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Keywords: This paper investigates the control issue of the trajectory tracking of vertical take-off and landing
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disturbance. In particular, a robust passive fault-tolerant control strategy is proposed by intro-
ducing a first-order filter based dynamics estimator. First, a bounded force command is exploited
by employing a new smooth saturation function in the output of the estimator. A sufficient
condition in terms of a specified parameter selection criteria is provided to ensure the non-
singularity extraction of the command attitude. Then, a torque command is applied to the atti-
tude loop tracking. Since there is merely one filter parameter involved in the dynamics estimator,
the practical implementation and parameter tuning can be significantly simplified. Stability
analysis indicates that the proposed control strategy guarantees the semi-globally ultimately
bounded tracking of VTOL UAVs subject to partial propeller fault and external disturbance.
Simulation and experiment results with comparison examples are performed to validate the
effectiveness of the proposed strategy. Experimental results show that the proposed strategy
achieves the trajectory tracking with a good performance (mean deviation 0.0074 m and standard
deviation 0.1202 m) in the presence of 35% propeller fault and 4 m/s persistent wind
disturbance.

1. Introduction

Vertical take-off and landing (VTOL) unmanned aerial vehicle (UAV), as a core tool in many military and civil applications, has
been widely studied in recent decades due to its excellent capabilities like unmanned operation, rapid maneuverability and agile
maneuverability [1,2]. Typical applications include military surveillance and attack, reconnaissance operation, forest fires prevention,
etc [3]. In possession of the under-actuated structure, VTOL UAV is relatively sensitive to external disturbance and internal uncertainty
[4]. Therefore, the control development with high reliability and robustness for VTOL UAV trajectory tracking is considerably sig-
nificant but challenging.

To achieve the trajectory tracking of VTOL UAVs, varieties of control algorithms have been addressed. A thrust constrained
controller [5] and a neural network based adaptive approach [6] were designed for the model-scaled helicopter tracking, respectively.
Adaptive control strategies were developed for the quadrotor tracking [7-9]. However, it is not always realistic that the UAV is
operated without disturbance [5] or with constant disturbance [9]. A robust control strategy was proposed for the quadrotor tracking
by using a three-loop design structure [10]. By combining a disturbance observer and an extended state observer, a robust controller
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was designed for the quadrotor tracking [11]. To improve the tracking performance, sigmoid tracking differentiator and extended state
observer were introduced in the backstepping controller for the quadrotor system [12]. A model based robust control strategy was
designed to achieve the trajectory tracking of a small helicopter [13]. Besides, a fixed-time adaptive controller was developed for a
helicopter to achieve the ship landing task [14]. However, the position loop controllers developed in [6]-[8]-[14] are designed without
the consideration of the singularity issue that arises from the command attitude extraction [3,5].

Due to the component degradation, damages, etc, unexpected faults may occur to propellers assembled in VTOL UAVs [1]. Without
the fault-tolerant mechanism, the tracking performance and the system stability could be degraded. As for the attitude-only control
problem of multirotor UAVs, adaptive sliding mode [15] and supertwisting-based observer [16] were introduced in the fault-tolerant
control algorithms. By considering the altitude-attitude tracking of quadrotors, adaptive fault-tolerant strategies were applied [17,18].
However, the trajectory tracking of VTOL UAYV in possession of an under-actuated property which prevents the direct implementations
of the controllers provided by [15-18]. For the sake of the high performance trajectory tracking of VTOL UAVs subject to actuator
fault, varieties of control approaches [19-25] have been employed. For example, observer-based fault estimator [19], adaptive esti-
mator [20], and high-gain observer-based estimator [21] were introduced to compensate for the fault signals, and incremental
nonsingular terminal sliding mode [22] and neuroadaptive [23] control approaches were developed, respectively. However, the
estimator parameters in [19,21] are chosen based on solving linear matrix inequalities or matrix differential equations which could not
provide an intuitive selection. Since the controllers in [19-21] are active fault-tolerant mechanism, the fault detection and diagnosis
algorithms are provided which could increase the online computing burden. Moreover, according to [24,25], the active fault-tolerant
capability is guaranteed by a sensitive and rapid detection algorithm. Improper detection and diagnosis could fail to provide active
fault-tolerant capability which could deteriorate the system performance when fault occurs. Besides, the control strategies in [22,23]
are developed under the hierarchical structure but can not provide the singularity free property that arises from command attitude
extraction. Despite of the fact that the singularity free trajectory tracking are achieved in [25,26], the fault is considered to be constant
in [26] which can not be always maintained in practice, and the upper bound of the uncertainty is introduced as the robust
compensation in [25] which could result in a larger control than that is required. Moreover, fault-tolerant controllers were developed
for extreme conditions such as one totally failed rotor [27] and insufficient actuator resources [28]. Although the system stabilities
may be still maintained, the trajectory tracking may not be achieved [27,28].

This paper addresses the control development for the trajectory tracking of VTOL UAVs with partial propeller fault and external
disturbance. The dynamics estimator [29,30] in possession of a simple structure has been shown to be an effective way to compensate
for the mechanical system uncertainty. Benefit from a single filter parameter, the practical implementation and parameter tuning could
be simple and easy. To this end, the dynamics estimator is exploited for the compensation for the dynamics uncertainty. Based on the
hierarchical development, a robust fault-tolerant strategy is proposed such that a force command and a torque command are applied in
the position and attitude tracking, respectively. It is proved that the proposed control strategy ensures the ultimate boundedness of the
tracking error. Experiment examples are conducted on a real quadrotor platform to validate the proposed strategy. The main con-
tributions are summarized as follows.

1. In contrast to the control algorithms in [19-23] that are designed regardless of the singularity arising from the command attitude
extraction, a bounded force command is proposed such that the non-singularity extraction is ensured by a specified parameter
selection criteria. With such a control development, the system robustness in harsh environment can be enhanced.

2. Instead of the fault estimators provided by [19-21], a first-order filter based dynamics estimator is introduced as the compensation
mechanism. A new saturation function is developed to ensure a differentiable property of the designed force command. Since only
one filter parameter is involved in the estimator, the parameter tuning can be significantly reduced. This could contribute to a
simple implementation in practical setup. Due to the passive fault-tolerant mechanism, the fault diagnosis development [19-21]
can be also removed such that the online computing burden can be reduced.

3. In addition to the numerical simulation validations in [22-25], the proposed strategy is performed on a quadrotor UAV by real
flight experiments in three different cases. Experimental results show that the nonsingular controller and PID controller fail to
provide sufficient fault-tolerant capability for the completion of trajectory tracking in cases I and III, respectively, and that the
proposed strategy can achieve the tracking in case II on the improvement of the mean derivation and standard derivation by
69.00% and 68.83% with merely 4.15% additional energy consumption, respectively, rather than the conventional PID controller.

The remaining sections are arranged as follows. The tracking problem to be solved is stated in Section 2. The control development is
presented in Section 3. The closed-loop stability is analyzed in Section 4. Numerical simulations are provided in Section 5. Experi-
mental results are performed and discussed in Section 6. Finally, the conclusions are summarized in Section 7.

Notations. R™" denotes the m x n Euclidean space, | - | the absolute value of a scalar, and || - || the Euclidean norm of a vector. For a

square matrix X € R™" 1(X) and 41(X) denote its minimum and maximum eigenvalues, respectively. For x = [xl,xz,x3]T € 3, the

superscript x is defined as x* = [0, —x3,X2; X3,0, —X1; —X2,X1,0]. For positive constants a and b, the smooth saturation function .7 ;5 €
¢ is defined as
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2. Problem formulation
2.1. Dynamics modelling

In terms of the Euler-Newton formula, the kinematics and dynamics of the VTOL UAV are given by

pP=v, 1)
. T . 4

V= —gé;+—Re;+—, 2)
m m

=)o, 3)

Jo = —w*Jo+1t+d,, 4)

where p € R® is the position of the UAV with respect to the center of gravity expressed in the Earth-fixed inertial frame, v € R® is the
velocity, gis the local gravitational acceleration, €3 £ [0,0, l]T, T is the applied thrust along €3 expressed in the body-fixed frame, m is

the mass, d; is the external disturbance force, q = [go, q" ]T € R x R® is the unit quaternion representing the attitude of the UAV,
ﬂ(q) =1[-q%q* + qol3|, ® € R® is the angular velocity, J € R*** is the inertial matrix, € R® is the applied torque, d; € R® is the

disturbance torque, R € SO(3) is the rotation matrix determined by [31]
R 2 R(q) = (05— qlar) s +24:q7 +2q0q, - 5)

Letf;(i= 1,2, -, N) be the thrust generated by each rotor which is formulated by the rotational speed of each propeller f; = k,w2,
where k,, is a positive parameter depending on multiple factors such as the air density and the geometric features of the blades, and w,;
represents the rotational speed of each rotor. By considering the propeller fault, we have f; = (1 —v;)k, w2, where 0 < v; < 1 is the fault

signal of each propeller which can be time-varying. Then, the force and torque commands subject to fault signals can be determined by

T:ﬂ)—Tf-,T:To—‘Ff- (6)
where Ty and 7 are the force and torque commands free from thruster faults, Ty and 7y are the combined force and torque under faulty
propellers.

Remark 1. In this paper, we formulate a generalized VTOL UAV model by 1-4 that could characterize a variate of multirotor UAVs
like hexarotors, quadrotor, etc which are driven by the propellers. To exemplify, we consider a quadrotor subject to propeller fault. The

faulty —model (6) can be illustrated as follows: To = Y k,o?, T = Yiivke0: 7o =

ri i

[Ucm (0% — 0%), k(0% — a)%),Cka?:l( - 1)”1(02']1—,'@ = [lkw (v4w?y — v200%), Ik, (V103 — vgwfs),Cka,Zle( — 1) p? ]T, where

is the distance from the quadrotor c.g. to the rotation axis of each rotor and C is the anti-torque coefficient.
2.2. Control objective

Suppose that the full motion information of the VTOL UAV can be obtained by proper measurement devices. Consider the dynamics
system 1-4, the control objective is to develop force command T, and torque command 7, in the presence of propeller fault (6) such
that the UAV can track a desired reference trajectory. More specifically, given a reference trajectory py, the objective is to guarantee the
ultimately bounded tracking with adjustable errors.

Assumption 1. The reference trajectory and its derivatives are all bounded. In particular, sup(||p,||)<@o < g where @ is a positive
constant.

Assumption 2. The external disturbance and faulty signal, and their derivatives are all bounded. In particular, there exists a positive
constant T satisfying U < g —@y such that ||d;/m —T;R.€3/m

|<m.

Remark 2. Assumption 1 is commonly used to ensure the trajectory tracking of VTOL UAVs solvable. The boundedness of Ty can be
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guaranteed if the designed force command T is naturally bounded, and a differentiable T could ensure a uniformly continuous T;. As a
trajectory tracking problem, Assumption 2 provides the controllability and fault recoverability of the VTOL UAV system [25,26].
Therefore, u can be determined by considering both the robust performance to the external disturbance and expected fault-tolerant
capability (for example, total 30% loss of efficiency). This implies that the trajectory tracking may not be achieved if the propellers
can not generate sufficient control energy. However, the occurrence of too serious fault (for example, one or two rotors totally failed)
does not imply that the UAV is not controllable [27,28]. At the expense of yaw control, the position system may be still stabilized rather
than tracking. In this paper, only the trajectory tracking issue is investigated.

3. Control strategy development

In this section, we present a robust fault-tolerant control strategy for the trajectory tracking of the VTOL UAV. In particular, by
introducing a dynamics estimator [29,30], a bounded force command and a torque command are developed for the position and
attitude loops tracking, respectively.

3.1. Force command development

Define p = p —po and v = v —p, as the position and velocity tracking error, respectively. By recalling (1), (2) and (6), we have

p=" @
L PO Ty — Ty ~
V= —ge37p0+uo+uu+%<R7Rc)eg, 8)

where up = ToR:€3/m = [uox, Ugy, qu]T is the force command, R, is the command rotation matrix and u, = d,/m —T;R.e3/m. According
to [2], the system 7-8 can be treated as its nominal system

p=" ©
V= —ge3— o+ o+, (10)

perturbed by (To —T5)(R —Rc)es/m,and R - R. and Ty € .7, is sufficient to ensure (To —Tf)(R —R.)es/m — 0. Define a variable z =
V + K1p, where K; = diag(kix, K1y, K1) is a positive definite matrix. Design the following force command

PO K>z Kyv [ ~
Uy = 83+ Py — e — e — T <u1«>7 (11

VIt+Zz 1475

where Kp = diag(kax, k2y, k2;) is a positive definite matrix with kz,i=x,y,z being positive constants, .7 (i) £ Fana(y) =
[Faaa(tu1), 7 gaa(Uu2), 7 EAﬁ(ﬂw)]T, AT is a small positive constant. Moreover, i, = [fl,1, iy, Uys]” is the output of the following
dynamics estimator

. V—u,
Uy =

+ 0y, (12)

ap

where a, > 0 is the filter parameter, v, and v, are the filtered signals by filtering v and ges +p, —uo through the following first-order
filters

a0, +0, =7, (13)
api)u +l)u = g/é3 +}507u0, (14)

with initial states v,(0) = 0 and v,(0) = 0. In view of ||[R.e3|| = 1, the applied thrust T, can be determined by
To :mHMoH (15)

Substituting (11) into (10), by defining u; = .7 (u,) —u,, gives the following closed-loop position system

Kz KV g (16)

3.2. Command attitude extraction

Based on the hierarchical framework, the command attitude q. = [qco, qCT,]T € R x R® is extracted from the force command ug [2]. A
feasible extraction algorithm is shown as follows. If the command force vy is developed such that
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Fig. 1. Control flow diagram.
w # % 2 {ueRfu= [O,O,MUZ]T,MUZSO}, 17)

the command quaternion g, can be extracted as gco = /(1 + Uoz/||uo][)/2 and ger = [—Uoy, Uox, O}T/(ZHuquco).
Proposition 1. The attitude extraction is singularity free if the control parameter x,;, is chosen as k2, < (§—ao —u—Au)/2.
Proof. In view of the fact that |z,|/v1+ 27z < 1 and |V;|/V'1 +9'7 < 1, it follows from (11) that

ug, > g —aop — U — A — 2k, > 0. (18)

Z

This ensures the nonsingular condition uy # 7/ in (17). In addition, recalling (11) gives that
TOZmHMOHST ES m(g+\/§(a+ﬁ+Au+21(Kz))>. (19)
It can be concluded that Ty is naturally bounded. [

3.3. Torque command development

Since the command attitude has been obtained, we next show the torque command development for the attitude loop. Define g =
~ 1T . . . . .
9o, q,T | as the attitude error. According to [31], it can be derived by the quaternion product

T

G=9."©q= [q0q0 + 44 (a0d, — doder — a5a,)' ] (20)
where operator © is the quaternion product, and ¢! = [qco, —qCT,]T. According to [31], its kinematics satisfies
i=7(q)a, 21
where w = @ 71~2Twc is the error angular velocity, R = R(q), o = 4(q.)"q. is the command angular velocity. To avoid the complicated
computing of ¢, a command filter [32] is employed. In terms of (4) and (6), the attitude error dynamics is derived as
Jio = 7a)XJw+TO71,+d,+1<5)xl~?Tw671~?T(bc). (22)
Introduce a variable s = @ + k3q,. Taking its derivative gives

Js = —0*Jo+ 19 — 1 +d; + J(&;XﬁTwc — krwc) + %(’éf + 6013)5) =0, + 70+ Tu, (23)

where ¢, = —0*Jo + J(T)XTQTwC + Kk3(q, + gols)@/2, and 7, = d, —17 —J}~2chc. We design the following torque command
Ty = 7qurik4sigr7?“’ (24)

where 4 is a positive constant. Besides, 7, is the output of the dynamics estimator
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7 = Js — vy +o, (25)

Qg
where a, > 0 is the filter parameter, v; and v, are filtered signals generated by
a5 + 05 = Js, (26)
AuDe +0; = — 0, — T, (27)
with initial states being chosen as v,(0) = 0 and v,(0) = 0. Define the estimate error 7, = 7, —7,. By substituting the torque command
(24) into (23), we have
Js= —¢q, —Kkss — 7T, (28)
To facilitate the implementation of the proposed control strategy for the quadrotor trajectory tracking, a flow diagram is shown in
Fig. 1.
4. Stability analysis
In this section, the overall closed-loop stability is analyzed. First, two propositions summarize the stability of the attitude-loop and
position-loop tracking, respectively. Then, a theorem presents the main result of this paper.

Proposition 2. If the control parameters are chosen such that x4 > §,04,V5, > 0, the closed-loop attitude error system (28) is ulti-
mately bounded.

Proof. Interms of the design procedure of the dynamics estimator, 7, can be regarded as the filtered version of the unknown function
7, given by AqTy + Tu = Tu. Taking the derivative of 7, yields

~ ~ . ?u — Ty . 1 ~ .
=Tyt = ———— =t = ——T, — 1. (29)
ad a[l

Choose the following Lyapunov function candidate

1
=(1-4)" +3/q, +2sTJs+§n T (30)

Taking its derivative along the closed-loop trajectory (28), together with (21) and (29), yields

~ N 1pe e I RN O 1
V., =73, ( - qu,) + ST( —G, — Kas — ru) + 5—urfru = k3G, G, — Kas's — 8'T, — %ir 5 T 1,< — K344, — K;STS - (25“%

(31)

where ¢, > 0 is an unknown constant satisfying sup(||#u||)<or, —s"7u<k4s"s/2 +77%,/(2kq) and 701, <707,/ (200) +aailt, /2 are used.
Define A, = 1/(284aq) —1/(2k4). It follows from k4 > 64, that A, > 0. Then, (31) can be derived as

. s
~T~ §Ts 2T
V.S —K3¢, 9, — 2 $=5T u+ 25“ . (32)
Let & = [arT , sT,?Z]T. It follows that
(33)

where k, = min(k3,x4/2,4,/2). It can be concluded that V,<0 if ¢ is outside of the set Y: = {ij‘ Hangar\/aa/(Zéak,)}. Thus, we have
V. € " which further implies ¢,, s, 7y € <. Finally, it can be concluded that g, and @ ultimately converge to the sets @—qv =

Vaa/(28ckr)} and 7~ = {@ HE)HS( + k3)0r4/0a/(284k;)}, respectively.

Proposition 3. If the control parameters are chosen such that ko, < (§—G —u—AlU)/2 and a) < y%A (F) / (2;125p> ,V8p,7 > 0, where
K, K5
= |Ky Ki+Ko| andn =1(I3 + K1K;'), the closed-loop position error system (16) is ultimately bounded.

14| || <or

! Lo = {fOlesssupyep: (D] < oo}
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Proof. The boundedness of i is first shown. Define &, = U, —u,. Choose a Lyapunov function V,, = ﬁZﬂu /2. Tts derivative can be
derived as

. 1_ 1 )
v, :ET( - uu) -V, + %5, (34)
a, 2

o)</ (

converge t0 |t ||<apo;. From the definitions of .7 (U), U, and Us, we have .7 (Uy;) = Uy when —u<Uy<u,i = 1,2,3. It follows that U; =

where o;>sup(||it,||). It then follows that ‘

ﬁu(O)H — aZe?)e~t/% + aZo?. 1t can be concluded that #,(t) exponentially

*E(Umfu

;. When U,; > u, we have .7 | U;) =u + Au| 1 —e ) . Define a function y(Uy;) = Uy —F (Uy). It follows that

()ygdu,') =l-e AH( " ) > 0,Vu, > u. (35)
Ol

This implies that U, > .7 (Uy), Vil > U. It further follows that @, > Uy > 0. Based on the same analysis, we have ,; < Uy < 0,
Vi,; < —U. By summary, it can be concluded that |t|<|t,| for any ;. Therefore, we have that 1, is bounded by ||| </t |-
Next, define an expected region of attraction as follows

e ={ellel <T.T >0}, 36)

where { = [ZT,VT]T. It is trivial to show that there exists a positive constant y 2 y(¢) such that y<1/4/1 +Zz. This implies that
yH{HSH(H/\/ 1+¢"¢, for ¢ € .o7;. Choose a Lyapunov function candidate

1 I e
Vo= Y (VIFrTr = 1) +57KiKy! Vgl (7
It follows that V;, is upper bounded by
Vx\ ¢ o5 . (38)
Taking the derivative of (37) along the closed-loop trajectory (9), (16) and (34) gives
T r T r
. ~ | B 7K, Z K>z
vV, = +K'KV | VA, = v+ + KKV | x| -——==
' \/1+sz (\/l-‘rvv ) 5 Vitz <\/1+sz \/1+vv ) ( V1+7z
A R RS
V14V 5
T ~
z n v K z n v
- 2 =
Vitdz  V1+3% Vitz V1475
T
- < +K,'Kiv | & 7Lﬁrﬁ w1, <
VIi+7z \/1+vv 1 Cosa, o
2
—a(r L @42 i
{ )Hm P =g Ve + 5
(39

<a(r)7|er/2 + 2|

Vr<711<r>}’2 C|2< 1 B U )) ﬁu|‘2+07 (40)

2 28,0, 42) <F

ﬂuHZ/(}/z/j(F)), together with y¢|[<]|¢]|/v/T + {'C, it follows that

where ¢ = 4,02 /(25,). Define 4, = 1/(25pap) 7;72/<72/_1(F>), where ; > 0 given the fact that a, < yzi(r)/(2n2§p>. In terms of (38),

we further derive (40) as follows

7ol
) 4” — A ﬁr«|‘ -‘rCS—k,V,-‘rQ (41)

Vi< -
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Table 1
Simulation: Fault Coefficient.
0<t < 40s 40s<t < 100s t>100s
1 0 0 0
[ 0 0 0
03 0 35% 10%
04 0 0% 30%
Trajectory
Proposed
6 |- - —Observer

po(m)

Fig. 2. Simulation: Trajectory of the UAV.

where k; = min (&(F) 72,2/1t) / max (,1/ (Sp). It follows that V,(t)<(V,(0) —c/k.)e Xt + c/k,. It further follows that p, .11y, s € 7. It can
be concluded that V; exponentially converges to the set &7y, = {V;|V:<c/k:}. Next, it follows from (41) that V<0 if ¢ is outside the set
{0
have that p and v ultimately converge to the sets 91}; = {ﬁ) H[~)H<2C/ (41(F>1(K1)2)} and 75 = {V’ HVHgZC/ (4(1“)) }, respectively.

[0 Therefore, the main result can be summarized by following theorem.

<4 /2¢/ i(l“) } Thus, we know that { eventually converges to the set 7,. From the definitions of { and 2 = Vv + K1p, we

Theorem 1. Consider the VTOL UAV dynamics expressed by 1-4. Suppose that Assumptions 1-2 hold. The proposed force command
(11) and torque command (24) with dynamics estimators (25) and (12) guarantee that the ultimately bounded trajectory tracking is
achieved.

Remark 3. In this paper, a dynamics estimator is employed to compensate for partial propeller fault and external disturbance
simultaneously. This not only ensures high robustness to the control system but also provides simple parameter tuning and practical
implementation. A novel smooth saturation function is introduced to provide a differentiable ability of the force command. Careful
analysis indicates that sufficient small Au could result in a high accuracy approximation to the standard saturation function. A larger u
could provide a higher expected robust performance and fault recoverability. Nevertheless, a feasible compromise is inevitable with
the non-singularity condition.

Remark 4. Itisinteresting to note that the selection of control parameters remains simple and intuitive despite of several parameters
involved in the stability analysis. According to the design procedure, the parameters of the controller and estimator can be designed
and tuned separately. From the definition of 75 , it is trivial to show that larger x3 and x4 and smaller @, could contribute to a smaller
:”%E . In terms of 4 (F) , it can be also concluded that larger K; and K, and smaller a, could contribute to a smaller f%;. However, due to
the selection criteria x2; < (§ —Gp —U —AU)/2,K, can not be chosen arbitrarily large. 5/]}; can be assigned arbitrarily small by merely

increasing K;. In practice, a suitable tradeoff among control requirements such as maximum control magnitude, environment
disturbance, fault recoverability, etc, is also necessary.

5. Numerical simulations

In this section, numerical simulations are performed to show the effectiveness of the proposed strategy, where the disturbance
observer [11,18,33] based control is also implemented in the same tracking scenario. To provide a fair comparison, both controllers are
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Table 2
Simulation: Tracking performance comparison.
Strategy MD, m SD, m MT, s EC, Ns
Proposed 1.3193 x 1074 0.0255 2.1616 x 10~* 10.9094
Observer 7.0984 x 104 0.1375 2.1712x 104 10.9161
Table 4
Tracking performance comparison.
Strategy MD, m SD, m CT, s EC, Ns
Proposed 0.0060 0.1004 3 7.2922
PID 0.0194 0.3222 8 7.0009

(b) Quadrotor UAV. '

Fig. 6. Experiment setup.

Motion capture system

Marker position
LAN, UDP

Position
Velocity
B ————

Wi-Fi, UDP
A a————
Trajectory

Flight
PC controller

Fig. 7. Experiment workflow.

tuned well based on the same control energy cost. The system parameters of the quadrotor UAV are set as m = 1.045kg and J =
diag(0.0064,0.0064,0.0128)kgm?. The reference trajectory is chosen as py = [5c0s(0.2t), 5sin(0.2t), 5(1 — e~%1¢)]"m. The system states
are initialized as p(0) = [0, —2,0]"m and 7(0) = [20,0,0]"deg. The initial states of the estimator and observer are all zero. The wind
disturbance is injected in the simulation and its model can be found in our previous work [34]. The fault signals of the rotors are shown
in Table 1. The control parameters of the proposed strategy are chosen as k; =k = 0.8,k3 = k4 = 0.4,0, = 0.25 and ¢, = 0.25, and
the observer based control (labeled by Observer’) are k; = k2 = 0.8,k3 = k4 = 0.4,L, = 0.6 and L, = 2. Simulation results are pre-
sented in Figs. 2-5.

Fig. 2 presents the trajectory of the UAV driven by each controller. Fig. 3 shows the time history of the tracking error in each
direction. Fig. 4 provides the estimations of both algorithms. Fig. 5 collects the actual control signals. It can be observed that the
proposed strategy ensures a better tracking performance with the same energy cost and that the dynamics estimator provides a faster
response and higher accuracy. Table 2 summarizes the control performance of each strategy, where the mean deviation (MD) and
standard deviation (SD) of the steady state are calculated from 10s, the mean time (MT) is the average computational time in each

control step, and the energy consumption (EC) index is calculated by using Z?:l fOT fi(t)dt/T. It can be seen from Table 2 that the

10
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Table 3
Fault Coefficient.
0<t < 10s 10s<t < 20s t>20s
01 0 0 30%
[ 0 0 0
V3 0 10% 0
04 0 15% 0
Proposed

----- Without estimator

P e

0.5

z(m)

ol

y(m) 0 -1 z(m)
1 2

Fig. 8. Trajectory of quadrotor in Casel. (o represents the initial position and * represents the final position.).

proposed control shows a better performance with higher accuracy. Besides, compared with the measurement and sensing frequency
(attitude loop 200 Hz and position loop 120 Hz) in the experiment, the computational time of the proposed control can be neglected.
(see Table 4).

6. Experimental validations

To validate the effectiveness of the proposed control strategy, experimental examples under different conditions are conducted on a
quadrotor UAV platform which consists of an F330 DJI quadrotor, a motion capture system and the control center PC (refer to Fig. 6).
The model parameters of the quadrotor are m = 1.045kg, J = diag(0.0064, 0.0064, 0.0128)kgm2, [ = 0.225m, and C =
0.083Nms? /rad?. The maximum output of each propeller is 5.4N. The attitude and angular velocity are measured by using an onboard
inertial measurement unit (IMU) module, and the position and linear velocity are obtained by the motion capture system. The attitude-
loop and position-loop are operated at 200 Hz and 120 Hz, respectively, where the Pixhawk provides the onboard flight control
computer. Fig. 7 formulates the workflow of the experiment.

6.1. Parameter tuning

Before move on, the parameter tuning procedure of the proposed control strategy on real flight experiment is given. According to
the separation principle, the controller and dynamics estimator parameters can be chosen individually. Based on the linearized model
of the attitude-loop system around equilibrium ¢, = @ = 0, the nominal closed-loop can be approximately [33] derived as

24, = = (14 x0%0) 3, — (20493 ) (42)

where @ ~ 26, is used. Its characteristic polynominal is given by
257+ (L4K3kq )5+ (264 +Jixs) = 0,i = 1,2, 3. (43)

The parameter selection criteria is that all the solutions to (43) have negative real parts. Next, as a prior selection of the position
controller parameter, k, can be determined by first considering the nonsingular condition x,, < (g —a, —u —Au)/2 as well as desired
trajectory, fault recoverability and robust capability. By linearizing the closed-loop error position system around equilibriump = v =
0

V= — K \K:p — 2Ky, (44)
we have its characteristic polynominal

11
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sf ~+ 2K9;8; + K1k = 0,01 = x,y, 2. (45)

By choosing k;; and ky; such that all the solutions to (45) have negative real parts. Then, based on this principle and the parameters
from numerical simulations, the nominal controller can be implemented after a satisfied performance is obtained by trail and error.
Besides, simple tuning of estimator parameters can be obtained due to the fact that there is merely a single parameter involved. Small
filter parameter could contribute to high estimate accuracy but possible control chattering since it is introduced as the denominator in
the estimator. An initial choice can be made by using the value in the numerical simulation. Then, after simple tuning by increasing the
filter parameter, a good performance can be obtained when the UAV does not show any chattering phenomenon.

6.2. Experimental results

6.2.1. Casel. The proposed strategy vs nonsingular strategy

To highlight the robustness and fault tolerant capability of the proposed control strategy, comparison experiment is also imple-

mented by the nonsingular strategy without dynamics estimator. The desired trajectory is assigned as po =
[0.5c0s(0.5t),0.5sin(0.5t), 1 — e~%Tm. The fault coefficient of each propeller is injected based on Table 3. The control parameters of
the proposed strategy are chosen as K; = 4I3, K, = diag(0.1,0.1,0.15),x3 = 7,k4 = 5,0, = 4,0, = 02,4 = 5, and Au = 0.1.
Experimental results of the quadrotor trajectory tracking under propeller fault are presented in Figs. 8-12.

An overall description of the trajectory tracking under different controllers is summarized in Fig. 8. The position and horizonal
trajectory of the quadrotor are shown in Fig. 9. It can be observed that the tracking operation is achieved by the proposed strategy with
a good performance while the mission is failed without dynamics estimator after the fault is injected. Despite of the transient response
after the propeller fault occurs, the high performance trajectory tracking can be recovered quickly by the proposed strategy. Moreover,
it can be seen from Fig. 10 that the proposed strategy achieves a better attitude tracking. The output of the dynamics estimator in
position loop is drawn in Fig. 11. The control commands of propellers are collected in Fig. 12. It can be observed that all the signals

13
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Fig. 14. Position of quadrotor in Casell. (erepresents the initial position and * represents the final position.).
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Table 5
Fault Coefficient of Example 1 in CaselIl
0<t < 10s 10s<t < 20s t>20s
01 0 0 Example 1: 35%(Example 2: 30%)
02 0 0 Example 1: O(Example 2: 15%)
V3 0 10% 0
V4 0 15% 0

7 I " —Proposed —-PID - - -py

i 0 5 10 15 20 25 30 -1 -0.5 0 0.5 1 1.5 2
time(s) x(m)
(a) Position in each axis (b) Horizonal trajectory

Fig. 17. Position of quadrotor of Example 1 in Caselll. (erepresents the initial position and * represents the final position.).
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(a) Position in each axis (b) Horizonal trajectory

Fig. 18. Position of quadrotor of Example 2 in Caselll. (erepresents the initial position and * represents the final position.).

remain bounded and the dynamics estimator could provide the fault compensation for the control command of the faulty propeller.
Without any compensation mechanism, the nonsingular strategy fails to complete the trajectory tracking.

6.2.2. Casell. The proposed strategy vs PID control: comparison 1

In this case, the tracking performance of the quadrotor simultaneously subject to propeller fault and wind disturbance is presented,
where a well-tuned PID controller is also implemented for comparison experiment. The control parameters of the proposed strategy,
propeller fault and desired trajectory are chosen as the same as that in Casel. The parameters of the PID controller for position loop are
selected as Kp; = diag(0.95,0.95,1), Kpy = diag(0.09, 0.09,0.2), K; = diag(0.02,0.02,0.05) and Kp = diag(0.01,0.01,0), and for the
attitude loop are Kp; = 7I3,Kpy = 0.15I3,K; = 0.05I5 and Kp = 0.003I5. Moreover, a large electrical fan is employed to generate the
persistent wind with a 4 m/s velocity with respect to the trajectory center. Figs. 13-16 summarize the experimental results under
propeller fault and wind disturbance.

Fig. 13 describes the trajectories of the quadrotor driven by the proposed and PID controllers. Fig. 14 draws the position and the
horizonal trajectory. Fig. 15 compares the attitude tracking performance by showing the time history of the quaternion. It can be
observed that the proposed strategy ensures a better tracking performance despite of the propeller fault and persistent wind distur-
bance. Table 2 collects the mean deviation (MD), standard deviation (SD), convergence time (CT) and energy consumption (EC) of the

15
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Fig. 20. Control command of each rotor of Example 2 in Caselll.

Table 6
Tracking performance comparison of the proposed strategy in CaselIl.
Eample MD, m SD, m CT, s EC, Ns
1 0.0073 0.1202 3 7.2353
0.0141 0.2361 3 7.5490

trajectory tracking during the experiment, where EC is calculated by using 3" fOT fi(t)dt/T. It can be calculated from Table 2 that, in
contrast to the PID controller, the proposed strategy can achieve the tracking by improving the MDE and STDE by 69.00% and 68.83%
with merely 4.16% additional energy consumption. This further indicates that the proposed strategy achieves a higher tracking ac-
curacy. It can be seen from the control commands in Fig. 16 that the dynamics estimator also works well to provide robust
compensation under wind disturbance. Therefore, it can be concluded from experimental results that the proposed strategy achieves
the trajectory tracking of the quadrotor with a better performance than the PID controller while showing a better robustness to the
propeller fault and harsh wind condition.

6.2.3. Caselll. The proposed strategy vs PID control: comparison 2

In this case, two examples are conducted by the proposed strategy and PID control in the same experimental scenario. To show the
advantage, more serious fault conditions are introduced. The fault coefficients of Examples 1 and 2 are injected based on Table 5,
respectively. The persistent wind with a 4 m/s velocity with respect to the trajectory center is also employed.
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It can be observed from Figs. 17 and 18 that the proposed strategy achieves both trajectory tracking scenarios and the PID control
fails to provide the suitable compensation when larger fault occurs at 20s. Figs. 19 and 20 present the command control signal of each
rotor in each Example. It can be seen that the saturation phenomena appear in rotor 1 when the faults are injected at 20s. The PID
control strategy fails in this case is because of that the rotors can not provide enough control force and torque to compensate for the
desired acceleration. Despite of the fact that the proposed control strategy completes the trajectory tracking in this case, however, it
also fails when we rise the fault up to 45% of rotor 1. This implies that the trajectory tracking may not be achieved if the faulty rotor can
not generate enough control. Besides, the quantitative evaluation is also summarized in Table 6 that shows a good performance in the
presence of serious propeller fault and harsh wind condition.

7. Conclusion

In this paper, we propose a robust passive fault-tolerant control strategy for the trajectory tracking of the VTOL UAV subject to
partial propeller fault and external disturbance. A force command and a torque command are exploited for the position and attitude
loops tracking, respectively. To compensate for the system uncertainties, a first-order filter based dynamics estimator is employed. A
novel smooth saturation function is introduced in the force command to guarantee its boundedness and differentiability. The ultimate
boundedness of the overall closed-loop system is proved. In addition, the explicit and simple selection criteria of control gains and
estimator parameters are analyzed. Simulation and experiment results with comparison examples demonstrate that the proposed
strategy achieves the trajectory tracking of the quadrotor and guarantees the robustness to propeller fault and wind disturbance.
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