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Abstract

The multi-rotor unmanned aerial vehicles (UAVs) are being increasingly applied in both military and civil
applications. Motor fault or failure is a common type of fault on multi-rotors, which might take place during
mission and operation. Various configurations of fault are considered regarding the desired faulty motor in multi-
rotors including the quadcopters and hexarotors. The existence of fault on different motors can lead to different
controllability around the vehicle’s body axes. Here, configurations mean the rotation angle of the multi-rotor’s
body axes respecting the fault or failure on the arbitrary motor of the multi-rotor. Therefore, it is essential to know
which configuration has better reliability in the presence of motor faults or failures. Since the multirotor’s
reliability and recoverability is highly related to its controllability, the controllability gramian approach, which is
derived from the linear systems theory, as a control objective. The eigenvalues of the controllability gramian can
be used as a surrogate for the energy required to control the corresponding eigenvector. Accordingly, the results
clearly demonstrate the effect of motor fault on multi-rotor controllability. Additionally, in this paper,
configurations with minimum required energy are introduced for quadrotors and hexarotors in different motor
faults and failures.
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Motor hata etkisi altinda multikopterlerin kontrol edilebilirligi

Ozet

Multikopter insansiz hava araglar1 (IHA) hem askeri hem de sivil uygulamalarda giderek daha fazla
kullanilmaktadir. Motor arizasi veya kaybi, gérev ve operasyon sirasinda meydana gelebilecek multikopterlerde
yaygin bir ariza tiiriidiir. Quadcopters ve hexarotors dahil olmak tizere multikopterlerde arizali motorla ilgili ¢esitli
ariza konfigiirasyonlar1 g6z oniinde bulundurulur. Farkli motorlarda ariza bulunmasi, aracin govde eksenlerinde
farkli kontrol edilebilirliklere yol agabilir. Burada konfigiirasyonlar, multikopterin keyfi motorundaki arizaya gore
multikopterin gévde eksenlerinin doniis agis1 anlamina gelir. Bu nedenle, motor arizalarinin varliginda hangi
konfigiirasyonun daha iyi giivenilirlige sahip oldugunu bilmek o6nemlidir. Multikopterin giivenilirligi ve
kurtarilabilirligi, kontrol edilebilirligi ile biiyiik dlgiide iliskili oldugundan, bir kontrol hedefi olarak dogrusal
sistemler teorisinden tiiretilen kontrol edilebilirlik gramian yaklasimi. Kontrol edilebilirlik gramianinin
Ozdegerleri, karsilik gelen 6zvektorii kontrol etmek igin gereken enerji igin bir vekil olarak kullanilabilir. Buna
gore, sonuglar motor arizasinin multikopter kontrol edilebilirligi tizerindeki etkisini agik¢a gdstermektedir. Ek
olarak, bu yazida, farkli motor arizalarinda quadrotor ve hexarotors i¢in minimum gerekli enerjiye sahip
konfigiirasyonlar tanitilmaktadir.
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1. Introduction

The application of multi-rotor unmanned aerial vehicles (UAVs) has been considerably
increased in outdoor and indoor environments due to their significant advantages such as low cost,
compactness, and maneuverability. This fast development raises the unsolved problem of safety and
reliability for the UAVs [1, 2]. Motor fault or failure is a viable problem on multi-rotor UAVs, which
can lead in to crash, costly damages to the UAV, and endanger the facilities or human on the ground [3,
4]. Thus, fault-tolerant strategies like fault-tolerant control algorithms and multi-rotors with fault-
tolerant configurations has widely attracted the researchers’ attention [5, 6]. Both strategies can assist
the control recovery of the multi-rotor in case of motor fault or failure.

As the first strategy, fault-tolerant control techniques have been proposed in several researches
to recover the control of the faulty aircraft [7-12]. Nonlinear L1 adaptive control [7], robust adaptive
control [8], adaptive sliding mode control [9], Linear Parametric Variable (LPV) sliding mode control
[10], optimal adaptive control [11], and Model Reference Adaptive Control (MRAC) [12] are some
instances of direct fault-tolerant control algorithms. In addition to the direct methods, fault-detection
and identification algorithms are also used in some references in the fault-tolerant control strategy [13].
Timely detection of the actuator failures and estimation of its severity play an important role in avoiding
crashes and leading to fast recovery for a safe landing. Fault-detection approaches can be categorized
into model-based, signal-based, knowledge-based, and active diagnosis techniques [14]. Ref. [15]
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. In Ref. [16], an adaptive Thau observer was developed to
estimate and detect the actuator faults. A parity space method with recursive least squares algorithm was
introduced in [17], for actuator faults detection and identification of a drone.

Another strategy regarding multi-rotors is to have a fault-tolerant configuration. Since different
configurations can be considered for multi-rotors, introducing a configuration with higher reliability in
the presence of motor faults or failures is more preferable [18]. The reliability of multi-rotors in presence
of fault is highly dependent on the existing energy to control the flying vehicle, which necessitates
defining a measure of fault recoverability. To investigate the recoverability condition, the controllability
gramian of the system can be applied [19]. The controllability gramian W, is a matrix that can be used
to check the level of controllability. Controllability gramian is used as a measure for the energy required
to control the corresponding eigenvector. The corresponding eigenvalues can thus be considered as a
representative for controlling a given state-space variable. Higher eigenvalue determines lower energy
required to control the system along that eigenvector direction [19, 20].

There are various conventional configurations such as quadcopters, hexarotors, and octocopters.
Different configurations lead to different flight characteristics. Conventional configurations include
standard symmetric configurations and nonstandard configurations. Various unconventional
configurations have been proposed in the literature. Variable center of gravity configuration [21],
variable motor angle, blade variable pitch angle [22], sliding arm configuration [23], and triangular
quadrotor configuration [24] are some instances of unconventional configurations, which have been
reported in the literature. A new configuration of fixed-pitch multi-rotor that combines the energy
efficiency of a helicopter and the mechanical simplicity of a quadcopter is proposed in [24]. In [25], a
design optimization process of multi-rotors with different configurations was presented, and the optimal
goals focus on the dynamic performance and the flight time. Although some research has studied the
optimization problem of multi-rotor configuration, the optimal choice of configuration based on flight
reliability remains an open problem.
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This paper concentrates on conventional standard configurations of multi-rotors including the
quadrotor and the hexarotor. Quadrotors cannot retain controllability in presence of one or more rotors
failure and changes to an under-actuated system. In the case of motor failure, reduced attitude including
the roll and pitch angle is retained and yaw control is lost, therefore, the quadrotor starts turning around
the yaw axis [26, 27]. Another interesting platform, which seems to be more robust respecting motor
failure is hexarotor. Despite the higher numbers of motors with respect to quadrotors, researchers
demonstrated that symmetric hexarotors are not fully controllable in case of one motor failure, in which
yaw control is lost if one engine is failed [28]. In the literature, hexarotors with tilted rotors are proposed
to improve controllability after motor failure [29]. Although asymmetric multi-rotor configurations
have been examined in several researches, most commercial and ready platforms rely on symmetric
configurations. In fact, it is difficult to reach a controller that can cope with motor failures in the standard
configurations, and most proposed controller algorithms in the literature are confined to reduced attitude
control [30]. Therefore, introducing more reliable multi-rotor configurations with more controllability
characteristics in presence of motor fault and failure would be a logical approach. Due to the
characteristics of multi-rotors, rotors can only provide unidirectional lift (upward or downward) in
practice, hence, classical controllability theories of linear systems are insufficient to test the
controllability of multi-rotors. Although the linear controllability theory is not applicable to multi-rotors,
the magnitude of eigenvalues can be a surrogate of the required energy to move the vehicle in a specific
direction.

Motivated by the above discussion, this paper explores the standard multi-rotor configuration to
find the optimal configuration addressing motor fault and failure. The effect of different rotation angles
of body for various magnitudes of motor faults and failures on the system controllability gramian is
investigated. Accordingly, the magnitudes of eigenvalues of the controllability gramian, which represent
the controllability and the required energy to move the system around the specific direction, are
computed. In our approach, the rotation angle with a minimum difference of controllability around the
body axes (roll and pitch directions of multi-rotor) is introduced as the best configuration, which can
retain controllability after a motor fault. As far as the authors know, the presented analysis and results
have not been investigated or presented before in the literature.

The remainder of the paper is organized as follow. First, the dynamic equations of the model
are presented and the linearized model corresponding to body rotation angle is derived. Next, the
controllability theory and its application to our desired problem are described. Finally, the results and
analysis of different fault combinations are presented for different configurations of multi-rotor.

2. Dynamic equations and linearization

The translational and rotational equations of the quadrotor in the body frame are presented in
Egs. (1), respectively [2, 11]. As depicted in Figure 1 and 2, the quadrotor consists of four motors.
Number one and three motors rotate counter-clockwise with velocities 3, €., respectively, whereas

the other two motors (number 2 and 4) rotate in the opposite (clockwise) direction with velocities Q),
Q

4°
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Figure 1. S500 quadrotor Figure 2. Schematic representation of quadrotor

Applying the rigid-body equations of motion and Euler angle transformation (Eq. (1)), the complete
dynamical model of the quadrotor is presented as below:

u
Z = —g+ (cosf cosqo);z

L, —1 u

Ixx IXJC

I, —1 u €Y)
zz xxpr_l_ (]

p:

where z is the position of multi-rotor center of mass in inertial frame and 8,¢ are pitch and roll angles,

which represent the body frame rotation with respect to the inertial frame. I, 1,,, and /.. are the moments
of inertia in x, y, and z body direction, respectively, m is the system mass, and g is the gravitational

acceleration. The quadrotor inputs are represented by u, ,u,,U,, U, , which are the total lift force (u, )

generated by propellers in z-direction and moments about x, y, z axes, respectively.

Depending on the multi-rotor configuration and the number of motors (quadrotor or hexarotor),
the force and moment control inputs can change. This paper assumes number one motor is in the x-body
direction, therefore, rotations of motor number one corresponding the x-body axis is shown by a angle.
Different configurations can be considered. According to Figure 3, the extended control inputs for the
case of quadrotor and hexarotor are presented below:

A. In case of quadrotor

u, =T +T,+T;+T,
u, = l(=Tysina+T,cosa + Tzsina — Tycosa) @

ug = l(=Tycosa—T,sina + Tzcosa + Tysina)
uq, = k(Tl + T3 - T2 - T4)

B. In case of hexarotor
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uZ:T1+T2+T3+T4+T5+T6

s s T /[

u, =1 (—Tlsinoc-FT2 sin (§ - a) + T; cos (g - a) + T,sina — sin (§ - a) —sin (E + a))

ug = l(=Tycosa—T, cos (z - a) + T3 sin (E - a) + Tycosa + cos (z - a) — cos (E + a))
3 6 3 3
uw zk(T1+T3+T5_T2_T4_T6)

Where T; is the thrust force of the ith motor, [ is the moment arm (C.G to motor distance), k is

a constant related to motor drag, and « is the rotation angle of multi-rotor respecting the reference body
axis related to the plus configuration, as shown in Figure 3.

X ‘T Motor 1

® / Motor 2

Figure 3. Multi-rotor rotation in body axes
To reach the linear state space model of the system (X = AX + Bu), nonlinear equation (Eq. 1) is
linearized around the hover flight condition. Accordingly, assuming the system states as X = (Z,p, q, 1),

the state and control matrices are derived for two cases of quadcopter and hexacopter:

1- In case of quadrotor

00 0 0 1/m 1/m 1/m 1/m
00 0 0 —lIsina/I, lcosa/l, Isina/l, —lcosa/I,

A= , B= . . (4)
0 0 0 O —lcosa/l, —lsina/l, Icosa/l, Isina/I,
0 00 0 k/1, —k/I, k/1, —k/I,

2- In case of hexarotor

A= [O]6><6
1/m 1/m 1/m 1/m 1/m 1/m

—lsina/I, lsin(g -a)/l, lcos(g —-a)/l, lIsina/l, -l sin(g -a)/l, -l sin(g +a)/l, (5)
—lcosa/l, -l cos(g -a)/l, lsin(% -a)/l, lcosa/l, -l cos(7—3r -a)/l, -l cos(7—3r +a)/l,
k/Iz _k/lz k/Iz _k/Iz k/Iz _k/IZ

By application of the above linear model, the controllability and the existing energy to control the
multirotor around each axis will be examined in the following.
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3. Controllability of multi-rotors

According to classical control theories, a controllability matrix can be used to determine the
controllability of the system. The full rank controllability matrix determined a fully controllable system
corresponding to the selected states of the system. Despite many control systems in which the actuators
generally act in both directions (positive and negative directions), multi-rotors just generate
unidirectional lift (upward). Therefore, classical controllability theories of linear systems cannot be
applied to control the system’s controllability. In fact, the controllability gramian or controllability
matrix cannot support the judgment about the system controllability. There are several researches,
which have applied different techniques to examine the controllability of unidirectional systems [31-
33], in which different configurations of multi-rotors are analyzed to determine whether the desired
system is fully controllable or not. Respecting the controllability of standard quadrotors, it is known that
failure of one engine results in an uncontrollable system. Controllability of other standard multirotors
including the hexarotors and octarotors depends on engine rotation configuration and the faulty rotor.
According to the literature, as shown in Figure 4, two different configurations can be considered for the
hexarotor (not quadrotor) based on the direction of the rotor-turn.

%0 0%
@ @

(a) PNPNPN Hexacopter (b) PPNNPN Hexacopter

@e_ OO

PNPNPNPN PPNNPPNN

OO0 000

(c) PNPNPNPN Octocopter ~ (d) PPNNPPNN Octocopter

@O

o)
©Q

9O

Figure 4. Hexarotor and octarotor with traditional arrangement of rotors and non-standard rotors

According to the results [31], the controllability of the standard rotations (PNPNPN) of
hexarotor loses full rotational controllability around all three directions of body axes and degrades to
just pitch and roll controllability in case of one rotor failure. The non-standard configuration (PPNNPN)
is maintaining its full controllability in 33% of up to two random motor failures, which determines the
fault-tolerant capabilities of the non-standard configuration. In addition, in 71% of up to two random
motor lost configurations are controllable in pitch and roll directions [28, 31]. Similar results can be
derived for octorotors, which have full controllability in 78% of two random motor failures as well as
pitch-roll controllability in all cases of up to two motor failures for the traditional case (PNPNPNPN).
For the non-traditional octorotors (PPNNPPNN) this value increases to 89%. Although the non-standard
configuration is more fault-tolerant but its performance is less than the standard configuration in terms
of moment-producing capabilities. Therefore, changing the rotor turn direction and arrangement is a
tradeoff between performance and fault tolerance, although the performance degradation is rather small
[31].
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3.1. Controllability gramian

This paper applies the controllability gramian and its eigenvalues to specify the level of
controllability in each specific direction of eigenvectors for different configurations and motor faults
and failures. Based on the eigenvalues, the minimum difference of controllability will be introduced as
the desired configuration. The linear state-space model of the quadcopter can be written as:

x = Ax + Bu

(6)
y=Cx+D
If there exists a control input u(?), which can derive the system from an initial state x, at time ¢y
to a final state x,at time #; the system is called controllable. The controllability gramiam matrix W,
can be applied to determine the controllability of the multi-rotor. The controllability gramian of the
time-invariant linear system based on matrices 4 and B is defined as:

W, (to, tf) = ftzfeAT BBTeA qr (7)

The introduced controllability gramian is used to generate the control law with least amount of
energy, which will transfer the system from the initial state x, at ¢, to the final state x, at time .

u(®) = —BTed 0D W (2o, ¢7) xo ®)
Based on the above control input #(2), the minimum energy control can be written as:
tr
f lu@®II? dt = x§ W (to, tr)xo 9
t

0
The eigenvalues (4;) of W, can be considered as a metric in terms of energy along the specific

directions (x;). Accordingly, the specific direction are the eigenvectors corresponding to the eigenvalues
as below:
WeX; = AiX; (10)
Where A; are the eigenvalues of W, and X; are the corresponding eigenvectors. Higher
magnitudes of eigenvalues A; specify lower required energy to move in the direction X; [34]. In fact, the
magnitude of the eigenvalue quantifies the required energy to move the system in different directions of
the state space, which are specified by the eigenvectors of W,.. The eigenvalues of the controllability
gramian change in presence of engine fault or failure on multi-rotor. Depending on the location of the
fault (which motor), the magnitude of the related eigenvalues around each direction changes. According
to Eq. 1 for the linearized model of the multirotor, controllability gramian is a 4x4 matrix, with 4
eigenvalues. One eigenvalue is related to controllability in z direction (thrust direction), the other three
ones are eigenvalues corresponding to rotations around roll, pitch, and yaw. According to Figure 3, by
rotating the multi-rotor body axes with alpha angle around the z axes, the eigenvalues around roll and
pitch axes change but the eigenvalues related to force equation in z direction and the yawing moment
are unchanged. It means that, by having the same magnitude of fault on motor number 1 and 2, the
eigenvalues related to the pitch and roll axes changes but in the direction of thrust force and yawing
moment are unchanged. Therefore, the control objective is selected in the following form:

J = Aroul = 1Apitcn)? (11)

Analyzing the controllability around the main axes of the multirotor determines the direction
with maximum controllability. Additionally, by application of cost function of Eq. 11, compromise
directions with minimum difference of controllability are derived for different engine failures. In fact,
the main objective in this paper is to find the main directions in the x-y plane of the multi-rotor in which
the controllability around the main axes has a minimum difference in presence of motor faults and
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failure. In the following different configurations and various faults are considered for two cases of
quadrotor and hexarotor.

4. Controllability analysis

For a quadrotor with plus configuration, state matrix and input matrices are derived. The
matrices 4 and B are according to Eq. 4. According to Figure (3), when « is zero, the multirotor is in
plus configuration. The system states are Vz, p, g, r accordingly. Therefore, in the eigenvalue and
eigenvector matrix, the first element determines the controllability in z direction (channel 1), the second
element is related to pitch (channel 3), and the third and fourth are related to roll (channel 2) and yaw
(channel 4). When «a is zero two motors have main controllability around pitch (channel 3) and two
other motors have the main controllability around the roll (channel 2). By increasing the a which is the
rotation of body x-axes, the two motors which have controllability around the second channel will have
controllability around the third channel two. Therefore, at different values of a¢ two motors have main
controllability and the two other ones are having a coupling of controllability. The controllability in the
first and forth channel is unaffected by motor fault. Based on the above discussions, the following
parameters related to controllability around the roll and pitch channels are defined:

US;;: Controllability measure due to the motors with most effect around roll axes (channel 2)

US»,: (Coupling) controllability measure of the US,; motors around the pitch axes (motors with most
effect around roll axes generate a coupling controllability around pitch axes)

US3,: Controllability measure due to the motors with most effect around pitch axes (channel 3)

US3;: (Coupling) controllability measure of the US;; motors around the roll axes (motors with most
effect around pitch axes generate a coupling controllability around roll axes)

Corresponding to the above parameters derived from the eigenvalues and eigenvectors of the
multirotor as well as considering the cost function introduced in Eq. 11, the following criteria is
defined as the cost function:

Criteria: minimum difference between: the main controllability around roll axes and pitch axes and
the coupling around roll and pitch axes:

J = (lUSz1| — [US3;)* + (IUS31| — |US2;|)? (12)

4.1. Quadrotor controllability analysis

This section examines the controllability of the quadrotor in case of one rotor failure and in
different rotation angles of a. The goal is to specify the optimum angle with minimum magnitude of J.
As the first illustration, the variation of the parameters US;;, US,z, USs;, US;; are shown for the
quadrotor with no rotor failure. In this case, the controllability matrix is of full rank and therefore
controllable. Figure 5a illustrates the variations of the parameters and Figure 5b show the difference of
controllability according to Eq. 12. Accordingly, for a quadrotor with no rotor failure the variation is
equal to zero for all angles. Thus, body rotation has no effect on the controllability parameters of
quadrotor around the main axes.

Fault and failure effect on the controllability of quadrotor has been illustrated in Fig 5(c-f). In
case of quadrotor, if one motor is out (failure), rank of controllability gramian is 3, which means loss of
control around the z axis. In case of two motor failures, the system rank is 2. Accordingly, Fig 5 (¢, d)
illustrates the effect of 50% of fault on number one rotor and Fig 5 (e, f) depicts the effect of failure of

Artibilim:Adana Alparslan Turkes BTU Fen Bilimleri Dergisi 4(2) 31



Controlability of multi-rotors under motor fault effect
number one motor. Accordingly, the minimum difference of controllability takes place at the rotation
angle of 45.
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Figure 5. Variation of controllability parameters and the controllability difference (J) for quadrotor
(a, b) No rotor failure, (c, d) 50% fault on rotor number 1, (e, f) failure on rotor number one
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Figure 6 shows the effect of failure of number 2 motor on the system controllability and the cost
function while Figure 7 illustrates the effect of composition of faults of number one and number two
rotors. Figure 8 illustrates the Effect of the magnitude of fault on number two rotor. For all variations
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of engine fault, with one motor or two motors, the angle with minimum difference of controllability
around the body axes is 45 degrees and does not change with magnitude of fault and engine fault
configuration. According to the above results, the quadrotor with 45 degrees of rotation is known as
cross configuration. In addition to the above benefit for cross-configuration of quadrotors respecting the
plus configuration, the following advantages can also be expressed for the cross configuration.

4.2. Hexarotor analysis

The same analysis as above will be executed for the hexarotor airframe. In addition to the
rotation angle, different fault and failures are considered on different motors. Figure 9 (a-f) represents
the controllability and the difference of controllability around the pitch and roll axes for no fault, 50%
of fault, and the failure of number one motor. Accordingly, for different magnitudes of fault or failure
on number one rotor, & = 45° represents the optimum body rotation angle. The optimum angle for
number two rotor failure is @ = 15° and for number three is « = 75°, respectively, according to Figures
(10, 11). For simultaneous failure of two rotors, @ = 75° for failures of number one and two rotors, & =
45° for failures of number two and three rotors, @ = 15° for failures of number three and four rotors,
a = 45° for failures of number one and four rotors, and @ = 15° for failures of number one and four
rotors, respectively according to Figures (13-16). Figure (17) illustrate simultaneous faults on three
rotors. For failure of number one, three, and six @ = 0° shows the minimum angle. Figures (18-21)
illustrate the effect of different magnitudes of faults on different rotors. Accordingly, for different faults
on number one motor a = 45°, for number two motor @ = 15° are the minimum values for the
controllability difference. As shown in Figures (20, 21) different faults on simultaneous faults on two
rotors result in different minimum angles.

For quadrotors in which the optimum configuration always takes place on a = 45° that is not
dependent on the magnitude of the fault and the failure as well as the number of faulty rotors. Despite
quadrotors, the magnitude of fault and the number of faulty rotors affects the angle with minimum
controllability difference. In fact, in hexarotor, by changing the magnitude of fault on one rotor, two
rotors, and three rotors configuration, the minimum angle changes depending on the magnitude and the
number of faulty motors. If the magnitudes of faults on motors are different, the variation changes the
minimum point and it shifts to left or right depending on the magnitude of fault on the rotors.

Based on the symmetrical configuration of hexarotor, the results of different magnitudes of
faults or failures on some rotors are similar to each other. As some instances:

The results of failure on motor four are the same as failures on motor one.

The results of failure on motor five are the same as failures on motor two.

The results of failure on motor six are the same as failures on motor three.

The results of failure on motor four and five are the same as failures on motor one and two.
The results of failure on motor five and six are the same as failures on motor two and three.
The results of failure on motor three and four are the same as failures on motor six and one.
The results of failure on motor one and three are the same as failures on motor four and three.
The results of failure on motor one and five are the same as failures on motor one and two.
The results of failure on motor two and five are the same as failures on motor three and six.

The above analysis can help the selection of the best configuration based on the fault of failure
of the rotor. Fault detection algorithm inside the flight control system can determine the magnitude of
the fault of existence of the failure on the rotor. Based on the detected fault or failure, the controller can
select a suitable strategy for the continuation of the flight. In one strategy, the controller can rotate the
body axes according to the calculated optimum angles and then continue the flight toward the landing

Artibilim:Adana Alparslan Turkes BTU Fen Bilimleri Dergisi 4(2) 34



Controllability

ontrollability

y
,

Controllability

Davood Asadi, Karim Ahmadi, Seid Yaser Nabavi, Onder Tutsoy
area. In this strategy, the controllability of multirotor around the main axes of pitch and roll are having
the minimum difference. Therefore, the continuation of flight with this strategy will provide
controllability around both axes and can increase flight safety.
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Figure 9. Variation of controllability parameters and the controllability difference (J) for quadrotor
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Figure 20. Different magnitudes of fault on number two and three motors
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According to the above discussion, depending on the number of faulty rotors, the optimum
angles take place on the angles of 15°,45°, and 75° degrees. The result of the above analysis is all
presented in Table 1 as below:

Table 1. Optimum angles for different motor failures of hexarotor

Motor Optimum Motor Failure Optimum
Failure angle angle
No. 1 45° No. 2,3 45°
No. 2 15° No. 3,4 15°
No. 3 75° No. 1,4 45°
No. 1,2 75° No.2,5 15°

5. Conclusion

This paper investigates the effect of different magnitudes of faults and failures on multirotors
including the quadrotor and hexarotor. According to the results, quadrotors lose their controllability in
presence of motor failure. For different magnitudes of faults, it is demonstrated that the minimum body
rotation angle with the minimum difference between controllability around the main axes of the
quadrotor is 45°. It means that the quadrotor with cross configuration has better controllability around
both axes. Another benefit of the quadrotor with cross-configuration is that pitch and roll maneuver do
not induce an unwanted yawing moment on the airframe. Examining the results for hexarotors
demonstrate that different fault and failures on different motors result in different minimum angles. It
means that depending on the magnitude of fault and the number of faulty rotor, different optimum
rotation angles can be reached. For some configurations the optimum angle does not change with the
variation of the magnitude of fault, while in some configurations the magnitude of fault alters the
optimum angle. Based on the results, depending on the number of faulty rotor, the optimum angles
generally occur on the angles of 15, 45, and 75 degrees. The above analysis helps the selection of fault-
tolerant control strategy in flight. By knowing the fault and failure on the multirotor using the fault
detection algorithm and knowing the best rotation angle according to the paper’s results, the body will
rotate according to the pre-determined optimum angles and then will continue the flight. Using the above
strategy will help to change the configuration to a configuration, which has the minimum difference of
controllability around the pitch and roll axes and therefore increase the chance of safe landing in
presence of motor failure.
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