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In this paper, a flight controller with disturbance observer (DOB) is proposed for high-performance trajec-
tory tracking of a quadrotor. The dynamic model of the quadrotor, considering the external disturbances,
model mismatches and input delays, is firstly developed. Subsequently, a DOB-based control strategy is
designed with the backstepping (BS) technique. In this control scheme, the DOB serves as a compensator,
which can effectively reject model mismatches and external disturbances. In this case, the trajectory
tracking controller is designed according to the nominal model. Then, the input-to-state stability (ISS)

g?’a‘:;fgf;; analyses of the developed controllers are presented, which theoretically guarantees the robustness of the
Backstepping developed controller. Finally, comparative studies are carried out. Three types of disturbances including

payloads, rotor failures and wind are chosen to verify the effectiveness of the development. The results
from simulations and experiments show that the proposed controller provides better performances than

Trajectory tracking control
Disturbance observer

the traditional nonlinear controllers.
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1. Introduction

Over the recent years, the quadrotors, a kind of unmanned aerial
vehicles (UAV), attract more and more attentions in the robotics
community [1]. With their small size and agile maneuverability, the
quadrotors provide mobilities which cannot be covered by humans,
for instance, in cluttered or dangerous environments where the
human being is at risk [2,3]. These capabilities of quadrotors allow
to cope with a diverse scenarios imposed by real-world missions
[4], such as photography, traffic monitoring, reconnaissance, home-
land security, damage assessment, etc. [5].

In these missions, the performance of the quadrotors implic-
itly depends on the flight controllers. Therefore, high-performance
controllers are essential and many researchers have involved them-
selves into this field. Bouabdallah et al. firstly developed a group of
classical controllers, including the proportional-integral-derivative
(PID) controller, linear quadratic (LQ) controller [6], backstepping
controller and sliding-mode controller [7]. These controllers solve
the basic problems of flight control and some of them are still
widely adopted nowadays [8,1]. Later, for the purpose of robust
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control, modern control theories were implemented in the con-
troller design, such as Lyapunov function design method [9] and
hierarchy theory [10]. The effectiveness of these controllers were
verified theoretically and experimentally. However, no evidence
shows these controllers can handle external disturbances and
model mismatches, such as payloads, wind and rotor damages.
This drawback obviously deteriorates the performance of the flight
controllers. Therefore, more reliable and robust controllers are nec-
essary. To this end, several groups have made efforts to develop
controllers that are capable of disturbance rejection. A representa-
tive development is a so called composite model reference adaptive
controller developed by Dydek et al. [11]. This controller was ver-
ified to be capable of dealing with rotor failures in an experiment
of altitude control. In [4,12-14], adaptive controllers of different
structures were also verified by simulations and experiments on
ground stations. Alternatively, the DOB-based controller is robust
to external disturbances and model mismatches without the use
of high control gain or extensive computational power [15]. The
DOB provides a feasible approach to estimate disturbances while
relying only on knowledge of the nominal model and limits of the
disturbances [15,16].With the introduction of DOB, the controller
can then be developed based on traditional methods. Comparing to
the adaptive control, the DOB makes the controller design more
flexible and reduces the complexities [17]. Besnard et al. firstly
adopted sliding mode disturbance observer for robust controller
design [15,18,19]. Later, different kinds of DOB-based controllers
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were developed for disturbance rejection in attitude control and
2D trajectory tracking [20-23].

Results from these works show the potential capabilities of DOB-
based controllers for handling external disturbances and model
mismatches, such as wind and actuator failure [ 15]. However, none
of them is developed for the purpose of trajectory tracking of a
quadrotor inreal time. Therefore, this work is motivated to develop
a high-performance DOB-based controller with experimental stud-
ies. Firstly, in order to develop an effective model for the controller
design, the dynamic behaviors of the quadrotor are further stud-
ied by considering external disturbances, model mismatches and
input delays. Subsequently, the DOB is designed and an integral
filter is introduced to alleviate the effects of input delays and high
frequency noises. In this way, the filter’s output can be viewed as the
estimate of the lumped disturbance. By subtracting this estimate,
the major disturbances, especially low-frequency disturbances, can
be eliminated. In such a case, a control scheme for trajectory track-
ing can be developed according to the nominal model. In this
control scheme, the position error is stabilized by a proportional-
integral (PI) controller, and the velocity error is stabilized by a
BS controller. The stability analysis is then provided to theoreti-
cally confirm the robustness of the developed controllers. Finally,
experiments are carried out to verify the development.

The contribution of this paper lies in two aspects. Firstly, to
get a better understanding of the quadrotor’s dynamic behavior, a
mathematical model, which considering the external disturbances,
model mismatches and input delays, is developed. Secondly, a high-
performance DOB-based backstepping controller is developed and
experimentally verified for the real-time trajectory tracking of the
quadrotor. This controller can cope with wind, varying payloads
and rotor failures. To the best knowledge of the authors, no such
controller has been adopted in the real time trajectory tracking of
a quadrotor.

The remainder of this paper is organized as follows. Section 2
proposes the dynamic model of the quadrotor. The DOB-based con-
troller is designed in Section 3, and the stability analysis is provided
in Section 4. Then the results from simulation and experiments are
shown in Section 5, and Section 6 concludes this work.

2. Quadrotor model and problem statement

To facilitate the controller design, the dynamic model of the
quadrotor is developed in this section. In this model, external dis-
turbances, input delays and model mismatches are considered as
the lumped disturbance which will be handled by the following
developed controller.

2.1. Quadrotor dynamics

Asshownin Fig. 1, the quadrotor is actuated by four rotors on the
endpoints of an X-shaped frame. The collective thrust of these four
rotors accelerates the quadrotor along its normal direction (Zp).
In order to balance the yawing torque, rotors attached on the Yp
axis rotate in clockwise direction, and the rotors attached on the Xp
axis rotate in counterclockwise direction. As a result, the difference
of collective torques between these two axes produces a yawing
torque. Similarly, differences of thrusts between rotors on the Xp
axis and Yp axis produce a pitching torque and a rolling torque
respectively. Therefore, four control inputs can be defined as

Up=F +F+F;+F
Uy =(F4 —F)L
Us=(F3-F)L
Us = My — My + Mz — My

F,
D

F; M,

L\)Q " AN R

X

Fig. 1. A depict for the quadrotor. X;—Y;—Z is the inertial coordinates and
Xp — Yg — Zp is the body fixed coordinates.

where L is the length from the rotor to the center of the mass of
the quadrotor, F; is the generated thrust, and M; is the generated
torque.

The thrusts and torques can be obtained by varying the rotary
speeds of the rotors. This relations are commonly estimated by
[24,25,1]

Fl_kFS-i—(l)F Q,d, Ml _kMS-i-CL)MQld (2)
where kg, ky, @f, wpy are constants related to the rotor, and £2;4 is
the reference for the speed of the rotor.

In view of (1) and (2), the rigid body dynamics using
Newton-Euler formalism is governed

mi = U1Zg —mgZ; — kot o|F|

3)
la=[U, Uy U] -axIq

where m is mass of the quadrotor, g is the local gravity constant, r
is the position in inertia frame with r=[x,y, z|]”, q s the attitude in
body frame with q=[¢, 8, V|7, Iis the rotary inertia, kis a constant
to estimate the aerial drag effects, and the symbol o denotes the
element-wise product.

Since the rotary inertia is small and the quadrotor is symmetric,
the term q x Iq is small and insignificant [1,26,7,11,27]. Therefore,
(3) can be reduced into

X = %(Ul(cos¢sin0cos W+ sin¢ sin ¥) — kxX|X|)

y= %(U1(cos¢sin95inw —sin¢ cosyr) — kyylyl)

7= %(Uﬂcosq&cos@) — kzz|z| — mg)

(4)

where Iy, Iyy, and I; are the rotary inertia of the quadrotor respect
to the Xp, Y, and Zp axis.

2.2. Problem statement

Traditional controllers, such as PID controller, LQ controller [6]
and sliding-mode controller [7], for trajectory tracking are com-
monly developed based on (4) [1,24,25]. However, as uncertainties
may arise in (4), these controllers inherently lack of the capabilities
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Acceleration meter Motor boom

Fig. 2. Due to the structural distortion, a transport delay occurs between the gen-
erated thrust and the measured acceleration.

of disturbance rejection. Therefore, in order to develop disturbance
rejection controllers, the dynamic model should be firstly improved
by including the dynamics of these uncertainties. In the trajectory
tracking control of the quadrotors, the major sources of uncer-
tainties are external disturbances, modeling mismatches and input
delays [11,18]. In particular, the input delays, which are commonly
neglected in other works [28], are caused by the transport delay in
inner control loop and structural distortion. As indicated in Fig. 2,
when the thrust T; is generated by the motor according to the com-
mand of the inner loop controller, the elastic distortion & occurs on
the motor boom due to the non-ideal rigid structure of the airframe.
As a result, the acceleration a in the center of the quadrotor can
only be measured by the acceleration meter after the motor accel-
erates for some distance Al In addition, the dynamics of the motor
itself cannot be instantaneously reached. Therefore, extra attention
should be paid to deal with the effects of the input delays.

By taking these described uncertainties into account, the
dynamic model for the trajectory can be rewritten in the form

= (5)
%2 = F(x) + Gu(t — 7) + d(x., )

where x=[xq, x2]7, x; and x, are the position and velocity of the
quadrotor, withx; =[x,y,z]"; F(x) and G( ) are modelable nonlinear
functions; d(x, t) is an unknown function representing the exter-
nal disturbances and other unmodeled nonlinearities; t, represents
the input delay.

As there is no way to obtain precise forms of F( x) and G( x),
a nominal model, such as (4), is commonly adopted for controller
design. Denoting the nominal model as Fo( ¥) and Go( ), F( ) and
G( x) can be expressed as
F(x) = Fo(%) + Ap(x), G(X) = Go(x) + Ag(x) (6)
where Ap( ) and Ag( x) are modeling errors.

Considering boundaries of the system, two assumptions are
made for the following controller design.

Assumption 1. Gy( x) and G( x) have the same sign and are
bounded away from zero.

Assumption 2. There exist finite positive constants M, Mg, MF,,

Mg, M A< oo and continuous functions F(x) and d(x) which satisfy
the following inequalities:

| Ap(x)] |d(x)| |Fo(x)]

= y = <My, — <M 7
Fx) 0 dxn - © Fa) oo )
Go(x) Ag(x)

Sy =M | oy | =Mac (®)

Remark1. Assumption 1implies the mathematic modelingisreli-
able, and there is no chance to produce an infinite control input.
Assumption 2 implies the disturbances and modeling errors dealt
in this work are bounded.

Quadrotor

Va (04 vV . u
Ly

xl Xy [ le— A X,

Fig. 3. The structure of control system for the quadrotor.

3. DOB-based controller design

In this section, we aim to design a trajectory tracking control
strategy which can effectively compensate for the lumped disturb-
ance.

As shown in Fig. 3, this control scheme is developed in a cas-
caded structure, which means the attitude controller works as the
inner loop controller of the trajectory tracking controller. With such
a scheme, the quadrotor is stabilized in the following way. The
quadrotor dynamics is governed by R and H, which is expressed
in(4)and (5). The control inputs U; (i=1, 2, 3, 4) for R are generated
by rotors which have their own dynamics M as in (2). The controller
A is designed to control the attitude q through U,, U3 and Uy. Tak-
ing q and U; as the control inputs, the trajectory tracking control
is realized by a position controller P and a velocity controller V.

Based on such a structure, this section designs a DOB-based con-
trol strategy for trajectory tracking. As the attitude is the input for
this control scheme, an attitude controller serving as an inner loop
is developed at the end of this section.

3.1. Trajectory tracking control

When the quadrotor takes flights near the hovering state (¢ ~ 0,
0~0), (4) can be linearized as

X = %(Ul(ecos Y+ @sinyr) — ke X|X|)

L1 . -
= (Ui(@siny — ¢ cos ¥) — ky,J171) 9
Z= %(m cos ¢ cos 0 — kzyz|z| — mg)

Therefore, the nominal expressions of F( x) and G( x) are

-1 .. L. .- T
Fo(x) = — [ kX[l kyylVl.  ke2lz +mg ] (10)
Uicosyr  Upsiny 0
Go(x) = % Upsiny —Ujcosyr 0 (11)
0 0 cos¢cosf

The input vector for the trajectory tracking control is then
defined as

u=1[6, ¢, U] (12)

With (5),(6),and (10)-(12), the controller for trajectory tracking
is designed as follows.

Firstly, the position error signal and velocity error signal are
defined as

Z1=X1—Yr, Zn=X2—Q (13)

where y; is the reference for the position, and «; is the virtual input
to stabilize z;.

According to (5), a subsystem S; representing the position loop
can be defined as

S1: nn=a1+22—Yr (14)



70 W. Dong et al. / Sensors and Actuators A 211 (2014) 67-77

This virtual input «q is designed based on the common PI control
algorithm

¢
a1 = —C1pZ *Cli/ zydt +yr (15)
0

where c1p >0, ¢1; > 0. Differentiating (15) gives
01 = —Cipz1 — C1iz1 + Jr = —C1p(X2 — Yr) — C1iZ1 + Jr (16)

Then, according to (5), (6) and (13), the subsystem S, represent-
ing the velocity loop is defined as

8y 12y = Fo(X) + Go(X)u — &t + d(x, t) + Ap(x) + Ag(x)u 17)

This velocity error z, is stabilized as follows. According to (5),
the lumped disturbance is

w=d(x,t) + Ap(x) + Ac(X)u(t — 7) = 2, — (Fo(*) + Go(*Ju(t) — &)
(18)

The compensation term for the input can be then calculated as
W = w/Gg(x). When the inverse of the nominal model 1/Go( %) is
noncausal and high frequency noises exist, a low pass filter, usu-
ally called Q-filter, is commonly required [29]. With the relative
degree larger than or equal to the relative degree of the nominal
model, the Q-filter enables the DOB practical implementable and
filters out the noises. In this work, as the nominal model Gy( x) is
approximately a constant matrix and nontrivial near the hovering
state, the causality problem doesn’t exist. Furthermore, there are
the small but time varying input delays. These input delays might
vary as high as several times of the sampling time, so it is impracti-
cal to eliminate their effects by simply replacing Go( x)u(t) with Go(
x)u(t—t)in (18). To this end, an integral filter is designed to tackle
the input delays as follows

Zo+ o1 — [y (Fo(x)+ Go(x)u)dt
t

W= (19)

In such a case, the DOB is developed. Then replacing u in (17) by
u = (0 — Fo(x) + ¢i — W)/Gp(x) and assuming W ~ w, the following
simple nominal model can be obtained

Zy~ D (20)

where 7 is a nominal linear input.

This indicates that an inner-loop for acceleration control is
formed such that the inner-loop approximates the nominal model
as described in (9). Therefore, a traditional controller can be
adopted according to the nominal model. In this work, a linear input
is chosen as = —c,z;. Then the input u is obtained as

_ Gz + &1 — Fo(x) —W

U= Gol®) (21

where v = (—cyz; + &1 — Fp(x))/(Go(x)) is the input generated by
the velocity controller.

When the quadrotor stays at ground, the disturbances esti-
mated by W is meaningless and the integration action in w may
increase infinitely. To avoid this drawback, a saturation boundary
is introduced such that

Wl < Mw (22)

Remark 2. This M,, also affects the performance of the controller.
Theoretically, any positive constant less than the dynamic bound-
ary of the quadrotor, namely sup(U;/m), is a candidate. However,
if its value is too large, it will take long time for the controller to
stabilize from a fault estimation, but if the value is too small, the
controller cannot compensate large disturbances.

As all of the disturbances or model mismatches interested by
this work are at very low frequencies, one can expect w ~ w. High
frequency disturbances such as noises in measurement are fil-
tered out by the integration in w. With this development, it can be
concluded that W can make good estimation for the external dis-
turbances and modeling errors. When compensated by w, z, can be
asymptotically stabilized to zero even if disturbances arise, which
shall be analyzed in the next section.

3.2. Attitude control

According to (12), ¢ and 0 are two control inputs for the tra-
jectory tracking. Therefore, it is necessary to stabilize the attitude
with an inner loop controller. Based on (4), an attitude controller is
developed as follows.

Firstly, the angular error signal and rotary rate error signal are
defined as

Zi =q—q4, Za2=(q— g (23)

where g, is the desired attitude, q is the measured attitude, and ¢4y
is a virtual input to stabilize z,;.
The attitude controller is then designed as

Ug >~ Zgp = —krzp, g1 = —kazy (24)

where k; and k, are positive number, and uq =[U,, Us, U4]".

It can be seen that the desired values of control inputs U; (i=1,
2, 3, 4) have been generated by the trajectory tracking controller
and the attitude controller. As the actual values of U; might be not
exactly the same as the desired values in the real-time flights, these
desired values are denoted as Uj; in the following development.
Subsequently, one can calculate the RPM command for each rotor
by using (1) and (2)

244 kr 0 kgo  ky Uiqg
$254 kr —kgg 0 —ky Uayqg
$234 kr 0 —kgo ky Usqy

244 kr  kgg 0 —ky Uyqg
where kr, kg and ky, are constants related to the parameters of the
model.

4. Stability analysis

This analysis focuses on the trajectory tracking control.
Substituting (15) into S, one can obtain

t
Z1=2) — C1pZ1 — C‘li/ zpdt (26)
0
Eq. (26) can be rewritten into the state-space form
210 = Az14 + Bz, (27)
where
‘ ! 0 1
Z1a = /z1dt,zl . A= . B=[0 1] (28
0 —C1i —C1p

The ISS property of the subsystem S; can be guaranteed by in
the following lemma [30,31].

Lemma 1. Ifthe virtual input o1 is applied to subsystem Sy and if z,
is made uniformly bounded, S is ISS, i.e., for 31g > 0, 3py, > 0

O<t<t

1Z14(t)] < Age™P0z14(0)] + % { sup Zz(T)] (29)
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Therefore, it is necessary to prove the boundedness of z,, and
this can be analyzed as follows.

Applying the designed control input u to the subsystem S,, one
can have

Zy=—CZy +W—W (30)

The solution of (30) is in the form
T
Zy = Ce 2t 4 e*CZf/ (w—w)e2tdr (31)
0

According to (7), (8) and (22), w — W is bounded. Hence

1Z2(0)] < B1122(0)le ot + B, sup [w — W] (32)

O<t=<t

where §;>0.
Thus, the stabilities of the overall system are guaranteed accord-
ing (29) and (32).

5. Simulations and experiments

In this section, extensive simulations and experiments are car-
ried out to demonstrate the effectiveness of the proposed control
strategy.

5.1. System identification and parameter selecting

To verify previous formulations and obtain further understand-
ing for the quadrotor, experiments are carried out to identify the
parameters of the quadrotor model firstly. Based on the results of
the identification, control gains are then selected for the developed
controllers.

5.1.1. Attitude control

According to (1), (2), (4) and (25), it is necessary to identify the
parameters of the rotor and the quadrotor airframe prior to the
attitude controller design.

The identification for the rotor is carried out on a specially
designed test bench. As shown in Fig. 4, one rotor from the quadro-
tor is set up on a stress sensor (model YP-L1, Yeepo Automation)
and a torque sensor (model YP-NJ, Yeepo Automation). The stress
sensor is capable of measuring the stress from 0 N to 50 N with a tol-
erance of 0.02%, and the torque sensor is capable of measuring the
torque from O N m to 5 N m with a tolerance of 0.3%. As the electrical
signals from these sensors are very small, a transducer (model YP-
FD, Yeepo Automation) is implemented to convert them into 0-5V
voltage signals. The converted voltage signals are then sampled by
a data acquisition (model USB-6363, National Instrument) at a fre-
quency of 1000 Hz. Finally, these sampled data are collected via a
program written in Labview.

With this developed test bench, the rotor is controlled by an
onboard program which generates RPM commands according to
users’ instruction. In this work, the commands are specified to
rise from 10% to 80% of the full speed of the rotor (8000 RPM) by
an increment of 10% at each step. For each speed, the generated
thrust/torque is measured for 10s.

The results are shown in Fig. 5. It is interesting to see that the
rotor does not behave exactly as the theoretical prediction in aero-
dynamics [32], where the thrust/moment is quadratically related
to the speed of the rotor as

Fi=ke§22, Mj=kn$2? (33)

where kf and kp, are parameters related to the rotor, and £2; is the
speed of the rotor.

Data Acquisition

-
Zz
£Z

Signal
Convertor

Driver

Rotor

Fig. 4. A test bench designed to identify the parameters of the rotor.

The results from data fitting show that the relation between
thrust and speed of the rotor can be estimated by

y =2.56 x 107°x1-37 (34)

Similarly, the relation between torque and speed of the rotor
can be estimated by

y=1.20 x 1075x1-25 (35)

From (34) and (35), it is reasonable to estimate the motor
dynamics by a linear equation as in (2).

The inertia of the quadrotor is then measured by a three wire
pendulum [33], and the mass is measured by an electronic balance.
These identified parameters of the quadrotor are shown in Table 1.
From these results, one can obtain

—%—%—%1005 (36)

In practice, it is more convenient to scale the control inputs
Ujq in (21) and (24) into a same range, which will make the con-
troller design easier. For this purpose, according to (4) and (36),
the parameters in (25) should satisfy the relation kgg = ky, = kr/100.

Table 1

The identified parameters of the quadrotor
Item Quantity
L (m) 0.2
m (kg) 0.547
I (kg.m?) 0.0033
Iyy (kg.m?) 0.0033
I, (kg.m?) 0.0058
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Fig. 5. The results from the parameters identification of the rotor. (a) Thrust generated by the rotor. (b) Moment generated by the rotor.

In this work, these control inputs are scaled into [— 1, 1], then the
parameters for (25) is chosen as

kr = 4000, kgyp = ky =40 (37)

with an output limitation of 1 < w; <8000, which is the range of the
motor’s rotary speed.

With the parameter assignments in (37), the parameters of the
attitude controller are selected by the trial and error method as

kr =12, kq=10 (38)

5.1.2. Trajectory tracking control

As pointed out in Section 2, the input delays exist in the
trajectory tracking control. To verify this fact and gain better under-
standing, extra experiments are carried out. As shown in Fig. 6(a),
the thrust of the rotor is recorded when the RPM command rises
from 2400 to 3200 RPM. It takes approximately 0.05s for the
rotor to increase its thrust. This means there exists transport delay
between the RPM commands and the measured thrusts/torques.
This fact is also verified by comparing the measured acceleration
and the theoretical prediction when the quadrotor is in flight. As
shownin Fig. 6(b), the theoretical prediction is calculated according
to (4) when every control command Uj is sent, and the acceleration

0.18

0.17

0.16

0.15

Thrust (N)
©
=

(=
o
w

o
pN
N

0.11

d
0 0.05 0.1

0.3

i i i
0.2 0.25 0.35
Time (s)

(a)

i
0.15 0.4

is measured by an onboard sensor simultaneously. By relevance
analysis, the time delay between the measured value and prediction
is approximately 0.06 s. However, if one checks every single point
in Fig. 6(b), this delay is not fixed. All of these results domonstrate
the effectiveness of (5).

To identify the aerodynamical drag force in (4), aerodynamic
analysis [32] is utilized, where the reference area is estimated by
imaging processing. The constant ky, ky, k; in (4) are determined to
be 0.017.

With these identified results and the developed attitude con-
troller, control gains of the trajectory tracking controller are
selected by the trial and error method as
cip=2, ¢;=0.05 =5,

My =5 (39)

5.2. Simulation

In this work, the performance of the proposed controllers for
the quadrotor is preliminarily examined by numerical simulations
in the presence of payloads, wind and rotor failures. As shown in
Fig. 7, the quadrotor follows a step reference at the beginning, then

Theoretical

o N
o » - »
T

Acceleration (m/sz)
&
13

-1.5
-2
-25
_3 L L I
0 0.5 1 1.5 2
Time (s)
(b)

Fig. 6. Atransport delay exists between the measured acceleration and theoretical predicted acceleration. (a) Transition of thrust from 2400 RPM to 3200 RPM. (b) Theoretical

predicted acceleration and measured acceleration.
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Fig. 7. Simulation results for flights under three types of disturbances. (a) Flight with 200 g payload. (b) Flight with rotor failure. (c) Flight with wind.

advantages of the developed DOB-based control strategy.

In Fig. 7(a), 200 g payloads are attached to the quadrotor. With
the DOB, the quadrotor can be stabilized with a steady state error

increasing the integral item (cq;) might be a possible way to enhance

the performance of the BS control when the payloads are attached,

(SSE) of 2%, whereas the SSE of BS controller is 10%. Although
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Fig. 8. Results from speed control when wind disturbances exist.
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Capture

]

it leads to large overshoot, even instability. As shown in Fig. 7(a),
when cq; increases to 0.5, the quadrotor can be well controlled with
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Wireless Router
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Fig. 9. The structure of an indoor test bed for the quadrotor.
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Fig. 10. Results from altitude control when the quadrotor carrying three types of payloads. (a) Altitude control with 50 g payload. (b) Altitude control with 100 g payload. (c)

Altitude control with 200 g payload

the 200 g payloads. However, when this payload is removed, the
overshoot for this control increases up to 15%.

In Fig. 7(b), 5% of the collective thrust of the rotors is reduced at
t=3s. When t<3s, there is no difference between the BS controller
and its counterpart. However, when t>3 s, with BS controller, the
quadrotor quickly drops down and cannot be stabilized with a SSE
<2%. In contrast, with DOB, the quadrotor is well controlled with a
SSE of 2% in the whole process.

InFig. 7(c), wind with the speed of 4 m/s is introduced in the neg-
ative direction of the X axis at t=3s. Both of these two controllers

quickly moves towards the negative axis direction. However, the
DOB-based controller can stabilize the quadrotor with a SSE of
2% within approximately 3 s, which cannot be achieved by the BS
controller.

Considering the fact that the speed control is also impor-
tant in the long distance flight, an additional simulation is
carried out to verify the performance of the speed controller.
As shown in Fig. 8, wind with the speed of 4m/s is introduced
in the negative direction of the X axis. Without the DOB,
the speed controller shows a SSE of 8%. With the use of the

Fig. 11. About 20% of a rotor is cut off to present the disturbance of rotor failure (left), and a plastic board is vertically set up on the top of the quadrotor to amplify the

disturbance of wind (right).
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DOB, the speed can be controlled to its desired value within
1s.

All of these results indicate that the proposed control strategy
can effectively compensate for the lumped disturbance in the tra-
jectory tracking, thus provides better performances.

5.3. Experimental results

Three comparative experiments are carried out to verify the
effectiveness of the proposed control strategy. Payloads, rotor fail-
ures and wind are presented as different sources of disturbances.

5.3.1. Test bed

All of the experiments are conducted in an indoor test bed. As
shown in Fig. 9, the quadrotor test bed is comprised of a Humming-
bird quadrotor, a pair of XBee wireless routers, a control station,
and a Vicon motion capture system. The quadrotor communicates
with the control station via a couple of wireless routers at a fre-
quency of 50 Hz. The control station runs on a Windows operating
system. It fetches the position information of the quadrotor from
the data server of the Vicon motion capture system and sends them
to the quadrotor. The motion capture system runs at a frequency of
200 Hz and estimates the state of the quadrotor by kinematic fitting
the reflective markers which are attached on the quadrotor.

5.3.2. Flight with payloads

As shown in Fig. 10, experimental results of the altitude con-
trol with different payloads are depicted. It can be observed that
there is only a slight difference between the DOB-based controller
and its counterpart when the payload is 50 g. However, as the pay-
load increases, the DOB-based controller shows its benefits. The
SSE of the traditional BS controller is 4% when the payload is 100 g,
and 10% when the payload is 200 g. By contrast, the quadrotor can
always be stabilized by the DOB-based controller with a SSE of 2%.
An addition experiment shows that without payloads the altitude
can be stabilized with a SSE <2 cm within 2 s, which is good enough
for the quadrotor to fulfill most of its activities.

It can be concluded that the DOB-based controller enables the
quadrotor to take flights with various payloads, and still guarantee
the accuracy of trajectory tracking. It also indicates that the con-
troller can effectively compensate for the model mismatches on
the mass of the quadrotor.
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Fig. 13. The velocity of wind from the electric fan.

5.3.3. Flight with rotor failures

As shown in the left of Fig. 11, one rotor is artificially cut off for
about 20%. With this damaged rotor, it is interesting to see that
the translational motion can still be well stabilized by both the
BS controller and DOB-based controller. This can be explained as
follows. According to (4), the control inputs for the translational
motion are the collective thrust and the attitude. When the rotor
gets damaged, although the gain in the attitude control and col-
lective thrust decreases, this can be compensated by the nonlinear
trajectory tracking controller. Therefore, the results from the DOB-
based controller and the BS controller are nearly the same.

In the altitude control, the rotor failure equivalently increases
the effects of gravity. Therefore, different results are observed as
showninFig. 12.Similar to the behaviors in the flight with payloads,
the quadrotor is unlikely to reach the desired altitude by merely BS
controller. However, by implementing the DOB, the quadrotor can
be stabilized with a SSE of 2% within 2.5 s.

It can be seen that the DOB-based controller is less sensitive
to the tolerances of the rotor model comparing to the traditional
nonlinear controllers. Therefore, it can guarantee a safe flight even
if part of its thrust is lost.

5.3.4. Flight with wind disturbance

In order to artificially create the wind disturbances, an electric
fan is set up at (— 0.6, 0, 0.85) and faces to the positive direction of
the X axis. The velocity of its generated wind is then measured by
a ventilation meter (TSI VelociCalc 9535) along the X axis for every
0.1 m. At each position, the measurement takes 1 min. The results
are shown in Fig. 13. By quadratic fitting, the velocity of the wind
can be estimated by

Vw=1.4x>-2.0x+2.4 (40)

with V,y(-0.25)~ 2.8 m/s.

As the wind from the fan is relatively slow, a plastic board with
size of 12.5 x 12.5cm? is attached on the top of the quadrotor to
amplify this disturbance, as shown in the right of Fig. 11. With
this configuration, the aerial drag force is nearly doubled for the
quadrotor.

In the comparative experiments, the quadrotor follows a ramp
reference as shown in Fig. 14. With the DOB, the response is slightly
faster than that of BS, and can be stabilized with a SSE of 2% within
approximately 2 s. By contrast, the SSE of the BS controller is about
5%. In addition, the DOB-based controller shows less vibrations in
the steady state.
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All of the above experiments imply the proposed control strat-
egy can handle the model mismatches and external disturbances

very well, thus show better performance than traditional nonlinear
controllers.

6. Conclusion

This paper has developed a high-performance trajectory track-
ing control strategy for a quadrotor and experimentally verified its
performance. Based on theoretical analysis and experiments, the
quadrotor model is developed by taking model mismatches, exter-
nal disturbances and input delays into consideration. A DOB-based
control strategy is then developed based on this model, and the sta-
bility analysis confirms its input-to-state stability. Finally, exten-
sive simulations and experiments are carried out. The results show
that the quadrotor can be stabilized with a steady state error of 2%
in the presence of payloads, rotor failures and wind disturbances.
It demonstrates that the robustness of the quadrotor is greatly
enhanced comparing to the traditional nonlinear control technique.
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