combined for obtaining the real input for the actuator. For a quadrotor vehicle it is obtained as
follows:

M — Hi,
with
M (t) uy (t) Ute + Ul
Mo (t) _ us(t) Uge + Uad
M= ; u= = ;
M3(t) us(t) U3e + U3d
Ma(t) ua(t) Ude + Uag



and H denotes the allocation control matrix. This matrix is related with the rotors configuration in the
system, for a quadrotor configuration it has the following form

1 1 1 -1

1 -1 1 1
H= 1 -1 -1 -1

1 1 -1 1
Hence, M can be also separated as M = M.+ M, where the first one corresponding for the values computed
with the control law u. and the second one is for the disturbances rejection. Then, My is the vector parameter
that should compensate the undesired performances in the vehicle.

Analyzing only the disturbance part contribution, it follows that My = Hu,. Rewriting it, in the scalar
form, it follows that
Mg = u1q + u2q + uzq — Uad,
Msq = u1q — u24 + U3q + Uad,
M3q = u1q — u2q — U3q — Udd,
Myg = uiq + U2qg — U3q + Uaq.

(13)

From (13), we observe that uiq is common for the four rotors so it can be considered as the altitude
disturbance in the vehicle that affects the efficiency of all rotors power at the same time. Therefore, its
contribution for detecting if one motor is losing efficiency is less important. Nevertheless, we notice also
from (13) that the combination of the terms u;q for j : 2,3, 4; has a severe impact in each rotor. Hence, from
the previous analysis, it is possible to propose the following rotors fault estimator:

Mg = uzq + uzdg — Uad,

Myq = —uga + usa + Uad,

M3q = —uza — uza — Uad, (14)
My = uga — uzd + Uad

My, = uig-

with Mid is the disturbance parameter estimation for motor 1.

In summary, the analysis of equation (14) can be done in two stages:

1. external/small disturbances (conventional flights), here the values of M;q are relatively small but they
should not be necessarily null and therefore, the lumped term can be estimated and compensated
using (11).

2. LoE in motors, in this stage the values of Mg degrade severally the performance of the vehicle and
it can be seen as Loss of Efficiency (LoE) in motors.

From the vehicle configuration and physical characteristics, we observe that if one parameter of M4 reaches
a critical value €,,, the control law will not be capable to keep the vehicle stable at hover position, then an
inevitable crash will arise. This critical value is chosen such that a minimal main thrust (uq) is required to
overcome the weight of the vehicle (mg), i.e.,

€m = minu; = mg + 4. (15)

with 0 is a small positive constant. Therefore, two flight modes are proposed:

. (16)

Sar s Mig < €m,
Ey  Mig > €,



where Sy, and E); stand for the safe and emergency modes, respectively. Observe also that, all the proposed
methodology for estimating the rotors fault in (14) are based on computing ug in (10).

On the one hand, remember that from (16), when M;q < €,,, the system stability of (2) with controller (6)
can be determined as in (Sanz et al., 2017). On the other hand, M;q > €m, this stability may not be ensured
because the controllability of the system is compromised. Nevertheless, as presented in (Ortiz-Torres et al.,
2020), for bigger values of LoE in rotors, it is still possible to guarantee the controllability of the aerial
system even if it lost a degree of freedom. More however, a reconfiguration process is necessary.

Thus, for the emergency mode E};, the control reconfiguration process is given as follows:

1. The controllability of the yaw angle (1) is lost when the rotor failure estimation exceeds the threshold.

2. As physical consequence, the vehicle turns along its z—axis and then, a desired yaw rate (for produc-
ing high velocities) is proposed for controlling the yaw heading angular velocity (¢). No re-tuning
of the controller is needed in this part.

3. The practical stability of the whole system is recovered trying to reach the desired altitude, z4. If
zq is not reached quickly the safe landing is activated.

4. The drone lands in a safe mode.

The proof of controllability when an aerial system looses a 1 DoF can be found in (Du et al., 2015; Ortiz-
Torres et al., 2020). Thus, ¢ = —k e, implies that ¥ — 1)g (Castillo et al., 2005). The threshold value
€m 1s obtained as follows: equation (15) is based on the minimal thrust vector required to overcome the
weight of the vehicle (mg). Hence, this value depends of the physical characteristics of the prototype used
in experiments. We observed that having bigger values of €, (or by consequence §) means the rotor fault
estimator, Mid, could be activated with small disturbances/failures in the system (parametric uncertainties,
small percentage of LoE in rotors) and thus, the non critical case as well. For the case of the AR.Drone 2.0
quadrotor (the prototype used in experiments) the evolution of €,, with respect to § is presented in Table 1.

These values can be verified using the Available control authority (ACAI) as explained in (Du et al., 2016)
and (Ortiz-Torres et al., 2020a). The conditions showing the controllability analysis of the aerial vehicle
when a LoE is induced are also presented in Table 1. From this table, observe that critical LoE corresponds
to the case of small values of €, and the opposite for the non critical case. This is mainly due to the fact
that the vector thrust is strongly related to the stability of the aerial vehicle, as described in equation (12).
For safety reasons, in this paper, €,, = 0.4 meaning that LoE > 0.4 are considered as a critical rotor fault.

Quadrotor

Fault €m 1) LoE | Quadrotor WY
0.72 | 0.4 0.1 CN -
Non 0.62 | 0.3 0.2 CN -
critical | 0.52 | 0.2 | 0.3 CN -
0.42 | 0.1 | 0.4 CN -

0.32 | -0.1 | 0.5 UCN CN

022 | -0.2 | 0.6 UCN CN

Critical - - 0.7 UCN CN

- - 0.8 UCN CN

- - 0.9 UCN CN

Table 1: Quadrotor controllability analysis. CN: controllable, UCN: Uncontrollable and WY: Without yaw.



3.2 Digital implementation

For an easy digital implementation, we use each state separately and represented as two integrators in cascade
with the form

. 0 1 0

z;(t) = Ajz;(t) + Bu(t) = 0 0 x;(t) + b, u;(t), (17)

where x; = [zj1, ij]T denotes the position and angular velocity of each subsystem j : x,y, 2,0, ¢, and
i :1:4. This can be also expressed in discrete time as

zj(k+1) = A.z;(k)+Bsju(k)

_ {(1) ﬂ z;(k) + [Tu ui(k),

being T' the sample time used to discretize the system.
Similarly, (10) can be represented in discrete domain time as

uy(k) = BT [A,z(k) + B,u(k) — x(k + 1)]. (18)

Expression (18) is not causal, but it can be approximated by introducing a first-order filter. Then, using the
Z transform and taking into account that x(k + 1) = (x((), it yields

1- L
() = ( = ?) IB*[A.2(¢) + B.u(¢) — (& (()].
Ty

where T represents the first-order filter parameter and I the identity matrix. From the above expression
and rewriting it for each state variable, x;, it follows

_ T
wia@) = =1 2100 = (22 ) () (19)
Th;(¢ — 1) ¢~ Ty

The above expression can be also represented in discrete time, helping the user its implementation in micro-
controllers. Then, it yields

wa(k) = (1 — ;f;) wig(k —1) +
IE;— (%‘2(@ —1)501{2(743 -1 ik — 1)> ’

where i stands for each state variable of component of the vector: @ = [u(t), uz(t), us(t), u4(t)]T.

4 Numerical and practical validation

The proposed robust control scheme in (6) - (14) was validated in numerical simulations and real-time
experiments. We focus on validating it when the aerial vehicle suffers undesired dynamics produced by rotor
failures. Our model for each axis is a double integrator (17), where b; is obtained experimentally. The
control parameters for simulations and experiments are presented in the Table 2. Here, k,, and kg, , express

the control parameters K = [k, deT for obtaining the desired reference model:

0 1 0
A, = B, =
“ |:_aq1i _aq2i] @ |:bq1:|

Two scenarios are proposed for simulations and experimental tests. They are defined as follows:



Table 2: Control parameters for simulations and experimental tests. The parameters k,, and kg, are positive
diagonal matrices for stabilizing the system in nominal conditions. The parameters b;, aq1,, ag2, and by,
where obtained experimentally using the Pseudo Random Binary Sequence (PRBS) method. The parameter
Ty, is chosen as 0 < T'; < 1.

Parameter ¢, 60 P T,y z

Ky, 08 06 017 0.3
ka, 01 02 013 0.1
b; 140 44 10 5
Ty, 01 05 05 03
aq1, 112 264 1.7 15
aga, 14 88 13 05
by, 112 264 1.7 15

Scenario A - The first one is when the vehicle is moving from a point A to point B and a rotor fault occurs
(LoE < €p,). It is named “Rotor fault in non hover position”. This scenario is for flights in safe
mode (Sps) or non critical case. Here, the architecture can attenuate internal/external disturbances
such as: wind, uncertainties into the model, etc, in such way that the practical stability of the
quadrotor can be guaranteed.

Scenario B - The second is when the aerial vehicle is at hover and a critical rotor fault occurs (LoE > €,,).
This last one is named “Critical rotor fault”. Here, the emergency mode (Ejs) or critical case, is
used to detect important system degradation performance and assure a safe landing. In this critical
case, often used in rotors failures, one degree of freedom is lost into the system and the control
architecture is reconfigured for maintaining the aerial drone in flight or ensuring a safe landing.

4.1 Simulations

As previously explained, two scenarios are introduced for numerical validation. The first one consists in
reducing the effectiveness in motor M; when the aerial robot is performing a non hover position (Scenario
A). For the second one (Scenario B), a critical LoE in M; is injected when the vehicle is at hover position
such that the system losses a degree of freedom. In this case, the emergency landing is required. Both
scenarios are compared with the nominal controller u., the proposed robust architecture 1 and an active
fault tolerant control uppc as proposed in (Ortiz-Torres et al., 2020).

4.1.1 Scenario A : Rotor fault in a non hover position

In this scenario, the effectiveness of M is reduced 30% while the vehicle is flying from points A to B with
coordinates £(tg = 0) = [-2, 0, 2]Tm and &; = [3, 0, 2]7m, respectively. In Figures 3 — 5, the performance
of the vehicle in 3D space when performing the desired task is addressed. Remark that when using the
proposed architecture and injecting the fault, the whole system overcomes it and converges to the desired
final point (solid line). In other case, when using only the nominal controller u. or the active FTC uprc,
the performance of the vehicle is degraded (dashed and dash-dotted lines, respectively).

4.1.2 Scenario B : A critical rotor fault (E);)

In this scenario, the aerial vehicle is at hover at the position ¢ = [0, 0, 2]Tm. M; is then degraded 60% of its
effectiveness at t = 4.5s. Here, the fault estimation exceeds the threshold, and then, the control algorithm
switches into emergency mode. In the reconfiguration control, the yaw angle is lost and the desired yaw
velocity is chosen as 1g = 10 rad/s, then a desired reference of £, = [1.5, 0, 2]Tm at t = 21s is set for
the safety landing. Figures 6 — 8 shows the performance of the quadrotor subject to a critical rotor failure.
From thess figures, we notice that when the fault is injected instantaneously the vehicle crashes when using
only the nominal controller u.. However, when using the proposed control scheme u and the active FTC
uprc, the quadrotor recovers quickly its altitude (at ¢ = 6s). For the active FTC case, the performance is
harshly degraded in all axes.



Figure 3: Scenario A - simulation: Quadrotor position performance when using a nominal controller, the
proposed architecture and an active FTC. Notice when using the nominal controller u., the performance is
degraded and thus the error increases.
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Figure 4: Scenario A - simulation: Position performance of the vehicle using the control algorithms, u.,
1, and uppe. Observe the controller upre converge to the desired position (z and z— axes) but the
performance is degraded with some oscillations in the y— axis.
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Figure 5: Scenario A - simulation: Rotors control action’s performances, when a LoE of 30% in M; is
applied during a non hover position. Notice the oscillations in the case of Mi,, .- This are mainly due to
the degraded system’s performance, as can be verified in Figure 4.
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Figure 6: Scenario B - simulation : Quadrotor position performance of the vehicle using the control algo-
rithms, u. and 1, and flying at hover when a critical failure of 60% of LoE is applied in Mj.
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Figure 7: Scenario B - simulation : Performance of the vehicle positions using the control algorithms, u.
and u, and flying at hover when a critical failure is applied in M;. Notice when using uprc the systems
recovers the practical stability but with a degraded performance.
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Figure 8: Scenario B - simulation: Rotors control action’s performances, when a LoE of 60% in M; is applied.
Remark the reconfiguration process between uprc and . One changes immediately the control gains and
lose 1 dof while the other is only losing the yaw control.



4.2 Experimental results

Scenarios A and B were replicated in real-time tests. The experimental tests were performed in a quadrotor
vehicle type AR Drone 2. Its firmware was modified to work under the software FL-air which is open source
and runs on a Linux-based operating system, capable of implementing a wide range of control schemes, see
(Lab, 2012). An OptiTrack motion capture system was used to estimate the vehicle’s position, while its
internal Inertial Measurement Unit (IMU) measures its orientation and angular rates.

4.2.1 Scenario A : Rotor fault in a non hover position

Similarly that in simulation, the aerial vehicle moves in straight line from points A to B with coordinates
E(to) = [=2, 0, 2]Tm and & = [3, 0, 2]7m, respectively. On time t = 6s, the LoE in M; is reduced 30%.
Figure 9 shows the behaviors of the vehicle in 3D space when performing the desired task and using two
controllers. Observe that when the fault is injected and the proposed architecture is applied, the quadrotor
overcomes it and converges to the desired final point. Otherwise, the performance of the vehicle is degraded.
In Figure 10, the estimation of the motors fault is presented. Notice that the observer keeps estimating the
fault even if it was compensated. Similarly, in Figure 11, the motor control input performances are depicted.

A video of the experimental results can be seen in
https://youtu.be/UYk1AnhXPgs.
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Figure 9: Scenario A - flight tests: Position performance of the vehicle when using the nomi-
nal controller and the proposed architecture, and a rotor fault is induced in a non hover position.
https://youtu.be/UY¥k1AnhXPgs
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Figure 10: Scenario A - flight tests: Rotors fault estimations Mid, i1=1,2,3,4.
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Figure 11: Scenario A - flight tests: Rotors control action’s performances, when a LoE of 30% in M is
applied during a non hover position.

4.2.2 Scenario B : A critical rotor failure

When a quadrotor is performing a task and a critical rotor fault occurs, the quadrotor will not always land
safely. The goal of these tests are to present the performance of the vehicle when a critical fault appears and
while it is flying in zones where a safety landing immediately is not possible. Thus, searching for a safe zone
must be performed. Nevertheless, we observed that with a LoE of 60% in a motor, the aerial vehicle was not
capable to reach the desired altitude for moving in the plane x — y and automatically the safe landing was
activated. For demonstrating that it is possible to move the quadrotor in the plane x — y with a critical fault
and losing a degree of freedom, we have included for this scenario two cases. They are defined as follows

1. Scenario B - case A : A critical fault (50% LoE) is induced in a motor when the vehicle is at hover
position.

2. Scenario B - case B : A critical fault (60% LoE) is applied in a motor and the emergency landing is
applied.

Case A : Searching for a safe zone for landing

In this case, the quadrotor is located at £(t) = [0,0,2]7m, and the energy in motor M; is degraded of 50%.
Then, according to the control reconfiguration procedure, the control law switches to the emergency mode.
Here, the position yaw control is lost and only the yaw rate can be controlled. Once the drone attitude is
recovered reaching its desired altitude z4, a safe set-point; &g = [2,0,2]7m is sent to the quadrotor simulating
a coordinate where the vehicle can be landed in safety mode.

In Figure 12 the 3D performance of the vehicle when a critical fault injected in motor M is depicted. Notice
here that, on the one hand, when the fault is injected, the nominal controller is not enough to compensate
it and the system performance is harshly degraded, making the drone crashes (dotted line). On the other
hand, when the aerial drone is flying with the proposed control scheme, its performance is barely degraded
such that safe displacements and a safe landing are possible. Figure 13 presents the behavior of the vehicle
in the three axes when the fault in motor M; is applied.

Observe that, when the virtual rotor fault is injected, the performance of the vehicle when using the state
feedback (nominal) controller is degraded. However, in the same figure in the z— axis at 4 < ¢ < 6, we
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Figure 13: Scenario B - case A - flight tests : Performance of the quadcopter position subject to a critical

rotor fault of 50% in M;.

note that when using the proposed scheme the performance of the drone is barely degraded. x and y axis
vary as the quadrotor turns on its own axis and simultaneously, controlling the error position. The safe
reference is sent at t = 12s and once the vehicle arrives, the safe landing can be achieved. The performance
of the proposed rotor fault estimator is shown in Figure 14. From this figure, we can state that the fault was
injected at ¢t = 4.5s and that the performance of the rotor fault observer was good regardless of the failure.

In Figure 15, the performances of the motors M; subject to a rotor fault of 50% of LoE in M; are depicted.
Notice that once the fault is injected, the effectiveness range in motor M; is reduced 50%. In addition, we
remark that the motor My turns off for some milliseconds (for compensating M;) and, motors My and M;
increases its velocity to make possible the yaw velocity control. A video of the experimental results can be
seen in https://youtu.be/MWMvRoSPLfg.
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Figure 15: Scenario B - case A - flight tests : Rotors control action’s performances when a critical fault of
50% in M is applied.

Case B : Critical rotor fault with emergency landing

In order to keep the safety operation of the vehicle, an emergency landing is a prioritized flight mode made
by an aircraft in response to an imminent or ongoing threat, e.g. rotors failures. This experiment shows the
performance of the drone when a LoE of 60% is induced in a motor. Thus, the scenario is set as follows: the
drone is flying at hover & = [0, 0, 2]7m, this position is taken as its initial position &;,—g, at time ¢ = 3.9s, the
virtual failure in M is applied and the vehicle performance degraded. A video of the experimental results
can be seen in https://youtu.be/WS5-zpx8S4o.

Notice from Figure 16 that when using only the nominal controller, the robot performance is instantly
degraded and it crashes (dotted line). Nevertheless, when using the proposed architecture, the rotor fault
observer estimates the motor fault that is compared with the threshold. As the threshold is overpassed, the
control scheme switches into the emergency mode. In this mode, the controllability of the yaw angle is lost,
and only the yaw velocity control is available. This allows to recover the quadrotor attitude performance
and the desired altitude. Nevertheless the aerial robot begins to lose altitude and then the condition for
an emergency landing is activated. Thus, at the end, the quadrotor lands safely (solid line). In Figure 17,
the estimations of Mid are depicted. Notice here that their values oscillate after time ¢t = 4.2s and they are
produced when the aerial robot is turning on its vertical axis.
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Figure 16: Scenario B - case B - flight tests : Position performance of the vehicle when using the nominal con-
troller and the proposed architecture, and a critical rotor fault is induced. https://youtu.be/WS5-zpx8S4o
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Figure 17: Scenario B - case B - flight tests : Rotors faults estimations ]\;[id, 1:1,---,4.

In Figure 18, the motors performances are illustrated. Remark that M; has 40% of its effectiveness when
the failure is applied, and then M, stops working for short intermittent milliseconds for compensating
effectiveness in M;. We also observe that My and M3 increase their effectiveness to recover the main thrust
and recover the desired altitude, but it produces that the vehicle turns on its vertical axis.

5 Discussion

In this section, we analyse the performance of the proposed architecture against to a nominal controller in
three experimental scenarios. For the performance analysis, we compute the Integral Absolute Error (TAE)
and the Root Mean Square Error (RMSE) indices. A summary of the analysis of the three experimental
tests is presented in Table 3. Note that all the experiments were developed using the same control gains,
i.e., re-tuning these variables was not needed. Concerning the steady state regime, from Table results, it
can be observed that the proposed robust control scheme achieves the best performance in all the axes.
Nevertheless, it is true that is possible to have a better performance for the nominal controller but in this
case, re-tuning the control variables most be done for each experiment.
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Figure 18: Scenario B - case B - flight tests : Rotors control action’s performances, when a critical fault of
60% in M; is applied.

Table 3: Performance analysis of the three experiments. “S4- ft” means Scenario A -flight tests, “Sp - C4 -
ft” denotes Scenario B - Case A - flight tests and “Sp - Cp - ft” describes Scenario B - Case A - flight tests.

Sa -1t Sp-Ca-1t | Sp-Cp-ft
IAE RMSE | IAE RMSE | IAE RMSE
ue | 3.34 0.19 inf inf inf inf
U 0.39 0.04 1.52 0.41 1.8 0.35
ue | 13.02 1.18 inf inf inf inf
U 5.29 1.02 5.55 0.46 2.17 0.24
ue | 6.01 0.38 inf inf inf inf
Y1 %] 03 004 | 149 022 | 098 0.09

Regarding the control design, tuning and the implementation effort, the nominal controller is easier to tune
because its structure can be seen as a simple controller. Our scheme is composed mainly by an observer,
a simple reference model of the vehicle and a band-pass filter. All these parameters need to be obtained
experimentally in order to have a well approximation of the system. Once the observer is well-tuned for the
prototype, it can be used with almost all kind of controllers. The advantage of using the proposed scheme
is that it contains an immediate and smooth control action when undesired dynamics appears, especially
rotors fault. This can be verified in Table 3, column two and three, where it can be observed that, using only
a nominal controller, when a critical rotor fault is injected, it wont be enough to overcome it. Nevertheless,
the good performance of the system is guaranteed for the proposed control scheme when critical fault occurs.
As all kind of control schemes, there are some limitations that are related with the physical characteristics
of the prototype. For example, observe from real-time flight tests that when injecting critical faults more
than 70%, the observer sends the respective compensation which exceeds the capacity of effectiveness of all
the motors, such that the quadrotor becomes unstable. This is mainly due the fact, the observer does not
take into account the limit of operating range of the rotors.

In addition, the Total Variation (T'V)) of the control input (IT'V = > 'Z"|u;11 — w;|) is used as a measure
of the control effort. This index can easily show the aggressively of the controller and can be seen as a
measurement of the energy used by the control action. In Table 4, scenario A, the TV of the flight tests is
presented. Remark from Figure 19, a similar performance of both controllers. The u, controller has a lower
TV as a result of that the designed controller is not aggressive as the i, but with the lack of the disturbance
rejection property, since the u, cannot deal with the set-point tracking problem in the presence of faults.



Table 4: Total Variation (TV) of the control inputs.

Scenario A - flight tests
Uo us Uy uy M, M M My
Ue 26.80 39.43 95.11 4.72 64.68 116.12 54.06 89.43
U 46.62 65.33 112.80 6.52 76.10 150.75 58.20 117.04

Scenario B - case A - flight tests
U us Uy Uy My Mo M My
inf inf inf inf inf inf inf inf
(17.35) (29.13) (32.59) (4.70) (26.36) (29.28) (34.76) (29.47)
30.03 68.45 89.03 10.33 58.05 76.19 69.95 114.97
(21.54) (32.14) (40.61) (6.07) (31.39) (37.62) (36.02) (40.80)

Scenario B - case A - flight tests
Uz us Uy uy My Mo Ms My
inf inf inf inf inf inf inf inf
(10.42) (11.78) (17.54) (1.12) (9.67) (20.91) (16.73) (15.56)
26.31 32.52 38.88 4.45 24.22 53.78 34.06 37.66
(12.31) (14.90) (18.68) (1.98) (12.75) (27.51) (20.09) (18.64)
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Figure 19: Control inputs u. and u of the flight tests for scenario A.

Moreover, based on the performance of the control laws depicted on Figure 20, the TV of the scenario B
- case A is presented in Table 4. In contrast to the previous cases, the u. controller presents an infinity
TV when the fault was injected since the system becomes unstable. This is mainly due that the control
algorithm is not robust enough to reject this kind of disturbances. However, the @1 control can overcome the
fault while the drone continue flying safely; the safe landing can be carried-out.

Finally, in Table 4, scenario B, the TV for the experiment of the case B is provided. In this experiment, an
aggressive fault was introduced, as can be observed in Figure 21. Therefore, the u. controller is not able to
continue flying and thus, it becomes unstable such that, the TV becomes infinity. The u controller is able to
overcome this problem since is prepared to deal with this kind of high disturbances. We show in parenthesis,
the TV of these last two experiments, before the faults were injected.

6 Conclusions

In this work, we proposed a novel robust control architecture based on an observer and a nominal controller.
This architecture includes a rotor observer to detect and estimate external disturbances or undesired dy-
namics, such as rotor failures. Thus, the aerial vehicle is capable to continue flying safely even when rotor
faults are encountered.



‘,F
’ AN ] Bl
S EAVAY \

Ak |
2 ‘

0 1 2 3 4 5 . : .

Time [s]
1
05 |
[ ——

P WPV LV “v“v”wAv'wA\Jr\v”v“v”v‘v*v\,'v\ s

0 2 4 6 8 10 12 14 16 18 20
Time [s]

Figure 20: Control inputs u. and u of the experiment for scenario B - case A.
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Figure 21: Control inputs u. and u of the experiment for scenario B - case B.

Simulations and experimental tests were carried-out for validating the performance of the architecture. We
focused these experiments on rotor failures. Three different experiments were proposed to validate the
performance of the control architecture in real time; a rotor failure in a non hover position (scenario A), a
critical rotor fault with safe displacement and emergency landing (scenario B - case A) and, a critical rotor
fault with forced landing (scenario B - case B). In scenario A, a fault of 30% less of the effectiveness of motor
M, was injected, while the vehicle was moving. For the scenario B - case A, a fault of 50% in motor M;
was induced. We showed that even when a critical fault occurs, it is possible to move the vehicle to a safe
zone and thus land in a safety way. In the scenario B - case B, a critical fault of 60% of the effectiveness of
motor M; was injected while the vehicle was at hover position. Thus, a safe landing was required.

The analysis of the experimental and simulations results have shown the high performance capacity on rotor
faults rejection when using the proposed control scheme and a smoother convergence to the desired reference
and low computational cost. Therefore, our approach is a good solution for missions when a rotor failure
appears in flight. The experimental comparison of the proposed robust control against active fault tolerant
controllers, tracking problems when total rotor faults occurs or even aggressive intermittent wind-gust will
be considered as a future work.



A video of the whole experimental results can be seen in https://youtu.be/26PXARrL3VO0.
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