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ABSTRACT In this paper, cascaded controllers, which combine adaptive sliding mode control and recursive
techniques, are presented to control quadrotor unmanned aerial vehicles with time-varying load and unknown
disturbances. In the outer-loop control subsystem, an adaptive sliding mode controller, which includes
adaptive laws estimating the time-varying load and unknown disturbances, is presented to control the position
of the quadrotor. In the inner-loop control subsystem, an adaptive recursive sliding mode controller, which
includes a self-turning law estimating the unknown inner-loop disturbances, is designed to control the
attitude of the quadrotor. Moreover, a nonsingular terminal sliding mode surface is used to converge the
tracking error of attitude angles to zero in finite time; and an integral sliding mode surface is designed in
the adaptive recursive sliding mode controller to improve the attitude control performance of the quadrotor.
Simultaneously, adaptive gain adjustment laws were applied to estimate those unknown upper bounds of
the disturbances in the system. In the end, the efficiency and feasibility of the proposed control method are
demonstrated by some computer simulations.

INDEX TERMS Unmanned aerial vehicle, time-varying load, trajectory tracking control, adaptive control,

unknown disturbance.

I. INTRODUCTION

Over the past several years, quadrotor unmanned aerial
vehicles (QUAVs) have attracted extensive attentions and
have been widely used in the precision agriculture, aerial
photography and some civil entertainment fields owing
to their advantages, such as vertical takeoff, landing and
hovering flight, etc. [1], [2], [3], [4]. It is well known that
QUAVs are under-actuated, strongly nonlinear and coupling
systems, so the stability analysis and controller design for
QUAVs are still challenging [5], [6]. Fortunately, as to these
issues, some efforts have been tried by scholars, and lots
of results were achieved [7], [8], [9]. Moreover, there are
numerous control strategies, such as, Proportional Integral
Differential (PID) [10], Active Disturbance Rejection Control
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(ADRC) [11], Sliding Mode Control (SMC) [12], etc., have
been proposed for the control of QUAVSs.

It is worth noting that PID controllers are widely used in
the control of all kinds of devices in industries, agricultures
and other fields, due to its advanced advantages, such
as simplicity principle, easy to implement, independent
control parameters, etc. [13], [14], [15]. However, some
performances of the PID-controlled systems were seriously
declined in the presence of some parameter uncertainties
or disturbances in the systems [16]. In order to mitigate
the impact of disturbances on the flying performance of
QUAVs, an ADRC was proposed in [17]. The ADRC, which
has an Extended State Observer(ESO), can online estimate
and compensate the internal and external disturbances [18].
The effectiveness of the ESO can be found in the following
references ([19], [20], [21], [22], [23], [24]. For example,
a fixed-time ESO was proposed in [19] to observe the
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unmeasurable velocity and unknown external disturbances.
Liu et al. suggested a nonlinear adaptive backstepping
controller with ESO for trajectory tracking of a QUAV
subject to multiple disturbances in [20]. In [22], a nonsingular
terminal sliding mode controller combined with an ESO
was employed for the attitude control of a QUAV. Du et al.
integrated a two-stage Kalman filter (TSKF) with an ESO
to further compensate for the influences of factor estimation
errors [23].

In practical systems, the variations of the disturbances
are often random and complex, thus, it is almost impossible
for researchers to obtain an ESO to accurately estimate
those disturbances. For example, the ESO obtained in [25]
couldn’t accurately estimate the random disturbances, obvi-
ously. Thus, the disturbance-compensated performance of
the obtained controller was decreased, greatly, when some
random disturbances exist in the system. In order to deal
with those complex disturbances, many researchers turned
to using some nonlinear control strategies, such as sliding
mode control(SMC), to improve the control performance of
QUAVs. SMC is well known for its robustness in overcoming
all types of disturbances and uncertainties appearing in
the system. Moreover, the reaching time of the system
to the sliding surface is finite and known [6], [26]. During
the past several decades, some results about SMC for QUAV's
have been obtained by many researchers. For example,
an adaptive fractional-order SMC method for the QUAVs
was proposed in [27]. As to those traditional SMC schemes,
the error dynamics often fail to converge to zero in finite
time. Thus, in order to decrease the influence of those
system errors on system performance, many efforts have
been made by scholars in recent years [28], [29], [30],
[31]. In order to achieve a finite-time convergence of the
error, a terminal sliding mode control (TSMC) scheme was
given in [29]. Unfortunately, the TSMC could lead to a
singularity problem in the control law. In order to solve
this problem, a nonsingular terminal sliding mode control
(NTSMC) was proposed in [30], which ensured that the
system state converges quickly in a finite time. Nevertheless,
due to the presence of symbolic functions in NTSMC, the
control law might exhibit chattering and result in a decrease
in the control accuracy [31].

However, for time-varying payloads, the traditional SMC
may not satisfy the flying performance requirements of
QUAVs. In order to solve this problem, an improved control
technique, which combines the SMC with an adaptive
control technology, was given in [32], and some improved
performances were achieved. In [33], a new adaptive sliding
mode control with finite-time convergence characteristics
was proposed to guarantee quadrotor hovering in spite of
parametric uncertainties and external disturbances. At the
same time, by considering the complex flying surrounding
of the QUAVs, an adaptive integral sliding mode control
(ISMC) strategy for QUAVs was introduced in [34], which
ensures fast and finite-time convergence of the system error
along with a chattering attenuation. Moreover, some QUAVs’

73034

control schemes, which combined SMC with some other
control techniques, were given by many scholars in the
following years. For example, in [35], a control algorithm,
which combined the integral sliding mode strategy with
the backstepping technique, was proposed for the control
of QUAVs with system uncertainties, and some improved
results were achieved. In [36], a robust algorithm based on
a fixed-time SMC was proposed for a QUAYV, and some
improved performances were achieved. Moreover, in [37],
a fixed-time control strategy was presented to improve
the transient response and robustness of a cable-suspended
load with external disturbances. However, to the best of
the authors’ knowledge, as to the time-varying load and
unknown disturbances for QUAVS, the existing achievements
are relatively few, and obtaining some results in this field is
still necessary and meaningful. This is the main motivation
of this paper. In this paper, the ASMC and ARSMC cascaded
controllers are designed for QUAVs with time-varying
load and unknown disturbances. The time-varying load
and unknown disturbances are estimated by the adaptive
laws designed in the ASMC controller, which is used to
control the position subsystem. Moreover, the unknown
inner-loop disturbances are estimated by a self-turning
law designed in the ARSMC controller, which is used to
control the attitude subsystem. Furthermore, in order to
reach the fast convergence and less chattering performances
of the system, a NTSM combined with the recursive ISM
is introduced in the design of the sliding mode surface.
The main contributions of this paper are summarized as
follows:

(1) A cascaded controller is designed to control QUAVs
with time-varying loads and unknown disturbances to track
the desired trajectory.

(2) the adaptive laws are formulated to estimate the upper
bounds of time-varying loads and unknown disturbances
appearing in the attitude and position subsystems.

(3) A recursive sliding mode controller is developed to
guarantee the attitude tracking errors converge to zero in
a finite time. Additionally, this controller incorporates an
integral element to mitigate the chattering.

The remainder of this paper is organized as follows: The
dynamic model of the QUAVSs is presented in Section II. The
control strategy is analyzed in Section III, where the ASMC
and ARSMC are given. In Section IV, three simulations
are presented to validate the effectiveness of the developed
control scheme. The conclusions of this study and future work
are given in Section V.

Il. DYNAMIC MODEL OF QUAVS

As shown in Fig.2, the cross “x” shape QUAVs have
four propellers. {O, — x.yez.} and {Op — xpypzp} are the
space-fixed coordinate system and the body-fixed coordinate
system of the QUAVs, respectively. The QUAVs achieve
attitude control by four distinct drive propellers, and can be
operated in six degrees of freedom in space [38]. Obviously,
the QUAVs are multiple-input and multiple-output nonlinear
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systems. Therefore, to establish a general model for the
QUAVs with time-varying loads, the following assumptions
are proposed [39], [40], [41], [42], [43], [44], [45], and [46]:

Assumption 1: The quadrotor is a rigid body with a
uniform mass distribution and center symmetry.

Assumption 2: The moment of inertia of a QUAV remains
unchanged.

Assumption 3: The pulling force generated by the pro-
peller on each wing of a QUAV is proportional to the speed
of the motor:

According to the research results obtained in [36], [37],
[38], [39], [40], [41], [42], and [43], the dynamic models of
the QUAV s can be described as

1
X, = — (cos @ sinf cos ¥ + sin @ siny) Uj
m
__kxxe
m

1
Ve = — (cos @ sin0 sinyy — sing cos ) Uj
m
1

— —kye
1m : (1
Ze = — (cosgpcosO) Uy — —k;z. — &
m m
. ked . Un
=0
. kod . U
§="%04 23
5,
L kyd . Uy
Vo= 7. v+ 7.

where Uj, Uz, Us and Uy represent the inputs applied to
the altitude, roll, pitch and yaw channels, respectively. ¢
6 and w are the accelerations of the roll, pitch, and yaw
angles, respectively. X,  and 7 are the accelerations in the
x, y and z-axis directions, respectively. Other variables are
shown in the Table 1. The definitions of Uy, Uy, and U, are as
followings.

U, = (cospcosO)U;
Uy = (cos g sin @ siny — sing cos ¥)Uj 2
U, = (cos ¢ sinf cos ¥ + sin@ sin ) Uy

By doing a mathematic operation on (2), the descriptions of
the desired angles can be expressed as

(Ux cos Y + Uy sinyr
6, = arctan
U;
U, si - U,
¢4 = arctan (cos g2 L4 g y 08 lp) 3)
Z

= cos B4 cos ¢g
Assume that the three directions(x, y and z) and three alti-
tude angles (¢, 0 and ) are all with unknown disturbances,

which are expressed as A;(j = x, y, z, ¢, 6, ¥). According to
the above-mentioned system(1), the QAUVs with unknown
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disturbances can be described as

( 1
¥ = — (cos @ sinf cos ¥ + sing sinyr) U
m
1.
——kyXe + Ay
m
1
Ye = — (cos @ sin@ sinyy — sing cos ¥) Uj
m
1.
“m yYe + Ay
. 1 L .
1 Ze = — (cosgpcosO) Uy — —k;Z, @
m m
-8+ A;
(5_ k¢d¢+ U2 +A
= I 7 é
. kod. Us
0=—0+—4 Ay
Jy Jy
1./} _ k¢d¢+ U4 +A
=7 7 W

IIl. CONTROL STRATEGY

For the QUAVSs described in (4), the ASMC and ARSMC
cascaded controllers are designed such that the controlled
QUAVs can track the desired trajectories. First, the desired
inputs (xg, y4, z4 and 1y) are obtained by a signal
emitter. Then, three ASMC controllers are designed to
make the controlled QUAV track the desired trajectories
(x4, yq and z4). Moreover some adaptive laws are given to
estimate the time-varying load and unknown disturbances.
Second, an ARSMC controller is designed to guarantee the
controlled angles tracking those desired angles. Based on the
control requirements, the control scheme, shown in Fig. 1,
is obtained. Moreover, a tracking differentiator (TD), which is
shown in (3), is used to obtain the first and second derivatives
of the input signal [47].

)'61 = X2
)'Cz = X3
3. 3/5 9/7\1/3 ®)
e'x3 = =27"4(x1 — v(t) + (ex2)”")
—4(x3)

where ¢ = 0.04; v(¢) is an input signal; x; is the tracking of the
input signal; x; is the estimation of the first derivative of the
input signal, and x3 is the estimation of the second derivative
of the input signal.

A. ARSMC CONTROLLER FOR ATTITUDE SUBSYSTEM
Based on (4), the dynamic model of ¢, 6 and ¥ can be written
as

- ked . U

o= ¢+ —+ Ay
Jy Jx

. kod . Us

0=="—0+—=14 A (6)
Jy Jy

g=ldy  Ba

AR A
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FIGURE 1. Control scheme.

where, Ay, Ag and Ay represent the unknown disturbances
within the three angle channels (¢, 6 and ), respectively,
and their upper bounds can be expressed as [48]

Ay < bgo + byi |ep| + by ||
Ag < bgo + bo1 |eg| + bo2 |ég| @)
Ay < byo+ byt ley| +bya|éy|

where bjo, b1 and bp(i=¢, 6, ) are all positive numbers.
Then, the state errors can be defined as

ep = ¢ — Pa

eg =60 — 6y

ey =¥ —Vd 8)
ép =¢ —¢u

ép =6 — 6y

[ ey =¥ — Y

where ¢g4, 04 and 4 are the desired attitude angles.

From Fig.1, it can be seen that ARSMC has two recursive
surfaces: a NTSM and an ISM. Compared with some
other sliding mode manifolds, the NTSM has finite-time
convergence speed when the state are far from the origin [49],
and the ISM also can decrease the chattering.

The NTSM is chosen as the following [50]:

£p = € + Ao |eo| ’ sign(éy)
g9 = eg + rgleg|* sign(ég) )
ey = ey + Ay ‘év, ‘awsign(év,)
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where A;(i=¢, 8, ) are positive constants; o;> 1(i=¢, 0, V)
are the division of two positive odd numbers. Under the initial
conditions of ¢(0); = 0 and ¢(0); = 0, it can be gotten that
the system is converged to zero in the finite time #,;, which
satisfies [51].

pj /e
1= (1/a)

The recursive integral terminal sliding surfaces are
proposed as the following [52]

(10)

Lo

Sp = &¢ -+ Wy
Sp = €9 + wyop (11
Sy = &y + Wy Oy
where w; > 0. 6; (i=¢, 6 and V) are given by
Op = |8¢|’3¢ sign(ey)
6o = leg|P sign(eg) (12)
C'TI/, = |8¢|ﬁw sign(ew)

where 0 < B; < 1, i=¢, 6 and ¥, respectively. The initial
values of o; are designed as

wj

0i(0) = — 13)

Then, it can be gotten that 5;(0) = 0. The attitude angles and
angular velocities can be measured by the sensors. Then the
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&i(0) (i=¢, 6 and ) are calculated by

e4(0) = wqjl(ed,(O) + L |e4(0)|* sign(é4(0)))
£9(0) = w, ' (e9(0) + Ag19(0)|* sign(és(0))) (14)
£y (0) = @), (ey (0) + Ay |y, (0)]** sign(ey (0))

then s5;(0)=0 (i=¢, 6 and ). By simplifying and
integrating (12), it yields

1231 |8i|_'5i 1231
/ dlei =/ dlr| (15)
0 Wi 0

Then, it gets [53]:

(0)| 1B
NGIO)] 16
wi(1 — B
By applying derivative on sliding surface s; in (11) and
considering (12), we can obtain

§5i = & + wG;

= &+ 2i0i|éi| 1 E + wid (17

= &; + Mo (i — i) + widi
When §; = 0 and A; = 0, by considering the subsystem (6)
and (17), we can obtain
lei|' %1 J;

(—éi — wi6;) + dkii + igJ; (18)
At

Ueqi =

where Jy = Jy, Jg = J, and Jy = J,. To enhance the con-
troller’s anti-disturbance performance, the switching control
laws can be designed as

léil '~ J;
Aicti
+ (bio + bi1 leil + bip |eil)sign(si))  (19)

Usyi = — (kirsi + kio |si|" sign(s;)

where 0 < v < 1. Both k;; and k;; are positive constants. The
estimations of b;g, b;1 and b; are denoted as Eio, l;il and l;l-z,
respectively, and the adaptive laws of bjy, b;; and b;» can be
described as

A

bio = nio sl

bir = i1 leil |sil (20)

A

biz = iz |éi| |s;]
where 1,0, n;1 and n;; are all positive constants. Then, the
control law for quadrotor attitude subsystem can be written
as
U = Ueq¢ + Usw¢
Us = Ueq@ + Uswo (21)
U4 = Ueqx// + Usw1/f

Moreover, the adaptive estimation errors are defined as

~ ~

bio = bip — bjo
bjy = b1 — bi (22)
bp =bp —bpp
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Lemma 1 [43]: considering the attitude subsystem(6) with
the upper bounds of unknown disturbances(7) and the
designed adaptive laws(20), there exist by;, bg; and by in (7)
such that Z,-o <0, Zil < 0and Eiz < 0, where ZU(] =0,1,2)
are shown in (22).

Then, let’s come to proof the finite-time convergence of the
ARSMC. Define the Lyapunov function as follows.

1 1 ) 1 2 1 72
V= ESZSZ + Epiob,o + Epilbil + Epizbz? 23)

By substituting §; and (6) into the time derivative of (23),
it yields:

V =58 + PiOZiOZiO + +Pilzilzil + PiZZiZZiZ
= si(éi + hiai|ei| VG — Tg) 4+ wioy)
+ PiOBiOZiO + Pilgilzil + Pi25i25i2

a1 kid . Uegi + Ugyi
= siQuioléi (=i 4 —F——

Jl Ji
+ A = ig) + éi + wiy) + piobiobio
+ pitbitbit + pinbibi 24

By substituting the equivalent control laws (18) and the
switching control laws (19) into (24), we can obtain.

V = si(—kisi — ki2 |sil" sign(si) — A;
— (bio + bi leil + biz |éil)sign(s)
+ éi + wioi) + PiOEiOZiO + Puzil?;il + PiZZQZ:’Z
= (—kisisi — k2 |si|" T — As;
— (bio + bir leil + iz |éil) Isil)
+ &1+ wi6y) + piobiobio + pibirbin + pibinbia
< (—kirsisi = k2 |sil"* = | A Isil
— (bio + bit leil + bia [éil) Isil)
+ éi + wioi) + PiOEiOZiO + Puzil?;il + PiZZQZ:’Z
< —(bio + bur leil + bz éil) Isil + 1Al Isil
+ piobiobio + pirbibit + pibinbia (25)
Based on the adaptive laws (20), we can obtain that V satisfies
V < —(bio + bit leil + b |éi]) Isil + | Ail Isi]
+ (pionio — Db Isil + (pirnin — Dbar leil Isi]
+ (pianiz — Dbiz 1] |sil (26)

Based on Lemma 1, we can obtain EiO <0, E,-l <0 and

bip <0, and then, it yields

V < —(bio + bt lei| + bi |&i]) Isil + | Ail Isi]
— (pionio — 1) |bio| Isil — (pirmin — 1) |bar | leil Isil
— (pnin — D |bio] léil Isil (27
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Define the following variables.

ci = (bio + bt leil + b lei| — | Al

cio = (pionio — 1) |si]

cit = (pinin — 1) lei] |si]

ci2 = (pizniz — 1) leil Isi] (28)
Then, we have

V < —c;|si| —C2 |Ei2|

1 o
—Ciﬁ\/; Isi| — cioy/ 21?,51 l% |bio
— Cily/ Zpi_ll % |Zi1| - Ci2\/2p,»_21 % |Z;i2|
1 Dio |5 Dil |+
< _k(\/;|si| + é |bio| + é |bi1|

pi2

—Cio |Eio| —cil |Ei1|

IA

|blz h (29)

where k = min(ci\/i, cio\/Zpif)l , Cil \/Zpi_ll , ciz\/2pl._21) > 0.
Then, based on (23), it yields

N o, 1 - 1 -
V2= 55t EPiObiO + EPilbil + Epi2bi2

1 1 1
<\/ SZSZ+\/ ”lobtﬁ\/zp”bﬂ +\/2p’2b'2
2
<(f|sl|+,/”l [Buol (/55 (B + 5 By 30)

According to (29) and (30), the relationship between V and
V satisfies

V < —kV3 G1)

Then, it is easy to obtain that V converges to zero in a finite
time, and £, satisfies

2V(0)?
ty < (32)
k
Therefore, the tracking error converge to zero in a finite time
(tei + tei + tv)- [

Theorem 1: Considering the attitude subsystem(6), the
controller(21) guarantees the attitude tracking error
converges to zero in a finite time.

Remark 1: In order to achieve the satisfying controlling
results, a rule for choosing those parameters in the controller
design is summarized as follows:the positive constants \;
(i=¢, 0, ¥) and o; (i=¢, 6, V) in (9) should not be chosen
to be too large numbers, and the values of them can be
adjusted for searching a better controlling result. Moreover,
The constant variables in (11) and (12) conform to: w; > 0
(i=¢, 0, ¥) and 0 < B; < 1 (i=¢, 6, ¥). The values of
w; (i=¢, 0, ) should not be too large, otherwise, the
convergence time obtained in (16) will be long, and the gain
of the obtained controller in (21) will be high. The parameters
used to obtain the attitude controller in this paper are given
in table 2.
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B. ASMC CONTROLLER FOR POSITION SUBSYSTEM
Based on (4), the position subsystems of the QUAVs can be
expressed as

( 1
Xe = — (cos @ sin6 cos ¥ + sing sin ) Uj
m
L.
——Kxxe + Ay
m
. 1 o .
Yo = — (cos @ sin@ siny — sing cos ) Uy (33)
_Z y_)”e'i‘Ay 1
Ze = (COS(pCOSQ) Uy —— xze -8+ AZ
m m

where A,, Ay and A, which are the unknown bounded
disturbances, satisfy
[Ax| < oy
|Ay] < (34)
|Az| <oz

where a,, @y and o are unknown positive constants. Define
the tracking errors as

ex =X — Xy
€y =Y —Yd
=274 (35)
PR
éyzj’_yd
ézzi_id

Then, consider the sliding mode surfaces as
Sy = éx +ryex
sy = ey + ryey (36)
5; = e;+rze;

By taking the time derivative on the sliding mode surfaces,
we have

Sy = €y +reéx
iy =&+ ryéy 37
§; = éx + e,

The self-turning law can be designed as

éx = Pri |sy|
éy = Pn |sy| (38)
Az = B lse

mn= _ﬁ22SzT(g +Zg — ke —c157)

Then, in the z-axis control channel, the control law can be
designed as

§; =2 —Zq + k&,
1 1 .
= —(cosgcosO) Uy — —Kpeze
m m -
—8 — Za + k&,
U, +

A, . .
= g%+ ki, (39)
m
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where U, = (cos¢cos0) U
input. U, is designed as

— Kz is a virtual control

- B . (40)
Us =g +7Za — ke —cis;

{ Uy = ml, — A,
where ¢; > 0; m and &Z are the estimations of the mass
and the total disturbances, respectively. By substituting (38)
into (39), it is obtained that

. U, + A . .
Sz = - m_z —8 —Zd +kze;
MUy — A, + A . .
T TRy S )

Now, define the estimation errors of mass and unknown
disturbances as in, Ay, Ay and A;, which satisfy

Ay = A, — A,
Ay=Ay—A
~ oY (42)
A=A, — A,
m,=m—m
By taking the time derivative on (42), we can obtain
Ay =—A,
D= (43)
Az - _Az
= —ia
Consider the following Lyapunov function candidate:
V= s s b L ATR 4 (44)
= —ms; § m
270 28T 2Ba
By doing a time derivative on V, we can obtain
y T. I ~rs L.
V=ms;§;+—A;, Ay + —min (45)
Bz B2
Then, by substituting (39) and (40) into (45), it yields
. WOy — A+ A, -
Vs (e =Bt B o
m
+ LATR, 4 L
— —mm
Bz v B2
= mU,s," — As.” + AsT —ms,T U,
1 .
—mcls s, + —ATA + —mm
: Bz : B2
= —mUasZ + Azsz clsZTsZ
1 1
— —ATA + — i (46)
,le /322
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By substituting (43) and (38) into (46), one gets

V =—mU, sZ + AzsZ — clsszZ

1 L ()
- — —m(—m
Bz B2
1 ~4 %
= —clsZTsZ — —AZT(A
ﬂzl
1

— — i+ Bos.  Uy)
/322
< —c15.75, <0 (47)

ATA, +

2 — Bzsy)

Thus, when s, # 0, we can get V < 0, thatis, s., A, and
m are all gradually convergent. |

The operations for obtaining the control laws in x and
y-axis channels have the similar processes as those in z-axis
channel. The control laws in x and y-axis channels can be
expressed as

Up = ﬁl[_]h - Ax
l_]b = -B,C:d__ kxéA_ C15x (48)
U.=mU, — A,y

U, =5y — kye — c15

where Uj and U, are the control laws in x and y-axis channels,
respectively.

Remark 2: It is worth mentioning that the trajectory
tracking in the space-fixed coordinate system depends on
the attitude adjustment in the body-fixed coordinate system.
Thus, the controller design of QUAVs is divided into
two parts:the attitude controller design and the position
controller design. Accordingly, the part Il is divided into two
parts: part A and B. Part A concerns the controller design for
attitude subsystem; Part B concerns the controller design for
position subsystem.

IV. SIMULATION RESULTS AND ANALYSIS

In this section, three different kinds of trajectories are used
to verify the performance of the proposed control strategy
for the QAUVs under the time-varying load and unknown
disturbances. The parameters of the considered QUAV are
listed in Tablel; the parameters of the controller are shown
in the Table2; and the unknown disturbances within the six
channels are shown in Fig.3. Then, three cases (see the
following case 1-3) are used to perform the simulations; they
all have the same initial value of m = 2 kg; and the desired
yaw angles in the three cases satisfy g = 7 /6.

Case 1: This case is designed to imitate the agricultural
sowing process, which has the time-varying load shown
in (49). The initial value m = 2 kg within the first 5 seconds,
then the sowing starts and lasts till the 25th second, and then,
the QUAV returns back to the starting point from the 25th
second to the 30th second.

2, 0<t<5
m=12-005t-5), 5<t<?25 (49)
1, 25 <t
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Ye

Yy

FIGURE 2. Schematic diagram of the quadrotor shape and coordinate
system.

TABLE 1. The parameters of the QUAV.

Symbol | Meaning Value and Units
Iz Inertial moment along x axis 4x10~3(N-m/rad/s?)
Jy Inertial moment along y axis 4x1073(N-m/rad/s?)
Jx Inertial moment along z axis 8x1073(N-m/rad/s?)
d Arm length of quadrotor 0.25(m)
kz Translation drag coefficient 5x 10~4(N/m/s)
ky Translation drag coefficient 5x 1074(N/m/s)
k- Translation drag coefficient 6 x 10~4(N/m/s)
kg Rotation Drag coefficient 5x 1074(N - m/rad/s)
ko Rotation Drag coefficient 5x 10~4(N -m/rad/s)
Ky Translation drag coefficient 6 x 10~4(N/m/s)
m Mass of quadrotor UAV 2(kg)
g Acceleration of gravity 9.8(m/s?)

TABLE 2. Controller parameters of UAV.
ASM ARSM ARSMC ARSMC
=6 X, =05 X6 =05 Xy = 0.9
B22 =025 ap="17/5 g =T7/5 ay =17/5
By2 = 0.25 By = 0.5 Bo =0.5 By =0.1
Bz2 = 0.25 wg =0.5 wy = 0.5 wy =0.1
B2 = 0.25 kp1 = 0.5 koy = 0.5 ky1 =05
Bz1=0.5 kpo = 0.5 koo = 0.5 ky2 = 0.5
By1 =05 Vg2 = 0.8 vg2 = 0.8 vyz = 0.8
Bz1 = 0.5 Ngo = 0.5 ngo = 0.5 nyo = 0.1
r, =0.1 ne1 = 0.5 ng1 = 0.5 ny1 = 0.1
re =1y = 0.005 | ng2 = 0.5 ng2 = 0.5 g2 = 0.1

The desired trajectory is as following:

25

Unknown disturbance

0 5 10 15 20 25 30
Time(s)

FIGURE 3. The signal of the unknown disturbances.

angle can be tracked quickly. Moreover, when the QUNV
succeeds in tracking the desired trajectory, the maximum
position tracking error is only 0.02 m. the maximum angle
tracking error is only 0.03 deg. Fig.7 shows, although the
system is disturbed by some unknown signals, the mass can
still be estimated successfully, and the estimating error is less
than 0.08 kg, which is 8% of the whole mass.

Reference trajectory
— === Position tracking(ARSMC)

NS
0 \ — 0.2
N ~
S 0
0.2
y(m) -0.2 X(m)
Reference trajectory
1 === =: Position tracking({ARSMC)
Eos
N
0
0.2 T -
o 0.2
T 0
0.2 .02
y(m) x(m)

FIGURE 4. The 3D trajectory tracking results in case 1.

Case 2: This case is designed to imitate the act of dropping
supplies, which has the time-varying load satisfying (51). The
initial value m = 2 kg within the first 10 seconds, then the
first time dropping action happens at the 10th second, and
the second time dropping action happens at the 20th second.

= Leos(hy
xd_scos4

1 1
= —sin(= 50
Ya = 3 sin(g) (50)

1
4 = 3 + 0.4 sin(z)

After finishing the simulations by computers, the flying
results are obtained, and shown in the Figs.4-7. Fig.4 gives
the 3D results of the trajectory tracking. Fig.5 is the tracking
error of x, y and z. Fig.6 is the tracking error of ¢, 6 and
Y. The estimation error of m is given in Fig.7. Fig.4 shows
that the controlled QUNYV can successfully track the desired
trajectory. From Fig.5-6, we can obtain, both the position and
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2, 0<t<10
m=115 10<r<20 (51)
1, 20 <t
The desired trajectory is as following:
b (nt)
Xq = 5 sin(-
1 Tt
= —sin(— 52
Ya =73 sin( 3 ) (52)
1
4=y
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FIGURE 5. Tracking errors of x, y, z in case 1.
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FIGURE 6. Tracking errors of ¢, 6, y in case 1.
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FIGURE 7. Estimating error of m in case 1.

After doing the simulations by computer, the flying results
are obtained, and shown in the Figs.8-11. Fig.§ is the 3D
results of the trajectory tracking. Fig.9 shows the tracking
errors of x, y and z. Fig.10 gives the tracking error of ¢, 6 and
Y. The estimation error of m is shown in Fig.11. Fig.8 shows
that the controlled QUNYV can tracks the desired trajectory
successfully. From Figs.9-10, we can obtain, the desired
position and angle both can be tracked quickly. However,
the maximum position tracking error in z-axis direction

VOLUME 12, 2024

reaches 0.14 m, that is mainly for the system receiving a
serious disturbance in z-axis direction while a 0.5 kg object
is dropped from the QUNYV at the 10th and 20th seconds.
Fig.11 shows, there is a serious estimating error happening
at the dropping time. However, the system can adjust the
estimated value of the mass, and reaches a small estimating
error, rapidly.

Reference trajectory
—=—=-Position tracking(ARSMC)

Reference trajectory

0.4 —==—=- Position tracking(ARSMC}
Eoz
N

0

08

~ o 0.5
0 T~ —
05 -05
y(m) x(m)

FIGURE 8. the 3D trajectory tracking results in case 2.

z o
=002
E 004
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0 5 10 15 20 25 30
Time(s)
g oo ARSMC.
= 0
g -0.01
S .0.02
-0.03
0 5 10 15 20 25 30
Time(s)
- o k N ARSMC
£ of
=
£ 01
® 02
0 5 10 15 20 25 30
Time(s)

FIGURE 9. Tracking errors of x, y, z in case 2.

Case 3:Some comparisons of the controller obtained in
this paper with some other controllers are given in this
case. One compared controller, which combines the ASMC
with a SMC, is denoted as controller 1; thereafter, the other
compared controller, which combines the ASMC with a
BSMC, is denoted as controller 2. The controller obtained
in this paper, which combines the ASMC and the ARSMC,
is denoted as controller 3. The time-varying mass is defined
in (53), in which, the mass is gradually decreased from the
5th second to the 20th second.

2, 0<tr<10
m=31.5—1¢/40, 10<t <20 (53)
1, 20 <t
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FIGURE 11. Estimating error of the mass m in case 2.

—=-—~-Controller 3
Controller 2

—-—--Controller 1

Desired trajectory

y{m)

= === Controller 3
Controller 2

=== Controller 1

Desired trajectory

y(m) - x(m)

FIGURE 12. The 2D and 3D trajectory tracking results in case 3.

The desired trajectory is as following:

.t
Xg = Esm(z)
= Leoshy (54)
Ya = 5 cos(3
Zd—2

After doing the simulations by computer, the obtained
results are shown in the Figs.12-14 and Tables 3-4.

Fig.12 and Fig.13 show the three controllers can all
control the QAUY, effectively. However, from Fig.14, we can
obtain the controller 3 obtained in this paper can achieve
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FIGURE 14. Tracking errors of ¢, 6, ¥ in case 3.

TABLE 3. Mean absolute errors of x, y and z in case 3.
Algorithm Z(m) 7(m) Z(m)
Controller 1 0.3247 0.3009 7.512
Controller 2 0.3223 0.3021 7.534
Controller 3 0.3203 0.3000 7.512
Z, 7 and Z denote the path tracking’s mean absolute errors
of x, y and z, respectively.

TABLE 4. Responses of the parameters ¢, 6, and v in case 3.
Algorithm tw(s) Omax e'mzn ¢maz ¢m7,’n
Controller 1~ 2.99 0.8825 -0.9382 0.8168 -0.6736
Controller2  5.25 0.7368 -0.7370 0.6218 -0.6793
Controller 3 0.17 0.4946 -0.2097 0.2060 -0.4597

ty is the rise time of the parameter v, hmaz and hApin are the
maximum and minimum responses of the parameter h, respectively,
where h = 6 and ¢. The units of hyyqz and hyp, 4y, are radian.

the fastest response speed, compared with the other two
controllers. Additionally, due to the inclusion of an ISMC
in the controller 3, the angle tracking errors are also less
than those obtained by controller 1 and 2. Table 3 shows the
mean absolute errors in the x, y, and z channels obtained by
the controller 3 are all smaller than those obtained by the
other two controllers. thus, the improvements of the tracking
performance for the controller 3 is obvious. The system
responses in the ¢, 6 and ¢ channels are presented in Table 4.
Compared with controller 1 and 2, the converge speeds of
controller 3 in the three channels are all more fast, obviously.
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Additionally, controller 3 can achieves the smaller variations
in the 6 and ¢ angles. All in all, the controller obtained in
this paper can control the time-varying load QUAVs subjected
to unknown disturbances, effectively. Moreover, compared
with those existing control schemes, such as, SMC and
BSMC, etc., the controller with a combination of ASMC and
ARSMC can achieves a significant improvement of the flying
performance.

V. CONCLUSION

In this paper, an ASMC and ARSMC cascaded controller
is presented to solve the trajectory tracking problem for
the time-varying load QAUVs subjected to unknown distur-
bances. The time-varying load and unknown disturbances
are estimated by the adaptive laws designed in the ASMC
controller, which is used to control the position subsys-
tem. Moreover, the unknown inner-loop disturbances are
estimated by a self-turning law designed in the ARSMC
controller, which is used to control the attitude subsystem.
In order to ensure that the state errors converge to zero,
a recursive sliding mode surface is designed, and the desired
yaw angle can be tracked, successfully. Moreover, some
simulations are performed to demonstrate the robustness and
efficiency of the proposed control scheme, and compared
with some existing controllers, a better trajectory tracking
performance is achieved for the obtained controller in this
paper. However, the input delay time and saturation are not
considered in this paper, which will be our future works.
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