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Abstract—A  discrete-time improved input/output
linearization controller based on a nonlinear disturbance
observer is considered to secure the stability of a four-rotor
unmanned aerial vehicle under constant and time-varying
disturbances, as well as uncertain system parameters for its
attitude behaviour. Due to the nature of the quadrotor system,
it contains the most extreme high level of nonlinearities, system
parameter uncertainties (perturbations), and it has to cope
with external disturbances that change over time. In this
context, an offset-less tracking for the quadrotor system is
provided with the input/output linearization controller
together with a discrete-time pre-controller. In addition, the
robustness of the system is increased with a discrete-time
nonlinear disturbance observer for time-varying disturbances
affecting the system. The main contribution of this study is to
provide highly nonlinearities cancellation to guarantee the
aircraft attitude stability and to propose a robust control
structure in discrete-time, considering all uncertainties.
Various simulation studies have been carried out to illustrate
the robustness and effectiveness of the proposed controller
structure.

Index Terms—Discrete-time control; Nonlinear disturbance
observer; Digital filter; Input-Output linearization.

. INTRODUCTION

Within the last decade, the Unmanned Aerial Vehicles
(UAV) are deployed for tasks where human interaction is
dangerous. Today, there are many applications of UAV in
sectors, such as military, transportation, and entertainment.
Among the UAVs, the multi-rotors are mostly chosen for
their agility and ability to hang in the air. Within the
literature, many control methods are used to deploy to
characterize the attitude and altitude problem of the
quadrotors, which is commonly chosen as the multi-rotor-
framework [1], [2].

When the autonomous flight of the quadrotor is
considered, the main effort relies on the attitude and
stabilization of the vehicle. For this purpose, the nonlinear
control methods applied on the quadrotors are the nonlinear
back-stepping [3]-[5], which can be taken into account the
matched and unmatched uncertainties, or sliding mode [6],
[7], which is robust and able to represent the system with
lower-order dynamics suffers from chattering problem, their
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combinations [8], [9], and input-output feedback
linearization control,  which permits to have linear
controller via state-feedback [10]-[12]. The input-output
linearization problem of quadrotors can be found in [13],
[14].

Since the real-life flight of these vehicles deploys mainly
outdoor, the controllers do not take external disturbances
into account and become fragile. Thus, the studies dealing
with the disturbances on quadrotor systems have been
carried out [15]-[17]. The system control problem is still
up-to-date in [18]-[23].

For control of UAV systems, in practice, it requires
discrete-time signals, and due to the differences between the
design in continuous-time and control signal implementation
in discrete-time, the tuning of the design parameters may
become a hard work. For this reason, several discrete-time
controllers on the quadrotor are directly performed [24]-
[27]. The input-output linearization controller can here be
emphasized as a nonlinear controller in discrete-time [28]-
[30].

To overcome the system perturbations with its undesired
consequences, time-varying disturbances, and stabilization
of the attitude quadrotor UAV system, a discrete-time robust
nonlinear controller with nonlinear disturbance observer is
proposed in this study.

Most of the previous works consider all the steps of the
controller design in the continuous-time domain and then
the discretization of the controller. However, in the
particular case, the direct discrete-time controller approach,
which is the focus of this paper, much effort is still needed
to be put in for the solution of this up-to-date problem. In
the light of the previous studies, the differences from the
existing results and the significant additions of this study
can be summarized as follows.

— The constructed controller assures the offset-less high

precision tracking under the effects of system

perturbations and subjecting to constant disturbance.

—In addition, the discrete-time  discretization

approximation error is rejected here with the aid of a

digital filter compassing the effect of the digital PI. For

the attenuation of the time-varying disturbance, which
changes over time and is slower than system dynamics, it
is considered by the nonlinear disturbance estimation.
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— The solution of all the mentioned problems is
implemented in the discrete-time domain. Finally, an
improved robust control structure is tested via numerical
simulations containing input saturation difficulties and
limitations.

Il. SYSTEM DYNAMICS AND MODELING

The general quadrotor UAYV aircraft, which is used in this
study, is presented in Fig. 1. Here, B is the Body frame and
E is the Earth frame, and the structure of the system
dynamics is fixed and uniformly distributed, also the
propellers are static. The gravity centre of the system
coincides with the B-frame centre. Moreover, the square of
the propeller speed is considered proportional to the forces
of thrust and drag.

Since T:E — B, the system transformation matrix from

[¢,0,w]" for the roll, the pitch, and yaw Euler angles to
[p,q,r]' body-frame angular velocities is defined as in the
equation below:

pl [1 o0 -s(0) [ ¢
q|=|0 c(¢) s(¢)c(0)]| 6| 1)
) Lo s(s) c(o)e(0)]lv

in which s(*), c(*) represent sin(*), cos(*). Note that
the Euler angles ¢, 6, and y are defined in the range of
(—712,712), (-x12,712), and (-x,7z), respectively.

The translational and rotational dynamics using a Lagrange
approach are expressed as [8], [24]:

% =(c(¢)sin(0)c(w)+s(¢)s(v))u, /m-Kx/m, (2)
§=(c(¢)s(0)s(v)-s(¢)ec(v)w /m=-K,y/m, (3)
7=(c(g)c(0))u, /m—g—K,z/m, (4)

¢ =001, —1,)/ 1, +3,0Q, /1 +lu, /1, —K,I$/1, +d,, (5)
0 =gy, —1)/1, +1.9Q, /1, +lu, /T, - K0/l +d;, (6)
¥ =g, —1,)/1, +uy /1, — K1, +d,, 7

for which x,y, and z denote quadrotor the gravity origin,

ai,i =2,3,4 denotes the external constant or time-varying

disturbances, | is the distance in-between the rotor center-
gravity, and m is the total mass. Likewise, g represents the
gravity acceleration. 1,1 , and I, indicate the inertias of
the system, K;,(i=1..,6) denotes the drag constants,
Q=0 -Q,+Q,+Q,,Q; represents the jth(j=1,...,4)
speed of a propeller, r represents the overall speed of the
propeller j. J, isthe inertia moment. u,, u,, u,, and u, are

the thrust applied to the body along z-axis, the roll input, the
pitch input, and a yawing moment, respectively. Thus,

F =b§2§ is the thrust force by the rotors. u,, u,, u;, and u,
can be given as u,=F-F,
u,=F,—F, and u,=(d/b)(F,-F,+F,—F), in which

u=R+F+F+F,

b is for the lift and d is for the scaling factor for the force
moment. Here, F; is for the control signals applied to the

quadrotor.

Fig. 1. The quadrotor UAV.

After the continuous-time overall quadrotor UAV system
dynamics are presented, the approximated system difference
equations are needed for the design steps in discrete-time for
the attitude behaviour. In this paper, the quadrotor UAV
attitude system difference equations are obtained with the
linear extrapolation method which is adopted from [23].

Defining X (K)={4(k),0(k).w (k)},
Yoz (k+1) = X,z (k+1) = {#(k +1),0(k+1),p (k +1)}, and
(E,1)={(#.2).(6.3).(v.4)}, the transformed continuous-
time attitude system dynamics are given by:

Xis(k+l)zxzs(k)1 (8)
Xz (k+1) = . (k) +gzu; (k) +d; (k), 9)
¥z (k) = Xz (k) (10)

where k=0,1, 2,... is the number of the sampling instants.
For the sake of the readability of the short notations,
X1E(k):X13(kTS)’ Xzs(k)zxzs(kTS)' fs(k):fz(kTS)’
d;(k)=d,(kT,), (d(k)=T7d;(k)), g as the constant
set, and u, (k)=u; (kT,) are used in (8), (9) and will be
used in the sequel. T, is the sampling period used in the
discretization. The explicit version of (8) and (9) for each
Euler angle is given in Appendix A. Here, y. (k)

represents the outputs of the attitude system, i.e., Euler
angles are defined as the system output. Additionally, notice
that

E(k+2)-28(k+1)+Z(k)
T2

S

E(t) It:k =

: (11

and

=(k+1)-Z(k)

2Ok,

S

(12)
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where Z(t)={¢,0,y} denotes the Euler angles. Utilizing

(11) and (12), the attitude dynamics of the quadrotor ((5)-
(7)) can be written as in (8) and (9). The mathematical
arrangements are given in Appendix A.

I1l. DISTURBANCE OBSERVER DESIGN

In this section, the time-varying disturbances that affect
the quadrotor UAV system are estimated by nonlinear
disturbance observer (NDO) in the discrete-time setting.
The NDO is designed with the assumption that the time-
varying disturbances are supposed to be unknown constant
or time-varying disturbances that vary much slower than the
quadrotor UAV dynamics. The advantage of the considered
observer design in the discrete-time domain is that the
measurements of the data of the systems are achieved via
the digital sensor devices.

Proposition: Consider the discretized attitude dynamics
(8), (9). The estimation dynamics of the external disturbance
asymptotically stable under the designed discrete-time NDO
structure given by:

z_(k)=d, (k)-8 _ (%= (k)). (13)
zzs(k+1):225(k)—LEdi(k)—
_LE(fE(k)+gEui(k)_XZE(k)) (14)

if satisfying the condition B_(x,- (k))=L_X,- (k), where
Zzs (k)’ dl(k)’ ﬁzs (X(k))’ and Lzs

augmented state variable, the estimation of the external
disturbance, an auxiliary nonlinear function depend on the
state variables and NDO design gain, respectively.

Proof: Let define e, (k)=d, (k)—d, (k) and

stand for an

Ae, (k) =Ad, (k)-Ad; (k), (15)

where  Ad, (k)=d, (k+1)—d, (k). Utilizing the system
dynamics (8), (9) and the observer dynamics (13), (14),

Ae, (k)= Ad, (k &(k+1)+d (k)=
L. ( )+ £ (k) +
— Xz (x (k+1))+
.. (%= ) (k)=
=Ad, (k)-L_(d, (k )—d; (k ))+L (o (k)+
02U, (k) +d; (k) =%z (k) -
—B,. (%= (k+D)+ 5, ( = (k)=
=Ad; (k)-L e, (k)+L _Ax, (k)-

~B_ (= (k+1)+ B _ ( :Ek)) (16)

with
(17)

ﬁzz(xzz(k+l)):|‘ZEAx2 ( )+ﬂ2"( 2"( ))

Aey (k) is obtained as follows

Aey (k) =Ad; (k)— L,z (k). (18)

In this point, regarding the natural motion of the external
disturbance (Ad; (k) =0), and if observer design gain L,
is designed with an appropriate assignment value such that
remaining within the unit circle, then the observer error
Aed(k) asymptomatically fast converges to zero which

completes the proof.

IV. PRELIMINARIES

Before the design procedure of the input-output
linearization controller is directly given, some pre-
conditions must be emphasized, such as relative degree,
zero dynamics, and minimum phase [28]. The relative
degree calculation is summarised as follows mathematical
formulation

£0, (19)

6y5(k)[8£2(x5(k),

ox. (k) ox (k)

i (k))]” o0(x (k).u, (k)

where x. (k) :[xl_ (k) x_(k)J,

(%2 (k). u; (k) =[ %= (k); £ (k) + g2y, (k) +d, (k) ].
The formulatlon means that the relative degree is the

integer r for the quadrotor attitude dynamics given by (8)
and (9). Thus,

o= (k) _| oy=(k)  oy- (k)
ox. k){axl:(k) % (K) Lo e
00, (% (K).u, (k)
oQ(x (k),u; (k)) ou, (k) 0
au, (k) - 00y, (%< (k). u; (k)) _[gjl(ﬂ)
ou, (k)
o0, (Xz,u;) 0 (Xz,u;)
00(x: (k). (k) | &%z (k) s (k) | _
%z (k) 0Q, (Xz,U;) 09, (X2, u;)
Xz (k) M,z (k)

where H,, =0 and H,, #0 with selecting appropriate

sampling time, =(T,K,I /1, -1),

H,, =(2-T.K[/1,), and g, =T7?I/I,
(Bi)=(s.2). Hy Hy, Hy Hyy, and

ly

e.g., H,
in the case of

9,9,
information of the pitch and the yaw Euler angle can easily
be obtained with the equations given in Appendix A. The
relative degree of the discretized system (8), (9) for each

(Z,i) is 2 since
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oy (k) ok (k)u (k)
ox. (K au, (k) ’
0y= (k) 2% (k)1 (K) 02 (K).u (k)
(k) o (K) au, (k) |

Another critical issue is the zero dynamics so that if the
zero dynamics of the considered system is local

asymptotically stable (LAS), then a control law u, (k) exists
and can be designed. Checking the LAS of the (8), (9), it
can be easily determined according to whether the Jacobian

matrix’s eigenvalues remain within the interior of the unit
circle

_GQ(XE,Ui ) 0y= (Q(XE,Ui )) [ay: (Q(XE’U| ))] 1 )
@Ui(k) OXz (k) an(k)

{Hl Hl} (23)

where y[Q(x: (k). (k))]=y=(k+r). Hence, the

Jacobian matrix eigenvalues locally remain within the unit
circle considering T,. As a result, an input-output linearized

control law u; (k) that has to stabilize local asymptotically
of the system (8), (9) exists.

V. CONTROLLER STRUCTURE

In this section, a discrete-time nonlinear input-output
linearization controller is presented for stabilization of the
attitude quadrotor. After controller design, the quadrotor
attitude subsystem transformed into a linearized system with
cancellation of highly nonlinearity effects.

However, the linearized attitude system is still affected by

the parametric uncertainties, external disturbances, and
discretization errors. To attenuate the mentioned errors, the
digital Pl-like filter is used. Thus, in Fig. 2, the closed loop
attitude control structure can be seen.

As previous section taking into account discretized
guadrotor dynamics, the input-output linearization controller
is

UJMZWJM_Q@4m+iw»—
_pzxzs(k)_p3xis (k))/(gapl), (24)
and herewith the linear closed-loop input-output dynamics
with relative degree 2 can be given as follows
Vi(k):plys (k+2)+,02y3 (k+1)+p3yz (k), (25)
where p,, p,, and p, are the constant integers and v,
denotes the new control input signal. The system attitude
dynamics (8), (9) under the proposed controller (25) can be
presented as Y. (z)=G;(z)v,(z) in the z-domain, namely

7
G_ :—1 26
O =

with p, #0. Hereby, the transfer function characteristic
equation by shaping p,, p,, and p, can be remodeled as
locally asymptotically stable. Note that stability,
performance, and robustness depend on the roots of the
characteristic equations for each (Z,i). However, it is

unlikely to directly design the location of the roots in the
proposed input-output controller structure for a nonlinear
system subject to unmodeled dynamics, uncertainties,
external disturbances, and discretization errors. To obtain
offset-less output trajectory tracking, another controller,
which is called “pre-controller”, in this paper is needed.

d;
Referances Posﬁ?ﬂfg:rws - - ur(k) l e
Tz (k} =0+ Pre — Controller I&0 Linearization u; (k) Allocation of us (k) * Quadrotor
Grp(2) Controller wi (k) - T > Attitude
PE Gplz) i ua (k) »|  Dynamics
A 4
Nonlinear
P Disturbance P
iR Observer L m==A{e,0,4}
zaz(k) 2z () Digital Sensor
12 (k) System o1z = {9, 0,9}
|
Fig. 2. Block diagram of the discrete-time nonlinear attitude control structure.
Let define the pre-controller transfer function GPE(Z) ( ) NC:(Z)(Zerpzlepapl)
. . . Gpz (2)=—= (27)
and the closed-loop transfer function in the z-domain %l(Dcs(Z)—Ncs(Z))

Ges (2)=Nez (z)/ Dez (2). The offset-less output response
is guaranteed via N (z)=D.z(z)l,, . Using the equality
Ge= (2) =Gy (2)G: (2)/(1+Gp= (2)G=(2)), plugging (16)
into,

is obtained. The minimal order pre-controller structure is
possible via its degree being 2, so the proposed pre-

controller is casual. The denominator of the G (z) can be
selected as follows
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Dz (2)=2"+7+a,. (28)

The pre-controller with N, (z)=1+a, +a, is finalized
as

G ()2 +0z+0)
PE (Z)_ %1(224-0(12—1—0!1) l

(29)

where G, (z)=V,(z)/E (z), Vi(z), and E (z) are the
new control input and the control error in the z-domain,
respectively.

As a result of this section, the offset-less trajectory
tracking for the discretized attitude quadrotor dynamics is
provided with selecting the straightforward and suitable

design parameters p,, p,, p;, and «;, @,. Note that,
although the proposed controller rejects many
aforementioned undesired effects, the dynamics are still
detorted by the time-varying disturbances. In this paper, an
NDO designed in Section Il for this problem solution is
proposed. Clearly, considering e, (k)=0 given by (18)
under the assumption of changing much slower than the
quadrotor UAV dynamics of the time-varying disturbances,
the application of the controller (24) to the dynamics of (8),
(9) using &i(k) instead of d, (k) would result in the
performance as though absent external disturbances. In this
way, approximately eliminating the effect of the time-
varying disturbances, thus robustifying the input-output
linearization controller, and this will be analysed in the
numerical simulation results.

VI. SIMULATION RESULTS

To examine the effectiveness and robustness of the
designed controller structure for the stabilization problem on
the nonlinear uncertain quadrotor UAV, several numerical
simulation results are presented. The results are carried out
in MATLAB with a fixed sampling time 1 ms [24]. The step
size of the solver of the quadrotor UAV dynamics is set as
1 us. The maximum input signal to each Euler angle of the

system dynamics is saturated with 24 N. The values of the

parameters utilized in the simulation are given in Table I.
All parameters of the quadrotor are considered as uncertain
and the simulation results are obtained assuming that the
controller is known 80 % of the actual values of all the

parameters. The initial states of the quadrotor UAV are set
[%,(0),%(0), % (0) ][ -7 /6,~7/6,~7 /6] and
[ %,(0),%,(0), %,(0)]=[0,0,0]. The time-varying arbitrary
disturbance signal d, (t)=0(Nm), d,(t)=10(Nm), and

d, (t) =10+5sin(0.57t —3)+7.5sin (7t +7) +
+5sin(0.27t)+10sin(0.47t —9)+
+2.5sin(0.087t +1) +5sin(0.077t +1.5) +

+2.58in(0.057t + 2),(Nm) (30)

are set to [0-5](s), [5-8](s), and [8-20](s),

respectively.

TABLE |I. THE QUADROTOR UAV PARAMETERS.

Variables Value Units
m 2.0 kg
=1, 1.25 Ns? / rad
1, 22 Ns®/rad
K, =K, =K, 0.01 Ns/m
K, =K, =K, 0.012 Ns/m
| 0.2 m
J, 0.2 Ns’ / rad
b 5 Ns® / rad
d 2 Ns?
g 9.8 Nms®

The discrete nonlinear proposed controller matches the
discretized quadrotor dynamics UAV to a second order
linear system. In this paper, the linear model is designed as
2°-0.99z+0.0098, and p, =0.0198 is selected, which
means that unity static gain is 1. Then the denominator of
the pre-controller is designed as z>—0.9z—0.02. However,
the quadrotor dynamics is affected by the time-varying
disturbances. For robustifying on this problem, the NDO
with the two mentioned controller parts is combined. The
observer design gain L,; in the auxiliary nonlinear function

B (%= (k)) = L=,z (k) is set to 0.35 regarding the speed of

the quadrotor UAV.

In the uncertain quadrotor system, the matched and
unmatched uncertainties directly deform the performance of
the system, i.e., transient and steady-state responses. The
input-output linearization controller with the designed pre-
filter in the discrete-time domain has been performed under
all constant system parameter uncertainties, discretized
errors, and constant/time-varying disturbances. Note that the
aforesaid constant uncertainties and constant disturbance
occur the steady-state error throughout the system output.
The devised pre-filter is activated with the simulation run
time. Thus, the effect of the parameter uncertainties is not
observed from the simulation results in 0 s-5s (see (a) in
Figs. 3-5). However, it can be understood from the
simulation results in 5s-8s (see (b) in Figs. 3-5) which
effect is completely rejected. When applied the constant
disturbances to each Euler angle at the fifth second, the
disturbance influences have been suppressed without the
disturbance estimation.

The simulation studies have been carried out under fixed
and random disturbances, considering the full uncertain
attitude quadrotor dynamics. In this context, the results for
each Euler angle can be seen in Fig. 3, Fig. 4, and Fig. 5.
These figures are given for three different scenarios:
disturbance observer within the control structure, the control
structure without disturbance observer, and the assumption
in which the controller estimates the disturbance signal
exactly. The results for each scenario are presented in the
order of Euler angle positions (see a(1), b(1), ¢(1) in Figs.
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3-5), Euler angle velocities (see a(2), b(2), ¢(2) in Figs. 3—
5), real disturbance and the estimated disturbance values
(see a(3), b(3), c(3) in Figs. 3-5), and the control signal for
each angle (see a(4), b(4), c(4) in Figs. 3-5). In Fig. 3(a),
the uncertain attitude quadrotor dynamics guarantees the
asymptotic stability. At the end of the fifth second, it is seen
that the effect of the given constant disturbance is
successfully suppressed for all three scenarios (see Fig.
3(b)). It is understood from this point that without NDO the
system is already asymptotically stable and performs a
robust behaviour. On the other hand, when a time-varying
arbitrary disturbance at the eighth second is presented to the
system, the results do not execute the same performance
anymore (see Fig. 3(c)). Here, without NDO, it is easy to
see that the peak value of the disturbance behaviour of the

closed-loop system is roughly four times bigger than the
response value of the system with NDO. Besides, there is
almost no difference between the controller which utilizes
the estimated disturbance signal and the used assumption in
which the controller estimates precisely the disturbance
signal in the control loop. This result illustrates the superior
performance of the NDO, which can be seen in Fig. 4(a),
Fig. 4(b), and Fig. 4(c) and in Fig. 5(a), Fig. 5(b), and Fig.
5(c), respectively. All aforementioned comments for Fig. 3
are also valid for the other two figures. As a result, the
proposed control structure solves asymptotically the stability
and tracking problem in the quadrotor attitude subsystem
local in discrete-time. Moreover, the effects of the time-
varying disturbance signal like wind-gust is suppressed as
well as it is aimed.

Fig. 3. Results of ¢(t) =x,, ¢=Xx,. Response with NDO: blue dash-dotted line; response without NDO: black dashed line; response without NDO, but with

full information disturbance of controller: red dashed line; estimated disturbance: blue dash-dotted line (d,); real disturbance: red solid line (d,).

Fig. 4. Results of o(t) =x,;, §=x,. Response with NDO: blue dash-dotted line, response without NDO: black dashed line; response without NDO, but with

full information disturbance of controller: red dashed line; estimated disturbance: blue dash-dotted line (d,); real disturbance: red solid line (dy).

To better express the contribution of the proposed control
structure, some comparisons from studies in the literature
have been added to this section. In [21], a robust attitude
controller based on a nonlinear disturbance observer

(NDOB) is presented. In the cited paper, the peak-to-peak
value for the attitude disturbance response of the quadrotor
system without NDOB is approximately 20 deg. This value
is 4 deg when including the NDO.
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o

Fig. 5. Results of w(t) =x,, y = x;. Response with NDO: blue dash-dotted line; response without NDO: black dashed line; response without NDO, but with

full information disturbance of controller: red dashed line; estimated disturbance: blue dash-dotted line (d4); real disturbance: red solid line (d,).

Namely, the method proposed in [21] has the capability
of suppressing the amplitude of a sinusoidal disturbance to
be approximately 0.2. In this paper, the proposed attitude
controller with NDO has suppressed with the 0.1923
capacity the amplitude of the considered time-varying
disturbance signal. On the other hand, a nonlinear feedback
controller with a nonlinear extended state observer is
proposed for the attitude control of a quadrotor [22].
Besides, a robust sliding mode controller is given in [23]
which was added as a comparison paper to [22]. In these
papers, the time durations of the rejection of the constant
disturbance are approximately attained as 1s and 2.5s,
respectively. In this paper, the duration is approximately
1.5s. Note that these striking points are changeable
according to case-by-case operation points. Consequently,
the proposed control method in this paper successfully
achieved its aim considering comparison values.

VII. DISCUSSION

The comprehensive simulation studies have been carried
out to evaluate the different type uncertainties (constant
system parameter, constant and time-varying disturbances)
on attitude control of a quadrotor UAV under robust
discrete-time | & O feedback linearizing controller with
NDO. It can be clearly seen that the stabilization problem is
overcome by an | & O feedback linearizing controller,
which transforms the nonlinear attitude dynamics into a
second-order linear system, and a pre-controller, which
indicates the response of a Pl-like digital filter, under
constant any uncertainties. Hence, a linear and nonlinear
combined robust controller is constructed with an offset-less
response, but still taking effect time-varying disturbances,
such as wind-gust. The NDO in the discrete-time setting is
proposed to reduce the time-varying external disturbance
effects. The estimated time-varying disturbance values are
directly utilized in the controller input. Applying the
proposed controller without any time-varying disturbances,

10

the attitude tracking error asymptotically stabilized,
however, this is not the case when there is such a
disturbances effect. It can be clearly shown that the
capability of attenuating the external time-varying
disturbance of the proposed controller with NDO has a rate
of roughly four times. The applicability of the established
controller structure is successfully validated through
simulation studies.

VIIl. CONCLUSIONS

A discrete-time robust controller with an NDO is
proposed for attitude stabilization of the nonlinear quadrotor
UAYV. The main conclusions are summarized as follows.

— In the discrete-time setting, the attitude stabilization of
a quadrotor system is performed considering system
internal and external uncertainties and linearization
errors.
— The attitude performance is strengthened with an NDO
design by employing the stability analysis in discrete-
time.
— The stability of the attitude closed-loop system is
evaluated in the sense of by the Jury criterion.
—To test the performances of the devised controller
structure, the simulation works are executed in detail. The
effectiveness and robustness of the discrete-time
proposed control structure have been demonstrated, and
the presented results with comparisons have been
promising in control of attitude tracking and stabilization
for the aircraft systems.

APPENDIX A

In this section, the extraction of (8) and (9) formulation is
presented in detail. At first, discretized of (5) using (11) and
(12) it is derived as follows

p(k+2)-24(k+1)+4(k) Ok +1)-0(Kk) y
T2 - T,

S
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X['yl—lz w(k+1T)—w(k)+ Jrlﬂrj+

¢(k+1)—¢(k)j”252(k). A1)

3

X, (K) = (K),

+|uzl(|<)_rT_4|

X X

Let define
X (K)=0(K), %, (k) = p(k +1),
%, (K) =w(k+1), the obtained
organized as with first-order difference equations below:

Xo4 (K) = p(k +1),
%, (K) =y (k), and
last equation can be

Xy (K +1) = %5 (K), (A.2)
x2¢(k+2):£2—TK 'J X5 (K) + (TK' jx
><x1¢(k)+(xze(k)—x;(k))(xw(k)—x;,(k))x

Pt et 00, 00) B
+M+T5252(k). (A.3)

X

Thus, (31) and (32) are indicated in (8) and (9) in the case
of selecting (Z,i)=(¢,2). With similar mathematical steps,
(E,1)=(6.,3) and (E,i)=(w,3) can be easily obtained as:

X, (k +1) = %,, (K), (Ad)
Xy (k+2) = 2- 1K | iy Teel g |,
Xxla(k)+(X2¢(k)_Xyl¢(k))(xzy/(k)_xiy/(k))x
e | O, (0%, ()
l ly
+%+T363(k), (A.5)
,

Xy, (K-+1) =X, (K), (A6)
sz(k+2)=(2—TK J Xy, (K) + [ —1]
XX1V,(k)+(X2¢(k)—;1¢(k))(ng(k)—leg(k))x

x( & |_ & j+T52lt(k) +T.2d, (k), (A7)

respectively. Therefore, f-(k) and g. (k) in (8) and (9) can
be explicitly matched to (A.2)-(A.7).

CONFLICTS OF INTEREST
The authors declare that they have no conflicts of interest.

REFERENCES
[1]

M. Hassanalian and A. Abdelkefi, “Classifications, applications, and
design challenges of drones: A review”, Prog. Aerosp. Sci., vol. 91,

pp. 99-131, 2017. DOI: 10.1016/j.paerosci.2017.04.003.

11

[2] A. Mo and G. Farid, “Nonlinear and adaptive intelligent control
techniques for quadrotor UAV - A survey”, Asian J. Control, vol. 21,
no. 2, pp. 989-1008, 2019. DOI: 10.1002/asjc.1758.

A. Das, F. Lewis, and K. Subbarao, “Backstepping approach for
controlling a quadrotor using lagrange form dynamics”, J. Intell.
Robot. Syst., vol. 56, no. 1, pp. 127-151, 2009. DOI: 10.1007/s10846-
009-9331-0.

M. Bouchoucha, S. Seghour, H. Osmani, and M. Bouri, “Integral
backstepping for attitude tracking of a quadrotor system”, Elektron.
Elektrotech., vol. 116, no. 10, pp. 75-80, 2011. DOI:
10.5755/j01.eee.116.10.888.

M. A. M. Basri, A. R. Husain, and K. A. Danapalasingam, “Enhanced
backstepping controller design with application to autonomous
quadrotor unmanned aerial vehicle”, J. Intell. Robot. Syst., vol. 79, no.
2, pp. 295-321, 2015. DOI: 10.1007/510846-014-0072-3.

J.-J. Xiong and E.-H. Zheng, “Position and attitude tracking control
for a quadrotor UAV”, ISA Trans., vol. 53, no. 3, pp. 725-731, 2014.
DOI: 10.1016/j.isatra.2014.01.004.

A. Basci, K. Can, K. Orman, and A. Derdiyok, “Trajectory tracking
control of a four rotor unmanned aerial vehicle based on continuous
sliding mode controller”, Elektron. Elektrotech., vol. 23, no. 3, pp.
12-19, 2017. DOI: 10.5755/j01.eie.23.3.18325.

N. Fethalla, M. Saad, H. Michalska, and J. Ghommam, ‘“Robust
observer-based dynamic sliding mode controller for a quadrotor
UAV”, |EEE Access, vol. 6, pp. 45846-45859, 2018. DOI:
10.1109/ACCESS.2018.2866208.

W. Cai, J. She, M. Wu, and Y. Ohyama, “Disturbance suppression for
quadrotor UAV using sliding-mode-observer-based equivalent-input-
disturbance approach”, I1SA Trans., vol. 92, pp. 286-297, 2019. DOI:
10.1016/j.isatra.2019.02.028.

A. Germani, C. Manes, and P. Pepe, “Input-output linearization with
delay cancellation for nonlinear delay systems: The problem of the
internal stability”, Int. J. Robust Nonlinear Control: IFAC-Affiliated
Journal, vol. 13, no. 9, pp. 909-937, 2003. DOI: 10.1002/rnc.853.

O. Fritsch, P. De Monte, M. Buhl, and B. Lohmann, “Quasi-static
feedback linearization for the translational dynamics of a quadrotor
helicopter”, in Proc. of 2012 American Control Conference Fairmont
Queen Elizabeth, 2012, pp. 125-130. DOl:
10.1109/ACC.2012.6314682.

|. Haidar, F. Nicolau, J.-P. Barbot, and W. Aggoune, “Input-output
linearization of non-linear time-varying delay systems: The single-
input single-output case”, IMA J. Math. Control. Inf., vol. 37, no. 1,
pp. 831-854, 2020. DOI: 10.1093/imamci/dnz030.

H. Liu, J. Xi, and Y. Zhong, “Robust attitude stabilization for
nonlinear quadrotor systems with uncertainties and delays”, |IEEE
Trans. Ind. Electron., vol. 64, no. 7, pp. 5585-5594, 2017. DOI:
10.1109/TIE.2017.2674634.

L. Martins, C. Cardeira, and P. Oliveira, “Feedback linearization with
zero dynamics stabilization for quadrotor control”, J. Intell. Robot.
Syst., vol. 101, no. 1, article no. 7, 2021. DOI: 10.1007/s10846-020-
01265-2.

Y. Yu, X. Ding, and J. J. Zhu, “Attitude tracking control of a
quadrotor UAV in the exponential coordinates™, J. Franklin Inst., vol.
350, no. 8, pp. 2044-2068, 2013. DOLl:
10.1016/j.jfranklin.2013.05.022.

Y.-C. Choi and H.-S. Ahn, “Nonlinear control of quadrotor for point
tracking: Actual implementation and experimental tests”, IEEE ASME
Trans. Mechatron., vol. 20, no. 3, pp. 1179-1192, 2015. DOI:
10.1109/TMECH.2014.2329945.

H. Liu, J. Xi, and Y. Zhong, “Robust attitude stabilization for
nonlinear quadrotor systems with uncertainties and delays”, IEEE
Trans. Ind. Electron., vol. 64, no. 7, pp. 5585-5594, 2017. DOI:
10.1109/TIE.2017.2674634.

D. Shi, Z. Wu, and W. Chou, “Generalized extended state observer
based high precision attitude control of quadrotor vehicles subject to
wind disturbance”, IEEE Access, vol. 6, pp. 32349-32359, 2018.
DOI: 10.1109/ACCESS.2018.2842198.

X. W. Wu, B. Xiao, and Y. H. Qu, “Modeling and sliding mode-based
attitude tracking control of a quadrotor UAV with time-varying
mass”, ISA Trans., 2019, to be published.

L-X. Xu, H.-J. Ma, D. Guo, A-H. Xie, and D.-L. Song,
“Backstepping sliding-mode and cascade active disturbance rejection
control for a quadrotor UAV”, IEEE/ASME Trans. Mechatron., vol.
25, no. 6, pp. 2743-2753, 2020. DOI:
10.1109/TMECH.2020.2990582.

S. Mishra, T. Rakstad, and W. Zhang, “Robust attitude control for
quadrotors based on parameter optimization of a nonlinear

(3]

(4]

(5]

(6]

(7

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]



[22]

[23]

[24]

[25]

ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 27, NO. 4, 2021

disturbance observer”, ASME. J. Dyn. Sys., Meas., Control., vol. 141,
no. 8, 2019. DOI: 10.1115/1.4042741.

K. Zhao, J. Zhang, D. Ma, and Y. Xia, “Composite disturbance
rejection attitude control for quadrotor with unknown disturbance”,
IEEE Trans. Ind. Electron., vol. 67, no. 8, pp. 6894-6903, 2020. DOI:
10.1109/T1E.2019.2937065.

H. Rios, R. Falcén, O. A. Gonzalez, and A. Dzul, “Continuous
sliding-mode control strategies for quadrotor robust tracking: Real-
time application”, IEEE Trans. Ind. Electron., vol. 66, no. 2, pp.
1264-1272, 2019. DOI: 10.1109/T1E.2018.2831191.

J.-J. Xiong and G. Zhang, “Discrete-time sliding mode control for a
quadrotor UAV”, Optik, vol. 127, no. 8, pp. 3718-3722, 2016. DOI:
10.1016/j.ijle0.2016.01.010.

S. Shao and M. Chen, “Adaptive neural discrete-time fractional-order
control for a UAV system with prescribed performance using
disturbance observer”, IEEE Trans. Syst.,, Man, Cybern., Syst., vol.
51, no. 2, pp. 742-754, 2021. DOI: 10.1109/tsmc.2018.2882153.

GMOM

12

[26]

[27]

[28]

[29]

(30]

S. Shao, M. Chen, and P. Shi, Robust Discrete-Time Flight Control of
UAV with External Disturbances. Springer, Cham, 2021. DOI:
10.1007/978-3-030-57957-9.

F. Adigiizel and T. V. Mumcu, “Height and attitude control of a
quadrotor UAV via discrete-time backstepping”, Eskisehir Tech.
Univ. J. of Science and Tech. A-Appl. Sci. and Eng., vol. 21, no. 3, pp.
396-406, 2020. DOI: 10.18038/ESTUBTDA.667664.

M. Soroush and C. Kravaris, “Discrete-time nonlinear feedback
control of multivariable processes”, AIChE J., vol. 42, no. 1, pp. 187—
203, 1996. DOI: 10.1002/aic.690420116.

U. Kotta, M. Ténso, A. Y. Shumsky, and Z. N. Zhirabok, “Feedback
linearization and lattice theory”, Syst. Control Lett., vol. 62, no 3, pp.
248-255, 2013. DOI: 10.1016/j.sysconle.2012.11.014.

U. Kotta and T. Mullari, “Feedback linearization of discrete-time
nonlinear control systems: Computational aspects”, in Proc. Estonian
Acad. Sci, vol. 69, no. 1, pp. 11-26, 2020. DOL:
10.3176/proc.2020.1.03.

This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution 4.0
(CC BY 4.0) license (http://creativecommons.org/licenses/by/4.0/).





