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ABSTRACT

This paper presents a trajectory tracking fault-tolerant control strategy inside an autonomous
emergency landing architecture to control a quadrotor in case of partial rotor fault. The
proposed architecture, which is composed of required hardware and subsystems, aims to
ensure a fully autonomous safe landing of the impaired quadrotor to a suitable landing site.
The controller strategy, which is tried to be coincident with the proposed emergency landing
architecture and the Pixhawk autopilot contains a cascade three-loop structure of adaptive
sliding mode and a modified PID algorithm along with a fault detection algorithm. The
adaptive sliding mode and the PID algorithms are applied to the fast dynamics of angular
velocity rates and the position control of the quadrotor, respectively. A lightweight fault
detection algorithm is developed to detect and identify the partial faults of engine using the
controller outputs and the filtered angular rates. The simulation results demonstrate that the
proposed fault-tolerant controller can control the multi-rotor in partial engine faults with
satisfactory tracking performance. The results also demonstrate the effect of fault detection

time delay on the overall control performance.

1. INTRODUCTION

The development of multi-rotor Unmanned Aerial
Vehicles (UAVs) is being increased in both military and
civil applications due to significant benefits such as
compactness, maneuverability, mechanical simplicity,
quick deployment time, low cost, and ability to operate in
outdoor and indoor environments. This development
grows the demand for the vital problem of safety for the
UAVs (Chen et al,, 2015; Saied et al., 2015; Mazeh et al.
2018). One common problem regarding the safety of
multi-rotor UAVs is the occurrence of actuator fault
(engine fault or propeller damage). The fault of actuator
might lead to a crash and loss of system or might
endanger human beings to injury risks in the
environment of operation (Giribet et al., 2018, Nguyen et
al,, 2019, Lopez-Franco et al,, 2017). Redundancy is not a
logical solution for multi-rotors due to added weight and
complexity to the system. Therefore, automation
enhancement has attracted the researchers as a viable
solution to the challenging problem of flight safety of
multi-rotor UAVs in emergency flight conditions [Asadi
etal, 2017a, b; Asadi et al.2013; Asadi et al. 2014]. Fault-
Tolerant Control (FTC) and Fault Detection and

Identification (FDI) modules are key elements in the
Autonomous Emergency Landing Architecture (AELA)
for safe landing of UAVs in emergency flight conditions.
In addition to the FTC and FDI modules, trajectory
planning and landing site detection are other required
subsystems in the AELA structure, as proposed in this
paper.

Different control algorithms ranging from linear to
nonlinear, sliding mode, robust, and adaptive control
algorithms have been proposed in the literature to
control the faulty aerial vehicles. In (Lanzon etal., 2014),
a controller is presented for a quadrotor with single rotor
failure applying robust feedback linearization and
assuming that the failure is known. In Ref (Milton et al.,
2019), a trajectory tracking adaptive dynamic controller
was proposed to guide an unmanned aerial vehicle
(UAV). Stability and control of quadcopters experiencing
one, two, or three rotor failures are presented in (Mueller
and Andrea 2014). Several control methods based on L1
adaptive control (Ahmadi et al. 2017), Robust adaptive
Control (Asadi and Ahmadi, 2020), sliding mode control
(SMC) (Sharifi etal,, 2010), and adaptive SMC techniques
(Asadietal, 2017, Barghandan etal., 2017) are proposed
to handle model uncertainties and faults. Considering
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model-based control, the authors of (Mohammadi and
Shahri 2013) proposed a model reference adaptive
control (MRAC) technique to control a quadrotor with
parametric and non-parametric uncertainties in the
model. Supposing loss in the efficiency of a quadrotor’s
propeller, control algorithms are proposed in (Ranjbaran
and Khorasani 2010, Zhang and Chamseddine, 2012) to
estimate the aerial vehicle model after the failure,
guaranteeing the stability of the platform. A back
stepping approach is proposed in (Khebbache, et al,
2012) for the performance loss of the motors. In fault-
tolerant control of multi-rotors, the existence of a fast
converging algorithm is necessary for fault detection.
Fault detection approaches can be categorized into
model-based, signal-based, knowledge-based, and active
diagnosis techniques (Zhiwei et al. 2015). (Amoozgar, et
al. 2013) proposed a two-stage Kalman filter to detect,
isolate, and estimate possible faults in each motor
whereas the method was evaluated on a UAV testbed.
(Avram, et al., 2017) presented a fault identification
scheme for actuator faults using nonlinear adaptive
estimation technique. In Ref. (Cen, et al, 2014), an
adaptive Thau observer was developed to estimate and
detect the actuator faults. An on-line detection algorithm
was proposed to detect a single motor failure and a
control allocation technique is proposed to control the
drone in (Frangenberg, et al, 2015). A parity space
method with recursive least squares algorithm was
introduced in (Han et al, 2018), for actuator faults
detection and identification of a drone.

Landing site detection and trajectory planning
modules are other critical issues besides the fault
detection and control algorithm for safe landing of an
impaired drone. Therefore, an Autonomous Emergency
Landing Architecture (AELA) based on the Pixhawk
autopilot is proposed for emergency landing of an
impaired multi-rotor drone. Moreover, this research
presents a fault-tolerant trajectory tracking control
strategy, which can be implemented as a subsystem in
the AELA. Therefore, this research is innovative in
several ways including; 1) suggestion of AELA strategy to
enable the faulty drone for a safe landing, 2)
development of a complete mathematical nonlinear
model considering dynamic uncertainties due to rotors’
gyroscopic effects and airframe drag along with partial
actuator fault effect, 3) application of a cascade fault-
tolerant adaptive sliding model controller integrated
with a modified PID algorithm with anti-windup filter, 4)
application of a fast converging fault detection algorithm
for partial engine fault detection based on the extended
Kalman filter estimate of states. In order to be coincident
with the Pixhawak software structure and having
minimum required changes, a three-loop control
algorithm similar to the Pixhawk autopilot is proposed in
the controller design section.

In section I the AELA structure and in section III the
mathematical modeling is discussed. Section IV
introduces the fault tolerant control and fault detection
algorithm. Sections V presents the simulation results that
validate the proposed approach. Finally, section VI points
out the key conclusions.

2. Autonomous Emergency Landing Architecture

In fault scenarios where continuation of flight is not
possible or endangers the flight safety, the emergency
flight system is triggered to recover the drone’s stability
and safely guide it toward a suitable landing site (Nguyen
et al, 2019). There are several challenges respecting the
safe landing of an impaired drone such as obstacle
detection, suitable landing site detection/selection, fault
detection and identification, characterizing the aircraft’s
kinematic constraints, trajectory planning to the desired
landing area, and control of the faulty drone toward the
landing site. To cover these challenges, an Autonomous
Emergency Landing Architecture (AELA) is proposed
according to Figure 1. The AELA is translated to an
architecture consisting of various subsystems that are
capable of landing a faulty drone to the desired landing
site over a designed trajectory without colliding with
human or animal. In the proposed AELA, the fault
detection algorithm identifies the fault based on the
filtered IMU (Inertial Measurement Unit) and GPS data
applying the Kalman filter. In the meanwhile, on-line
images in the drone’s Field of View (FOV), taken by the
onboard camera along with image processing algorithms
are implemented for suitable landing site detection as
well as obstacles/human detection in the vicinity of the
desired landing site. The area that is free from the
obstacle and closest to the center of the image is defined
as the most immediate and suitable landing zone. After
characterizing a suitable landing site, the trajectory
generation unit generates a controllable trajectory
toward the selected landing site. The controller
generates the required total thrust and three-axis
torques to track the desired trajectory toward the
landing site. A Multi-Criteria Decision-Making (MCDM)
algorithm manages the strategic decision and controls
the whole architecture. The emergency landing mission
continues as long as the number of functioning motors
provides controllability of the drone otherwise MCDM
switches to a safe crash.

MCDM

Online image rajectory
| processing generation
l Landing Site,
| Selection
Control

___________ algorithm

" T, T
Camera 4o, K a, ”
SONAR
y 4 : u
4o, o,

Figure 1. Autonomous Emergency Landing Architecture
with Subsystems

PIXHAWK

The Pixhawk flight controller which is equipped
with GPS, IMU, and SONAR is proposed as the autopilot
board, which enables the engine control, navigation, and
communication with the ground station (Desaraju et al.,
2015). The Pixhawk applies an open-source flight control
software (Github PX4 Documentation), which can be
used as the baseline for the developed algorithms
required for emergency landing. The controller
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algorithms, the guidance and navigation algorithms,
estimators, and filters, can be modified according to the
required proposed algorithms for AELA. Image
processing and trajectory planning task is executed on
the “Raspberry Pie 3” board. A connection between the
Raspberry Pie and Pixhawk is required to transmit the
position of the landing area and obstacles for guidance
and control of the drone.

3. Mathematical Model

In this section, the quadrotor model, the engine
model, as well as the motor mixer equations are
presented.

3.1. Quadrotor Model

The S500 frame (Fig. 3) with the EMAX MT3506
650KV motors with 11-inch diameter propellers have
been selected in this research. The quadrotor parameters
which is used in the simulations are given in Table 1.

Table 1. Quadrotor frame Specifications
Quadrotor Parameters

Mass, m 1.6 kg
Thrust Coefficient, b 4.068 x 10-7 N/rpm?2

Drag Coefficient, d 8.43x10-9 Nm/rpm?
Momentarm, / 0.243m

Moment of Inertia about x-axis, Ixx 0.0213 kg.m2
Moment of Inertia about y-axis, lyy 0.0221 kg.m2
Moment of Inertia about z-axis, [zz 0.028 kg.m2

Total rotational moment of inertia, Jr  6.8x10-5 kg.m?

3.2. Dynamic Equations

The translational and rotational equations of the
quadrotor in the body frame are presented in Eq.s (1)
and (2), respectively. As depicted in Figure 2, the
quadrotor consists of four motors, which motors number

one and three rotate clock-wise with velocities Q,, Q3,

respectively, whereas the other two other motors (2, 4)
rotate in the opposite (counter-clockwise) direction with

velocities 2,, Q, .

Figure 2. Schematic representation of quadrotor

Applying the rigid-body equations of motion and
Euler angle transformation (Eq. (4)), the complete
dynamical model of the quadrotor is presented as below:

3.2.1. Translational dynamics

. . . u k
X = (siny sin g+ cosy sin 8 ¢os ¢) —= ——= X
m m

k
y:(—coswsin¢+sinyxsin9cos¢)u—z——yy (1)
m m

Z=—-g +(cos¢9cos¢)u—z—£z‘
m m

where x, y, and z are the position of quadrotor center
of mass in inertial frame and /, 6, ¢ are the Euler angles,

which represent the body-frame rotation with respect to
the Inertial frame.

The input U, is the total lift force (U, ) generated by

K — _aN
k, =k, =5.5¢ 4/n/s,
_ _aN re translational dr fficients. Th
k, =6.3¢ 4A/Saeta slational drag coefficients e

propellers in  z-direction.

last terms in the above equation regarding the airframe
drag are applied in the equations of motion but is
considered as model uncertainty, when designing the
controller algorithm.

3.2.2. Rotational dynamics

I, -1 u k
b= rars -
q:ﬂpr_Fu_g_J_TpQ_k_‘ng (2]
IVV IW IYY IW

I, —1 u, k
x yypq_i__v’__"'r

2z 7 2z

r= 2

where L, Iy and .- are the moment of inertia in x, y and
z direction, respectively. The quadrotor inputs are

which are moments about x,
k, =k, =5.5e—4N/rad/s,
k, =6.35e—4N/rad/s are rotational drag coefficients. Jr

represented by U,,U,, u,,

y, z axes, respectively.

is the moment of inertia of each motor and €2 represents
the propellers total speed as below:

Q=-0-Q,+Q,+Q, (3)
The drag and gyroscopic terms in the rotational

dynamics equations are the unknown terms and are
considered as the model uncertainty.

3.2.3. Euler Equations

@=p+Qgsingptand+rcosptand

0=qcosp—rsing @

. 1 .
=——-[QgSIn@+TrcCoSs
v cosé [q 4 go]
Where ,0,¢ are the Euler angles, which represent

the body frame rotation with respect to the inertial
frame.

3.3. Rotor Dynamics

The thrust generated by the engines are modeled as a
first-order system to account for the engines dynamic for
variation of rotational speed:

()
u =K—u
St | ()
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where U; is the i-th engine input which is the PWM

reference signal to the engines, K is the motor gain, and
@, is the bandwidth of the engines. The engines’ thrust

force and torque depend on the rotational velocity,
propeller diameter, as well as the aerodynamics
characteristics of blades as below:

T =C,pQ’D*=bQ’
Q=C,pQ’D°=kT,=dQ?, k=2.07e-2 m 6)

where Cy, Ca are thrust and drag coefficients, p is air
density, Q, is the rotational speed of each engine in rpm,

and D is the propeller diameter. The numerical values of
b and d are introduced in Table 1. Accordingly, the
actuation inputs around body-frame are expressed as

th engine fault. Therefore, the actual signal (U) generated
by the faulty actuator (U ") is as follows:

U'@t)=@1-Iu(t)
t <t

. 0 (10)
“\diag(f,, f,, f,, f,) t>t,

Where 0< f <1 and f, =0, f =1 represent the
healthy and the fully damaged rotor, respectively and {;

is the time that fault occurs.

4. Fault Tolerant Control Strategy

In this section, by applying the multiple-timescales

follows:

U, =T,+T,+T,+T, =b(Q°+ Q,’+ Q.+ Q?)
u, =I(T, -T,)=bl(Q, - Q%)
u, =1(T,-T,)=bl(Q’ - Q)
u, =k(M+T,-T,-T,)=d (le + Q32 - sz— QAZ)

()

The autopilot outputs (U, U,U, U,) must be

translated into each motor inputs to send the signal to
the quadrotor speed controls then apply the related

PWM signal to each quadrotor’s engine.

3.4. Motor Mixer

Given that the controller computes the intermediate

approach, the rotational and translational dynamics are
separated by assuming that the rotational dynamics is
much faster than the translational dynamics. In the PX4
software of the Pixhawk autopilot, a three-loop cascade
architecture composed of a rate controller, an attitude
controller, and a position controller exists to control the
aerial vehicles.

Thus, in order to be coincident and consistent with
the Pixhawak software structure and having minimum
required changes on the software, a three-loop control
algorithm is proposed in this paper. According to Fig. 3,
for the fast inner-loop, a nonlinear adaptive sliding mode
controller is applied and for the two slow outer-loops of
attitude and position, the desired dynamics and PID
algorithm similar to the PX4 algorithm with some
modifications is proposed.

Based on the rotational dynamics according to Eq. (2),

control inputs (uz,uw,ug,uw ), these are transformed

into the engines desired rotational velocities. Typically,
this transformation is called motor mixing. By inverting
the relationship of Eq. (7), motor mixer expression is
derived as below:

the uncertainty due to engine fault, and the fault model
based on Eq. (11), the nonlinear model of quadrotor can
be transformed into an affine control model as below:

x = f(X)+Af (X)+[g(X)+Ag]U

(11)

1 4, 21
4b 2lb 4d
o |1 o LI
| \woam O au ©®)
ol |1 o L 1Y%
Q? 4b 2lb 4d |ju,
1 1 4 4
L4b 2Ib 4d |

3.5. Engine fault modeling

The fault considered in this paper is a sudden partial

where X eR® is the vector of rotational velocities
(x=[p, q, r]);U eR® is the plant control input vector
(U :[ug, U, qu); f(x) e ®® and g(x) e ®R**are known
differentiable vector functions and input matrices,
respectively, Ag(x) e ®*® is the unknown bounded
perturbations due to the propeller damage, and
Af (X) € R® is an unknown bounded uncertainty caused

by propellers gyroscopic effects and airframe drag as
defined below:

loss of engine propeller. If damage occurs on the
propeller, the thrust and torque of the faulty engine can
be expressed as a parametric uncertainty as follows:

T =T, +AT, =bQ?+AbQ? Ab=—fb
9
Q; =Q +AQ =dQ2+AdQ? Ad =—fd ©)
Where Ab, Ad are bounded variation of propeller

effectiveness respecting its nominal values and can be
represented as -h <Ab<0, —d <Ad<O0 and f, is thei-

o _ -
2 qr Iga-tepr
IXX IXX IXX
f(x)= L pr|, Af(x)= —J—TpQ—&q
IW Iyy IW
Ixxl_lyy nq _||(er
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4.1. Inner-Loop Controller Design

9(x) = diag(-—.——, -1 ! . | .
TS For the inner-loop rotational dynamics an adaptive
ooy (13) sliding mode controller is proposed. Accordingly, the

Ag(X) = diag(_l f; ’ -1, ’ - fg) sliding function is defined based on the error dynamics
I, | | as below:
yy brd
. uZ

Controller Algorithm '
8, Qr Pe pe Ug T,

X A Euler Angles B ; 1 L Mot

Lo ] 0[] 0 o ] G o] | e || | o | .

- 9 i i . VILAMICS N i
Trajectory yr: Controller m Dynamics .| Relations I (Rl I'c Sliding Mode Uy, |Algorithm TJ
Generation | 7€ [} & ] *

< il fha Quadrotor Dynamics

Fault Detection
Algorithm

State Estimation "

Figure 3. Three-Loop Fault-Tolerant Control Block Diagram

t
S :e+kjoedr, S,eeR®
S 2[31’52153] ) ez[epezves]

(14)

where e is the error defined as e =X —X and
k=diag {k,} ,i=1, 2,3 is the gain defined to achieve the

desired dynamics. Based on the introduced sliding
function, a positive definite Lyapunov functional is
defined and the sliding mode algorithm is derived based
on the time derivation of the Lyapunov function:

Vv =%STS
V =87 (x,— f () - Af () - (9(x) - Ag(x))S +ke) (15)
V =ST(y, ~ (90 - Ag(x))6) , =%, f —Af +ke

By forcing the time derivative of the Lyapunov
function to be negative V <0, the error dynamics can be

reduced. Proper selection of input commands can
guarantee the stability of the rotation dynamics as below:

S, = Sceq +diag(p;) g~ (x) SIGN(S)
6., =97 (W, ¥, =%~ f(x)+ke (16)
t
Pi = Py, +kpijo‘si‘dr £ >0

where SIGN (S) is the sign function operating on the
sliding function and other terms are defined as below:

@y =v, —(+EY, , ¢, e R, Te R>®
E,=Ag,0, ", Ee®™, 17)

Pi =Py~ Pis pbi:l—l_i

(Kalman Filter)

Where y and L, are the logical bounds on the functions
¢, and E,, respectively and the p; values are also
defined based on the aforementioned bounds as below:

7i

E

‘¢Oi‘<7i<ooY 0ij

3
<oy, Zo-ij <L <1, p>
= 1

Vi=123, vj=123 (18)

The output commands of the sliding mode controller
in Eq. (16) has undesirable chattering problem during
the system operation on the sliding function and
therefore must be removed. Thus, a continuous standard
saturation function, sat (), is defined and replaced instead
of SIGN(S) function to avoid this problem as below:

1 if s>¢
sat(s;/g) =45/ if |s|<g (19)
-1 if s <g

Where ¢, is a constant value defined by the designer

to avoid the chattering problem. Applying the adaptive
sliding controller in Eq. (18), the asymptotically tracking
of the inner-loop desired inputs x={p_,q.,r.} can be

ensured by demonstrating that the Lyapunov function is
negative. The details of the stability proof and adaptive
sliding mode control algorithm has been presented in our
previous research (Asadi etal., 2017)

A proportional-integral (PI) feedback controller is
applied to track the reference model and generating the

pseudo input X, (Asadi etal., 2017) according to Fig. 4.

X

Xc 1
— —_
) s
Xm

Xmeas

Reference Model

Figure 4. Desired Dynamics Block Diagram
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4.2. Outer Loop Controller Design

For the outer-loop position control, a modified PID
control algorithm is applied. Based on the desired
trajectory and their first and second derivatives, the
dynamics of the position error can be derived as:

B+KP+K,P+K [P dt=0

(20)
Py =[X4 Y4241, B.=P,-P

Where P, is the desired position with bounded first and
second derivatives, P, is the positions error, and the PID
gains ( K, Kg K, ) are derived based on the conditions of

Routh-Hurwitz to exponentially converge the error to
zero. Based on the error dynamics, the following
equation can be derived:

F's:F'id+KdF>e+KpF>e+KijF>edt=0 (21

Based on the desired positions and translational
dynamics of Eq. (1), the desired Euler angles can be
derived as below:

6, =arcsin [—]
cosy, U,
(22)

@, =—arcsin| ———
cosy, U,

where in the above equation u, =m % + Y+ (Z+9) and

the desire heading angle (y,) is imposed by the

trajectory generation module.
4.3. State Estimation

The extended Kalman filter is applied for the
quadrotor state estimation using the GPS, IMU,
magnetometer, SONAR, and accelerometers data in the
presence of sensor noise and system disturbance. IMU
measures the angular rates, magnetometer, and
accelerometer data are applied to estimate the Euler
angles (based on Eq. (22)), and SONAR and GPS are used
to measure the altitude and position. Extended Kalman
filters apply a two-step recursive process, which predicts
the estimates, by applying prior knowledge of the states
and then correct the states by using the current
measurements. The nonlinear dynamics of quadrotor can
be shown as below:

X, = f(X. .U, )+ W, 23)
z, =h(x)+Vv,

where uk is the control input and wk and vk are the
process and output noises with assumed zero mean and
with covariances Qx and Ry, respectively. By linearizing
the nonlinear system about each trim condition, the
linear state equation and the error covariance matrix is
derived as:

Kk = F Keaka t By Uy s

P

(24)
Wk = Fi Pk—ﬂk—leT +Qu

Where is the state estimation, F is the

)A(k\k—l
transition matrix, Uy 4 is the control input, B, is the

control input matrix, and Pk|k—1 is the error covariance

matrix. The readers are referred to Ref (Tarhan and
Altug, 2011, Merheb 2016) for more details about the
Extended Kalman filter and the linearization of state.

4.4. Fault detection and Identification

The relationship between the controller output and
each engine thrust considering the effect of fault is as
follows:

1 0 -1 1
41-1,) A0-1) 4@1-1,)
T 1 1 0 -1 [y,
T,| |40-1,) 20-1) 41-1,) || v,
T 1 0 1 1 , (25)
T, | |40-1,) A0-1) 40-1) |u,
1 -1 0 -1
laa-1,) 2101, 41-1,) |

Since there is no sensor to measure the engine thrust,
estimated states by Kalman filter and the controller
outputs are used to detect and identify the partial
propeller fault. In the case of propeller damage, the
objective is to detect the faulty engine and identify the

magnitude of fault f;.

The differences between the controller outputs and
the angular rates after one sample time (75) are used for
fault detection. The criteria for the occurrence of partial
damage to each engine is as follows:

* If Au& < uthreshold and Aq > qthreshold , number
one engine is faulty.

* If Au& < uthreshold and Aq > qthreshold , number
two engine is faulty.

® If Au(p < uthreshold and Ap > pthreshold 4 number
three engine is faulty.

* If Au(p < uthreshold and Ap > pthreshold ’ number

four engine is faulty.

where Auw ,AuU, are the input change one step time
before the fault time as Au, =u_ (t; -T,)-u,(t; —2T))
and Ap and Aq are the change of angular velocity at the
time of fault asAp = p(t;)— p(t; —T,). The angular

rates are measured using the extended Kalman filter. The
presented control architecture is able to effectively track
the desired trajectory considering uncertainty and
limited amounts of propeller damage but is not able to
control the system in the presence of severe faults.
Therefore, the threshold values are determined based on
the performance of the controller without fault detection
algorithm.
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Table 2 presents a lookup table which is prepared by
injecting different magnitudes of the fault and measuring
the filtered variation of angular rotations ( Ap, Aq) in the

simulation. A fixed time-step of T,=0.01 has been

applied in the simulation. Based on the quadrotor
rotational equations the rotational rates can be
estimated as below:

- |
w = - (Tk,Tk,) (26)

S

Where k; =1- f, in the above equation. Considering
each engine thrust force equal to T, =T, =W/4 in hover

trim condition and considering that damage occurs on
one of the engines, Akp =k, —k, can be estimated as

below:

4l Ap
Ak, =5)

“wT, (27)

Therefore, if Ap <0, then Akp <0 meaning that
engine number four is faulty otherwise if Ap >0, then
Akp >0 and therefore number two engine is faulty.

Since it is assumed that only one engine is faulty, the
percentage of fault magnitude is equalto f =1— Akp .

Table 2. Look up table for engine fault estimation, values in deg/s

Engine 10% 20% 30% 40% 50%
AQ=-2.55 Ag=-51 AQ=-7.66 Aq=-9.87 AQ=-12.62
No.1
|Ap| < pthreshold |Ap| < pthreshold |Ap| < pthreshold |Ap| < pthreshold |Ap| < pthreshold
Ap=2.55 Ap=51 Ap =7.66 Ap =9.87 Ap =12.62
No.2
|AQ| < q threshold |Aq| < q threshold |AC]| < q threshold |AQ| < q threshold |Aq| < q threshold
AQ=2.55 Ag=51 AQ=7.66 Ag =9.87 Aq=12.62
No.3
|Ap| < pthreshold |Ap| < pthreshold |Ap| < pthreshold |Ap| < pthreshold |Ap| < pthreshold
Ap=-2.55 Ap=-51 Ap =-7.66 Ap =-9.87 Ap =-12.62
No.4

|AQ| < q threshold |Aq| < q threshold

|AC]| < q threshold

|AQ| < q threshold |Aq| < q threshold

The same formulation and results can be derived for
the pitch dynamics respecting the percentage of fault
regarding number one and three engines. Table 2 shows
the signs and magnitudes of rotational angular velocity
variation in different percentages of propeller fault
where the maximum fault is considered to be 50% of
partial damage on one of the quadrotor engine’s
propeller.

The magnitude of thresholds in Table 2 is determined
based on the magnitudes of Ap and Aq for 5% of

propeller damage. It will be shown that the proposed
adaptive sliding mode controller is robust and has
desirable performance for 5% of damage to any one of
the engine’s propeller.

5. Simulation results

Several numerical simulations are considered in the
presence of partial loss of rotor effectiveness to verify the
performance of the proposed three-loop fault-tolerant
controller. First, the robustness of the controller is
investigated without applying the fault detection

algorithm. Next, the performance of the fault-tolerant
control is examined for different percentages of fault on
different engines.

5.1. Controller without fault detection algorithm

The robustness of the proposed adaptive sliding
mode controller is examined in the presence of 5% and
10% of the propeller fault of number one engine. Fig. 5
illustrates the controller performance for the above
cases. The fault is introduced to the quadrotor model at
t=10s while the control algorithm tries to recover the
quadrotor stability and tracking the desired inputs of
position (x, y, h) and a constant heading rate (y ).

Accordingly, the proposed controller performance is
satisfactory for 5% of the fault but is not desirable in 10%
of fault. Based on the simulations it can be inferred that
the proposed controller is robust for 10% of the engine
fault but does not have a good tracking performance.
Therefore, the fault detection algorithm will be applied
for the faults bigger than 5%.
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Controller outputs

5.2. Fault-tolerant Controller performance

The proposed controller must recover the stability of
quadrotor and track the desired trajectory in the
presence of abrupt propeller effectiveness up to 50% of
damage. For the propeller faults more than 50% the
faulty engine will be saturated and cannot generate
enough thrust to control all three rotations of quadrotor
around X, y, and z axes. For more severe faults or
complete loss of one engine, which is not the case of
analysis in this paper, the control of one axis (around z)
is neglected and the other two axes (roll and pitch) are
controlled. According to the lookup table of Table 2, the
variation of pitch and roll rates is used to detect and
identify the partial rotor damage. For this purpose, the
Extended Kalman Filter (EKF) is applied to minimize the
effect of noise.

The performance of the proposed fault-tolerant
controller is examined in two separate fault scenarios.
40% of fault is introduced to the engine number 2, in the
first scenario. Fig. 6 illustrates the tracking performance
of the controller in the first scenario. FiglOa represents
the position and Euler angles tracking. A sudden increase
in roll angle and yaw angle is experienced due to the
propeller damage at t=10s but the controller
satisfactorily recovers the roll and yaw angles and tracks
the desired input values. Fig.6 (b, c) illustrates the
controller outputs and each engine rotational velocity
that affect the thrust force, respectively. Accordingly, the
rotational speed of the faulty engine suddenly increases
to compensate for the thrust reduction of the due to 40%
of propeller damage.

Fig.6d illustrate the variation of estimated pitch rate,
which is used for fault estimation. At time tr =10s, the
pitch rate suddenly changes from around zero to 12
deg/s which indicates 50% of fault in the second engine
as described in Table 2. In fact, the fault of number 2
engine induces an abrupt positive roll rate and
consequently positive roll angle. Fig.6e depicts the
estimated percentage of fault which occurs one time-step
ahead at t = 10.01s. According to the described fault
detection logic, the value of fault will be determined
based on the initial jump of the angular rates bigger than
a threshold value, which is considered as 2 deg/s. In fact,
this value is less than the effect of 5% damage, which can
be tackled by the controller without fault detection and
is bigger than the effect of state and output noises.

Scenario 2, investigates the control algorithm
performance for the partial damage to the propeller of
engine number one. The fault to engine one induces a
sudden negative pitch rate according to Eq. (1).
Simulation results of different fault cases of 30%, 40%,
and 50% demonstrate the acceptable performance of the
proposed strategy in controlling the drone in the
presence of noise and engine fault. Fig. 7a and Fig 7b
illustrates the Euler angles and the rotational speeds of
each engine, respectively. Accordingly, a sudden increase
in the rotational speed of engine number one is obvious.
Fig. 7(c, d) illustrate the fault detection procedure based
on the variations of angular rates and the values
presented in Table 2 for the 40% of the fault to engine
number 1. At tr =10 s, the pitch rate suddenly changes
from zero to -10 deg/s.
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Fig. 6 Simulation of fault scenario 1, (a) quadrotor states,
(b) controller outputs, (c) rotational speeds of the
propellers (d) variation of quadrotor angular speeds, (e)
fault estimation

In fact, a negative pitch rate indicates the fault of
engine one and the positive value determines the fault in
engine number 4. One of the main properties of the fault
detection algorithm is being able to quickly detect and
identify the fault before the system stability is lost. Fig. 8
illustrates the effect of time delay in fault detection on the
performance of the controller. The Euler angles variation
are illustrated for a delay time of 0.01s, 0.05s (five time-
steps (Ts) ahead of tr), and 0.1s (10 time-steps ahead)
after the occurrence of fault (tr=10s). The performance of
the controller degrades as the time delay increases
whereas it can lead to the quadrotor instability for bigger
values of time delay. In fact, fast identification of fault is
an important property of the introduced fault-tolerant
controller.
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6. CONCLUSION

This paper presents an autonomous emergency
landing architecture (AELA) for the recovery and safe
landing of a drone in presence of the engine fault. Inside
the AELA, a fault-tolerant trajectory tracking controller
including a fault detection algorithm and a three-loop
adaptive sliding mode controller is proposed. The fault
detection algorithm uses the filtered angular rates based
on the extended Kalman filter and the autopilot
commands to detect and identify the magnitude of partial
loss of propeller effectiveness. The simulation results
demonstrate that the adaptive controller without fault
detection algorithm is robust to 10% of propeller damage
but with considerable degradation of performance.
Therefore, the threshold values which determine the
occurrence of a fault is defined based on 5% of damage in
which the controller performance without fault detection
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algorithm is satisfactory. The simulation results
demonstrate that the proposed controller has
satisfactory performance considering rotor damages up
to 50%. For more severe damages, the engine thrust
saturates and trajectory tracking control cannot be
achieved. In addition, the simulation results demonstrate
the effect of time-delay in the fault detection process on
the overall controller performance and therefore the
effectiveness of the proposed fast converging fault
detection algorithm. In future research, the proposed
effective algorithm and AELA structure will be
implemented on the drone in flight tests to verify the
performance of the algorithms in different fault
scenarios.
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