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ABSTRACT

It is known that disturbances reduce tracking accuracy and control effect. To address these issues, in this
paper, the Integral Adaptive Improved Integral Backstepping Sliding Mode Control (IAIIBSMC) method
for position control of the quadrotor with uncertain disturbances, is proposed. Integrals are introduced
into the adaptive reaching law and are extended to the control of virtual variables based on integral
backstepping control, enhancing the system's anti-disturbance performance. The final combination with
Sliding Mode Control (SMC) further improves system performance. Compared to the traditional Adaptive
Integral Backstepping Control (AIBC), the proposed IAIIBSMC demonstrates superior tracking control,
faster response, stronger anti-interference ability, and smaller overshoot. Experimental comparisons of
different control methods and disturbances during fixed-point hovering and trajectory tracking show that
the IAIIBSMC achieves better control. Specifically, the maximum position tracking error using IAIIBSMC
is approximately 0.191 m, 22.04% lower than that of the AIBC. The steady-state error of IAIIBSMC is
about 3 mm, which is negligible within the allowable range. These results validate the effectiveness and
superiority of the proposed controller in achieving precise control under various disturbance conditions.

Keywords-quadrotor aircraft; integral backstepping sliding mode control; adaptive control; hovering control;

trajectory tracking control

I.  INTRODUCTION

In recent years, quadrotor aircrafts have found extensive
applications in various fields thanks to their simple structure,
convenient control, low cost, and easy production. These fields
include aerial photography, monitoring, law enforcement,
mapping, search and rescue, and more. The versatility of
quadrotor aircrafts in these tasks underscores the importance of
our research in improving their control systems [1-3].

Quadrotor aircraft control systems are complex,
underdriven, nonlinear systems. The actual flight process is
often subject to various external disturbances and structural and
parametric uncertainties. The system's control performance and
disturbance resistance were improved in [4-6]. There are many
researchers that use linear and nonlinear control methods for
quadrotor control design [7-22]. However, the performance of
the linear controller is poor when the system deviates from its
working state. Backstepping control in nonlinear control
methods can effectively deal with the control problem of
quadrotor cascade structures, with the disadvantage of poor
robustness to disturbances [23-25]. The controller is designed
to improve the system's robustness by combining the
backstepping method with the Sliding Mode Control (SMC),
although the latter suffers from tremor phenomena [26-28]. In
[29], the Integral Backstepping SMC (IBSMC) with saturation
function was proposed to reduce tremor. However, these
controllers rely on knowledge of upper-bound perturbation,
which is difficult to obtain in practice. Adaptive control has
been widely used because it can adapt to and estimate the

parameter changes of the system [30]. In [31], adaptive control
is introduced, and an adaptive backstepping controller is
designed. Then, compared with the integral terminal sliding
mode and the traditional backstepping method, the tracking
effect of the adaptive backstepping method is better. In [32],
Adaptive Integral Backstepping Control (AIBC) is proposed to

estimate the variable parameters of the system. The
experimental results proved the method's -effectiveness
compared with the conventional integral backstepping

controller, both with and without disturbances. In [33], the
Adaptive Integral Backstepping SMC (AIBSMC) controller is
proposed to implement quadrotor trajectory tracking, where the
SMC uses a fast terminal sliding mode. The controller is
stabilized in finite time while the tracking error converges
within a neighborhood of the origin.

The above works do not consider further control of virtual
variables in the backstepping design process. Therefore, this
paper extends the integral to the virtual variables based on the
traditional integral backstepping control and applies the idea of
adaptive control to improve the adaptive convergence law. The
Integral Adaptive Improved Integral Backstepping SMC
(IAIIBSMC) method is proposed for controlling the quadrotor
aircraft.

The main contributions of the current paper compared to
the above literature are:

e Various uncertainties and neglected minor terms of the
system are uniformly regarded as disturbances, and
adaptive control is combined with integral backstepping

www.etasr.com

Jiunlong et al.: Control Design of the Quadrotor Aircraft based on the Integral Adaptive Improved ...



Engineering, Technology & Applied Science Research

Vol. 14, No. 5, 2024, 17106-17117 17108

SMC, improving the system's robustness and immunity to
disturbances.

o Extending the integral to the virtual variable improves the
system's control performance by enhancing the integral
backstepping control.

e The IAIIBSMC method was used to design the controller.
The controller's stability was proved theoretically, the
quadrotor fixed-point hovering and trajectory tracking
control were realized, and the algorithm's effectiveness and
feasibility were verified by simulation.

e Simulation of the model when subjected to various
disturbances and comparison with the AIBC, Integral
Adaptive Integral Backstepping Control (IAIBC), Integral
Adaptive Improved Integral Backstepping Control
(IAIIBC), and ITAIIBSMC methods were conducted,
TIAIIBSMC exhibited better control effect and anti-
disturbance ability.

II. QUADROTOR MODEL

The quadrotor can be seen in Figure 1. Its position and
attitude are described by the ground coordinate system
E(OXYZ) and body coordinate system B(Oxyz), respectively.
where ¢ is the roll angle, 6 is the pitch angle, ¥ is the yaw
angle, and R is the transformation matrix [1].

Fig. 1. Body coordinate system B and ground coordinate system E.
The quadrotor aircraft model was established after the
following assumptions.

e Assumption 1. The body is rigid with a symmetrical
structure, constant mass, and uniform distribution.

e Assumption 2. The ground coordinate system is inertial,
and the body coordinate system's origin is the body's
geometric center.

e Assumption 3. The force generated by each rotor is
proportional to the square of the rotational speed.

e Assumption 4. The vertical distance from the center of the
rotor to the center of mass of the body and the gyroscopic
effect of the rotor were Ignored.

Under these assumptions, Newton's law and the moment of
momentum theorem can obtain the simplified dynamic model
of the quadrotor aircraft. The uncertainty of the quadrotor
modeling and the neglected small terms and external
disturbances are unified as disturbance D. The final simplified
model of the quadrotor system is formulated as:

X = —(cos¢sinbcosyp +sin¢sin¢)$U1 + D,
y = —(cos psinf siny —sinq&costp)%U1 +D,
Z=g—(cos¢cos€)$U1+Dz
R l (1)
¢ = le(yT) +EU2 +D¢
b = ¢up () + - Us + Dy
y y
. ¢ oo L=l
=0 +iu4 + Dy,
U, = k(03 — 2?
Uz = e - %) o
Us = k(027 — 023)
Uy = ka(02f + 03 — 03 — 05)
_ Iy Iz _t
= I’ b1 _lx
a, = —IZ_IX’ bZ = L
Ly Ly
4 Ikl b =1 3)
W= b=
U, = —(cos ¢ sinf cosyp + sin ¢ siny)
u, = —(cos ¢ sin 0 siny — sin ¢ cos )

where £2; (i= 1,2,3,4) is the rotation speed of the four rotors, U,
~ U, represent the vertical input control quantity, the roll input
control quantity, the pitch control input quantity, and the yaw
input control quantity, respectively, k; is the lift coefficient of
the rotor, k,; is the drag torque coefficient of the rotor, and g is
the acceleration of gravity.

Equation (1) and (3) yield:

J'Cl = xz

. Uy

Xy = ZUl + Dx

X3 = Xy

. Uy

x4 = ;Ul + Dy

XS = x6

. 1
<x6=g—cosx7cosx9;U1+Dz 4)

X7 = x8

Xg = A1X10X12 + b1U2 + Dd)

X9 = X9

X109 = AyXgXqy + bUs + Dy

X11 = X12

5(12 = a3XgXqg + b3U4 + DI/)

where x; = X,X; =X,X3 =Y ,X4 =YV ,Xs = Z,Xg = Z,X7 =
P.xg = P.xg = 0.x19 = 0,x11 = P.x15 =Y.
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III. DESIGN OF THE INTEGRAL ADAPTIVE fi=2i—Xxi41 = — Xiq
IMPROVED INTEGRAL BACKSTEPPING SLIDING a; = —cz; — Aie; — fi = ¢;z; — Aje; + Xig
MODE CONTROLLER Zig1 = Xjpq — O = Ci2Z; + 2 + Aje;
A. Structure of the Control System = —Xig 0z +Ae + Xy
The quadrotor control system structure is shown in Figure The derivative of z;4 is:
2, which adopts a dual.-loop control structure in which the inner Fiog = —Fig + Ci7; + NZ; + Xis
loop controls the attitude, and the outer loop controls the T . (14)
- a=—%g+ci; +fx)+gxu+d
position.
Let:
X,y,2,%,),2 t
v . (O = Jy zen (D) dr 1s)
: Position | % [Reverse | % U o The Lyapunov function is selected as:
™| Control u, | Solution | 6, > Attitud ,: » Quadrotor 1 1
> > Module > C?[:EOT [/3 - Dynamics VZ = Vl + EZi2+1 +Eﬂ.i+1ei2+1 (16)
v, U, | Model
> I > where A;,; > 0. Then:
SO0 Vi = —cizf + 2241 + Zig1Zig + Apr€i1Zin a7
_ , = =iz} + Zi41 (2 + Zipq + Aiv1€i41)
Fig. 2. Quadrotor aircraft control system structure.

B. Controller Design

Next, the controller of the quadrotor aircraft is designed.
The state equation is introduced according to (4):

{xi = x4, (i = 1,3,5,7,9,11)
X =f)+gx)u+d

where d is the interference. Let the expected value of x; be x;4.
The error variable is defined by:

(&)

Z; = Xij — Xig (6)
There is:
Z; =X — Xjg = Xjp1 — Xig = Zipg T+ f; (N

where z;,; = x;41 — a; is the error variable, and «; is the
virtual control variable to be determined.

Let:

e() = (@ de ®)

The selected Lyapunov function is:

v, = ézlz + i/lieiz ©
where A; > 0, and then:

Vi = ziz; + Neé; = zi(Z; + Aie;) (10)

=zi(Zip Y i + fi + Aiey) (11)

Take:

a; = —ciz; — Aie; — f; (12)

Then:

Vi = —cizf + ZiZi (13)

where c¢; > 0. Other variables are:

If not combined with SMC, then take:
Zi+ Zig1 + 1841 = —Cix1Zis1

If combined with SMC, the sliding mode surface is defined
by:

S = Ziga (18)

To reduce the tremor, the saturation function is used to
replace the traditional sign function:

Zi + Zip1 T Aip1€i41 = —ESAE(Zi41) —kZipy (19)
where e > 0,k > 0.

The saturation function is:

1 s>A
sat(s) =3 ks |s|<4 k =% (20)
-1 s<-4
where 4 = 0.05 and k = 20.
From (17)-(20), we can get:
Vo = —cizf — ez;415at(2i41) — kzfyy <0 1)

From (14)-(19) we can get:
Xy = Fig — (L + Az — €23 — diyr€i4q
—€sat(ziy1) — kziqq (22)
The control law is:
= ﬁ [¥ig — (L + )z — 2 — Aigr€i41 —
sat(zi41) — kzip1 — f — d] (23)

Since d is unknown, let t}le d estimate be d, and the
estimation error be defined by: d = d — d.

Let:
K =[5 d(v)de (24)
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Changing d into d in (23), and then substituting it into (17), U, = n [Xg— (1 + X))z — 121 — Aye,
we obtain: U1 N
" 5 (zis) — ks +znd (25 —&15at(z;) — ky1z; — Dy] (33)
= —¢;z{ — €z;,15at(z;41) — kz Z; =
2 14 i+1 i+1 . Hjl i+1 l Dx — V1(Zz + ﬁle)
Therefore, a new Lyapunov function is constructed as: Zy =X —Xg,Z, = C1Z1 + 71 + Aieg
— 152, 1502
V=V, +d" +2bK (26) Position y:
Then: I(uy = Ull [Va— (L+ A3)z3 — c325 — Ayey
. ~ 1 4 —~
V = —cz} — €z;415at(2i41) — kzfyy +d (zi+1 - ;d + —&5at(zy) — kyzy — D] (34)
BK) @7 Dy = 2(z4 + B2Ky)
where 4; > 0, 8 > 0. kz3 =Y T YarZa = G323 25+ Ases
If selected: Position z :
d= ¥(zi41 + BK) U, = _m% [Za — (1 + A5)z5 — ¢525
Then: _1696 - 83Sat(26) - k3ZG - g - BZ] (35)
V = —c;z? — £2;4,5at(241) — kz2, < 0 (28) l D, = y3(z6 + B3K;)
= — B = ; A
At this time, the system is stable. Z5 =2~ Za 26 = CsZs + Zs + Ases
The control law and the adaptive reaching law of the Roll angle ¢:
TAIIBSMC method are: - )
Uy = by [Pa — (1 + A7)z; — 727 — Ageg
u= X 14+ 2A)z; —ciz; — Ai16i Lo
{ (x) —[¥iq — ( )Z; iZi Al.+1 i+1 09) ) —&gsat(zg) — kyzg — a10¢Y — D(p] (36)
—&sat(z;41) —kzipp1—f—d .
; (Zi+1) iv1— f—d] Dy = va(zg + BuKyp)
d =y (zi+1 + BK) Z; = — Py, 25 = C;Z7 + 2, + Aye,
The control law and the adaptive reaching law of the Pitch angle 6:
TAIIBC method are:
1 .
. Us; =—1[03 — (1 4+ A9)zg — CgZg — Ayp€
(u= e )[xm A+ 24+ ciciv)zi = (6 + Cipn)Z °b [Ba = ( )2 9. oo
7 —&s5sat(z10) — ksz1o — az¢P — Do)
. —AiCiv1€; — Aipa€ipr — f —d] (30) &s5a Lo s10 T2 (37
\d = y (201 + BK) Dg = y5(210 + BsKo)

The control law and the adaptive reaching law of the IAIBC
method are:

—[¥iq — (L + 4+ cici)z — (6 + ci41)%

—f—d] (31)

- g(x)

) —AiCiy1€;

d = y(Zis1 + BK)

The control law and the adaptive reaching law of the AIBC
method are:

A+ 24+ cicip1)z — (6 + cip1)Z

—f-d] (32)

(u= g(x) [Xia —

i —AiCiy1€
d= YZit1

Finally, according to (5), (6), and (29), identically, the
control law and the adaptive reaching law for the quadrotor
using the TAIIBSMC method to design the controller are:

Position x:

Zg = 9 - Hd, Z1g = C9Zg + Z’g + /1969
Yaw angle ¢ :

Us = 5 lha = 1+ )z = cudan = hizere

| ﬁw = Y6(Z12 + BeKy)
k211 =Y =Yg, 21 = C11211 + Z11 + A1811

—&gsat(z12) — keziz

IV. SIMULATION RESULTS

The TAIIBSMC controller was designed to simulate the
quadrotor's fixed-point hovering and trajectory tracking. The
parameters of the quadrotor model are shown in Table 1. The
controller parameters were simulated and debugged, as shown
in Table II. If a parameter is not included, its value is zero to
indicate it. In order to compare the control effects of different
methods, the parameters of other methods were asigned the
same values.
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TABLE L QUADROTOR MODEL PARAMETERS
Variable Value
m 0.75 kg
l 0.25m
k, 7.5¢’N.ms’
kg 7.5¢’N.ms’
I, 19.688¢” kg.m’
I, 19.681e” kg.m’
I 3.983¢ kg.m’
g 9.8 m/s’

TABLE II. CONTROLLER PARAMETERS
Control Hovering control Tracking control
method parameters parameters

=L =4 =1cy=1
AIBC 1, =052,,=0 2;,=0524,,=0
¥;=50,=0 y;=50,=0
G =1cy, =4 G=1c,=1
Ai = 05, Ai+1 =0 Ai = 0.5,/11'4_1 =0
IAIBC V= 302 Y= 302
Bi= v Bi= Y
c=1c4 =4 cg=1c¢4y =1
2;,=052,,=5 2;=0524,,=5
IAIIBC Y= 302 Yi = ?)02
B = - B = -
Ty, Ty
G =1c4,=0
il : (5)-(;5.)»”1 =5 G=1,c0y =0
U 02 2;=05244,=5
Bi=— y; =50
IAIIBSMC Ty 0.2
£1,8 =3 By = v
kyk, =1 0tk —
P =01k =1
ka, kg ks, ke = 20

where i = 1,35,7,9,11, j = 1,2,3,4,56.

A. Fixed Point Hovering

The design of the position and attitude of the quadrotor is
the same, so the control effect of the position and attitude is
similar. Assuming that the initial state of the quadrotor is zero,
it flies from the origin of the ground coordinate system (0,0,0)
to the target coordinate (1,0,0) to remain hovering. Taking
position x control as an example, six groups of experiments
were designed for different D,, and the control effect and anti-
disturbance ability of AIBC, IAIBC, IAIIBC, and IAIIBSMC
were compared. Let the initial interference be:

D,=5, D,=5, D,=5,
Dy =3, Dg=4, Dy=5 (39)
The first group is the case where the initial interference is

constant, and there is no other interference during the flight, as
shown in Figure 3. At this time, there is:

dlzo,DxZS‘l'dl:S (40)

The second group added a rectangular square wave with
amplitude 1 and pulse width of 2 s to the system at 20 s to
simulate other instantaneous disturbances during flight, as
shown in Figure 4:

d, = e(t—20) —g(t —22),
D, =5+d; =5+ ¢(t—20) —e(t —22) 41

where £(t) is the unit step signal. The third group added a
constant value disturbance with amplitude 5 to the system at 20
s to simulate the flight process with other constant value
disturbances, as shown in Figure 5:

ds = 5¢(t — 20),
D, =5+d; =5+ 5¢(t — 20) (42)

The fourth group added a sine wave with amplitude 1 and
angular velocity 1 rad/s to the system during the whole process
to simulate the situation of being subjected to sinusoidal
continuous interference in actual flight, as shown in Figure 6:

d, = sin(t),D, =5+d, =5+ sin(t) (43)

The fifth group added white noise w(t) to the system in the
whole process to verify the control effect of the quadrotor
under white noise interference, as shown in Figure 7

ds =w(t), Dy =5+ds =5+ w(t) (44)

The sixth group superimposed the above interference to
form a comprehensive interference to ensure that the simulation
is more in line with the actual flight situation, as shown in
Figure 8:

de = dy+ds+d, + ds

= 6&(t — 20) — e(t — 22) + sin(t) + w(t)
D, =5+dg
=54 6¢g(t —20) — e(t — 22) + sin(t) + w(t)

The comprehensive interference d¢ is shown in Figure 9.

(45)

151 T l
Expectation
AIBC
/\ﬁ IAIBC
1 — ——IABC
\\1_01 —— IAIBSMC
€
R
1
05 1
0.99 ‘ ‘ :
8 85 9 95 10
0 \ \ \ \ \ J
0 5 10 15 20 25 30 35 40 45 50
t/s
Fig. 3. Hovering control without other disturbances during flight.
157 \ 1
— Expectation
/\ ABC
[ —
1 ——IABC
—— InIBC
/ —— IAIBSMC
€ r , il
5 05 1.02
1
0 J
098
20 25 30
05 \ \ \ \ \ \ J
0 5 10 5 20 25 30 35 40 45 50
s
Fig. 4. Hovering control under instantaneous disturbances during flight.
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Expectation
ABC
IAIBC
IAIBC =

0.5

/

IAIBSMC

0.9
20 22 24 26 28

Fig. 5.

,
25 30 35 40 45 50
ts

Hovering control subject to constant disturbances during flight.

Expectation | |
AlBC
IAIBC

IAIBC
IAIBSMC | |

Fig. 6.
during flight.

25 30 35 40 45 50
t/s

Hovering control subject to sinusoidal continuous interference

15 T T

20 T T T T T T

D
Dty
D"z | 1

— DM
- DM | 7]
DMy

30 35 40

|
5 10 15 20 25 30 35 40 45 50
ts

Fig. 10.  Adaptive parameter update curve.

In order to compare the fluctuation of the quadrotor aircraft
after being disturbed, the Mean Square Error (MSE) is as the
fluctuation index of position x. The smaller the MSE value, the
better. MSE is calculated by:

1 o
MSE = Z %L, (x; — £)* (46)
where N is the total number of samples, x; is the i actual
position, and %; is the i expected position. The MSE of the
quadrotor under various disturbances is shown in Table III. The
calculation interval is (20,30).

Expectation
ABC
/\\\AA IAIBC
1 ~f - A IAIBC o~
- IAIBSMC
£ 1.02 e
k N A,
05 1 A \Yj g
098
30 31 32 33 34 35
o : X . : . . : : .
0 5 10 15 20 25 30 35 40 45 50
ts
Fig. 7. Hovering control disturbed by white noise during flight.

15 T T

TABLE III. MSE OF QUADROTOR AIRCRAFT UNDER
VARIOUS DISTURBANCES DURING FLIGHT
2] o
2] =
2 2
5 sE | g2 | 2E| 22| £
= S c s £ =2 s 2
= gL 7 2 2 ) S 3
= S 3 £ = S = 25 & T
] 2ZF SE o 2 =32 g2
© g =] = £ =] 3 g =) =
= 7 S
AIBC | 4.836e-5|5.392e-4 | 1.601e-4 | 1.407e-4 | 1.547e-3
TAIBC [ 4.780e-5 | 5.327e-4 | 1.590e-4 | 1.411e-4 | 1.534e-3
TAIIBC | 4.161e-5|4.769e-4 | 1.348e-4 | 1.313e-4 | 1.344e-3
TAIIBSMC| 1.648e-5 | 2.144e-4 | 7.806e-5 | 1.068e-5 | 1.091e-4
Interval | (20,30) | (20,30) | (20,30) | (20,30) | (20,30)

Expectation
——ABC
—IAIBC
—IAIBC o=l

=
%

—IAIBC

05 W VIR 1
09
20 25 30
0 . . | \ . | | . .
0 5 10 15 20 25 30 35 40 45 50
/s

Fig. 8. Hovering control subject to comprehensive interference during
flight.

d6(mis?)

Fig. 9.

40 45 50

25 30 35
ts

Comprehensive interference curve.

The fixed-point hovering simulation results are shown in
Figures 3-8. The black curve is the expected curve, the green is
the AIBC curve, the magenta is the IAIBC curve, the blue is
the IAIIBC curve, and the red is the IAIIBSMC curve.

As shown in Figure 3, the interference remains unchanged
during the quadrotor flight. The IAIIBSMC, IAIIBC, and
TIAIBC have smaller overshoot and shorter adjustment time
than the traditional AIBC method, and the IAIIBSMC has the
best control effect. Figure 10 shows the adaptive parameter
update process of IAIIBSMC.

In Figures 4-6, instantaneous interference, constant
interference, and sinusoidal continuous interference are added
to the x direction during the flight. The system deviates from
the equilibrium position and D, is shown in (41)-(43). The
Figutrd clearly show that the deviation of IAIIBSMC is the
smallest, and its curve is smoother. According to Table III,
TAIIBSMC has a better control effect than IAIIBC, IAIIBC has
a better control effect than IAIBC, and TAIBC has a better
control effect than AIBC.
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As shown in Figure 7, white noise interference is added to 15 T T T T T -
the x direction during the flight and D, is shown in (44). 1 ectaton| |
Combining Figure 7 and Table III, it can be seen that the 0s wee |\
control effect of IAIIBSMC is the best among the considered c IBSMC
methods. The control effect of IAIIBC is slightly better than N e i
TAIBC and AIBC's. In comparison, the control effect of IAIBC 05 1
is worse than that of AIBC, which indicates that the controller 4 ,
has different control effects on different disturbances. s ) ‘ ) ‘ ) ) ‘ ) ‘
. . . . ) 10 20 30 40 50 60 70 80 90 100
In Figure 8, the system is subject to comprehensive Us
interference and D, is shown in (45). Combining Figure 8 and 03 005! ' I—ms;c
Table III, it can be seen that IAIIBSMC has the best control 02 IABC
effect, more vital anti-interference ability, and smoother curve. AT
£ o1 1
In summary, the TAIIBSMC method overperforms the <
traditional AIBC method. The reason is that IAIIBSMC treats s 0
the virtual variables based on AIBC, thus affecting the control o4 _
of the actual variables while the adaptive reaching law is
improved. The advantage of the improved adaptive reaching 02 T T a0 40 30 s 70 80 9 100
law is that the influence on the system decreases when the ts
disturbance changes. The disadvantage is that the steady-state 04 ' LA—
error will increase, but the enhanced steady-state error is still 02 ——aBC
. . IAIBC
small compared to the tracking curve and can be ignored. Ll = —— iisvic [
Finally, SMC is added to improve the system's robustness and 302 \;101 ]
reduce the steady-state error. It can be seen from Table III that © 504 0 %@W 1
the minimum MSE of the quadrotor aircraft under various 06 001 VWY
disturbances is acquired with the TAIIBSMC method, which o8| 002 = .
indicates that the process has a good control effect on multiple r ‘ s s ‘ s . ‘ ‘ .
forms of external disturbances and is more in line with the S
actual flight of the quadrotor. 04 : : : : :
ozl AIBC i
: IAIBC
IAIBC
0 IAIBSMC ||
%-02
15 = 02
1 Expectation % 04
AIBC 01
0.5 JAIBC 06 i
S 0 Inlasvic 08 0 g
(a) -0.5 L L L L 4. ! é L ® L 10\
4 B ] 10 20 30 40 50 60 70 80 90 100
15 ; . 1
05 o o 2 4 Fig. 11.  Elliptic trajectory tracking without other interference during flight.
T s e 4 2 (a) Three-dimensional trajectory, (b) position tracking curve, (c) position
yim xm tracking error curve.
6 T T T T T
it / B. Trajectory Tracking
IAIBC
wiBe Ellipse and helix are chosen as the reference trajectories,
| the initial state of the quadrotor is set to zero, and the initial
interference is shown in (39). The following is discussed in two
i cases. At first, when the quadrotor's initial interference is
. constant, several methods' control effects are compared and
- . . ‘ ‘ . . ‘ ‘ . verified. Then, taking the position x control as an example, the
b o 1020 30 40 30 60 70 80 90 100 trajectory tracking experiment is carried out by applying the
® s . ) ‘ comprehensive interference dy in the x direction of the
) Expectatin | | quadrotor aircraft during the flight. The interference D, from
e \ (45) shows the trajectory tracking and the control effects of
05 e e AIBC, IAIBC, IAIIBC, and IAIIBSMC were verified and
£ o 1 compared.
os i The ellipse reference trajectory is :
K B
T S S R x = 5sin(0.2t)
0 10 20 30 40 50 60 70 80 90 100 —_
e y = cos(0.2t) (C))]
z = cos(0.2t)
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The spiral reference trajectory is: 04 . . . . . ;
L AIBC |
x = 5sin(0.2t) ° e
0 - —
y = COS( 02t) (48) . vor JAIBSMC |
z = 0.2t g " \ . 1
Figures 11 and 12 show the ellipse and spiral trajectory 06 001 é@ .
tracking simulation when there is no interference in the flight 08 -0.02 ]
. . . . 8 10 12
process. When the flight process is subjected to comprehensive 4 ‘ :
interference in the x direction, the tracking simulation is shown S
in Figures 13 and 14. oie ‘ ‘
<103 <108 AIBC
4 2 IAIBC
0.1 3 1 L’\/V Mt IAlIBC
c 5 }Aj ‘1) \ IAIBSMC
= 20 25 30 20 25 30
30 ?5/ 0.05 b
——— Expectation 5 \ /
20 AIBC o
£ —IAIBC 0  E—
S IAIBC
(a) 10 — IAIBSMC
-0.05 L . . L . L . L .
° 0 10 20 30 40 50 60 70 80 90 100
2 /s

2 -
y/m x/m
6 T T T T T
Expectation
——ABC /
IAIBC
—IAIBC -
IAIBSMC
6 I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
t/s
15
Expectation
1 AIBC T
IAIBC
0.5 IAIIBC \
IAIIBSMC

® | S

. \ . . \ . \ \ .
0 10 20 30 40 50 60 70 80 90 100
ts

25 T T T T T T

Expectation
ABC

IAIBC
IAIIBC
IAIIBSMC -
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IAIBC b
IAIBC
— IAIIBSMC | |

error(x)/m

(©

80 90 100

Fig. 12.  Spiral trajectory tracking without other interference during flight.
(a) Three-dimensional trajectory, (b) position tracking curve, (c) position
tracking error curve.

Figures 11 and 12 show the flight process without other
disturbances. The three-dimensional trajectory tracking of the
ellipse and the spiral line is shown in Figures 11(a) and 12(a).
It can be seen that these methods can control the quadrotor
tracking ellipse and spiral line. As can be seen in Figures 11(b)
and 12(b), the tracking curves of positions and the expected
trajectories correspond to (47) and (48), respectively. The
position tracking error curve in Figures 11(c) and 12(c) shows
that the error will eventually tend to zero, while the overshoot
of the JAIIB-SMC method is smaller, and the curve is smoother
and more stable. However, the steady-state error is slightly
larger than that of AIBC. In Figure 12(c), the steady-state error
of the position tracking of IAIIBSMC is about 3 mm, and is
negligible within the allowable range compared with the
tracking curve.

Figures 13 and 14 show the tracking of the comprehensive
interference in the x axis direction during flight. Figures 13(a)
and 14(a) show the three-dimensional trajectory tracking of
ellipse and spiral lines. The considered methods control the
quadrotor tracking ellipse and spiral line, but the tracking
control performance of AIBC is poor. As shown in Figures
13(b) and 14(b), which show the tracking curves of positions x,
v, and z, the expected trajectories correspond to (47) and (48),
respectively. Figures 13(c) and 14(c) show the position
tracking error curves. D, changes during flight, and the error(x)
curves in Figures 13(c) and 14(c) eventually fluctuate up and
down around zero. The change of D, affects u, and thus affects
the roll angle ¢. y is related to ¢, so that the error (y) curve
fluctuates up and down near 0. Compared to other methods, the
error (x) and error (y) curves of the IAIIBSMC method are
smoother, less volatile, and closer to zero. Taking the error (x)
curve in Figure 13(c) as an example, the position x tracks the
curve 5 sin  (0.2t) m, the maximum error of IAIIBSMC is
about 0.191 m, the maximum error of IAIIBC is about 0.227 m,
the maximum error of IAIBC is about 0.237 m, and the
maximum error of AIBC is about 0.245 m. The maximum error
of IAIIBSMC is 22.04 % lower than that of AIBC.
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Fig. 13.  Elliptic trajectory tracking under other comprehensive disturbances
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Fig. 14.  Spiral trajectory tracking under other comprehensive disturbances
during flight. (a) Three-dimensional trajectory, (b) position tracking curve, (c)
Position tracking error curve.

The z-axis direction disturbance is unchanged, and error(z)
will eventually converge to zero. IAIIBSMC has a slightly
larger steady-state error than the AIBC method, the tracking
steady-state error of TAIIBSMC is about 3 mm, as obtained
from Figure 14(c), which is negligible compared to the tracking
curves within the allowable range.

The proposed ITAIIBSMC method introduces
innovations that enhance quadrotor control:

several

e Integration of Adaptive Control: The adaptive component
allows the controller to adjust in real-time to changing
conditions, improving robustness.

o Extended Integral Backstepping: The method significantly
enhances the system's anti-disturbance capabilities by
extending the integral term to virtual variables.

e SMC: This ensures robustness against model uncertainties
and external disturbances, leading to more accurate tracking
and stable flight.

The comparative analysis between IAIIBSMC and the
traditional Adaptive Integral Backstepping Control (AIBC)
method can be seen in Table IV. Key performance metrics
were analyzed, including response time, maximum position
error, and overshoot.

TABLEIV. COMPARISON ANALYSIS
Metric TAIIBSMC AIBC Improvement (%)
Response time 25s 30s 16.7%
Max position error 0.191 m 0.245 m 22.04%
Overshoot 5% 7% 28.6%

The simulation results demonstrate the effectiveness of the
proposed IAIIBSMC method. Key findings include:

e Faster Response Time: The IAIIBSMC method achieved a
response time of 2.5 s, compared to the 3.0 s of the AIBC
method, representing a 16.7% improvement.

e Reduced Position Error: The maximum position error using
TAIIBSMC was 0.191 m, a 22.04% reduction compared to
AIBC.

e Lower Overshoot: The TAIIBSMC method exhibited an
overshoot of 5%, resulting in a 28.6% improvement.

In summary, the TAIIBSMC method has the best control
effect in the control design of the quadrotor aircraft. The
IAIIBAMC method has lower overshoot, faster response,
stronger anti-disturbance ability, and faster stability than the
traditional AIBC method. The interference of the quadrotor in
real flight is unknown and complex. In reality, there is
unknown and complex interference in all three positional
directions of the quadrotor, so it is better to use IAIIBSMC to
design the controller, which is more in line with the real
situation.

V. CONCLUSION

In this paper, the IAIIBSMC method is proposed for
controlling the virtual variables during the design process to
influence the control effect of the actual variables. The adaptive
convergence law is improved to enhance the system's immunity
to interference. The system performance is further improved by
combining it with the sliding-mode control, and stability
analysis was performed on the design process of the method.
Compared with the traditional AIBC method, the proposed
TAIIBSMC method has a better control effect on various types
of complex unknown disturbances that are more in line with
the actual flight conditions. The simulation results show the
effectiveness and superiority of the IAIIBSMC method. The
simulation section underscores the significant improvements
achieved by the proposed TAIIBSMC method, validating its
effectiveness for precise quadrotor control in dynamic
environments. The proposed method demonstrates a faster
response, stronger anti-interference capability, and smaller
overshoot compared to traditional methods, making it highly
suitable for high-precision and reliability applications. In
addition, parameter identification can be added on this basis to
improve the system performance further and make the control
effect more accurate and effective; similarly, further control
analysis can be made for the system's state safety constraints.
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