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Abstract - This paper aims to propose a robust nonlinear control for quadcopter autonomous flight control that improves the tracking
control for quadcopters under disturbances and the wind effect. The quadcopter dynamics contain uncertainties, external disturbances,
mass variation (parametric uncertainty), and wind effect. Hybrid SMCBS with proportional-fractional order- integral-derivative controller
(PFOID) surface is proposed to mitigate the effect of disturbances. The stability is proved of the system with a proposed controller with
the help of the Lyapunov Stability criterion, which guarantees that all states retain and reach the sliding surface. A quadcopter's tracking
control problem is investigated using linear motion and a helix structure (trajectories). To validate the performance of PFOIDSMCBS, it
has been implemented on the quadcopter models. The proposed controller's performance is evaluated and compared with (PID-SMC) and
(SMC-BS) and ability to mitigate the effects of the disturbances. It is observed that the system is stable as it satisfies the stability condition
derived using the Lyapunov stability criterion, and successfully tracks a given reference in a noisy environment.

Keywords: Backstepping controller, Hybrid controller, Nonlinear system, Sliding Mode controller, Proportional-Integral-
Derivative, Quadcopter Model.

1. Introduction

Quadcopter UAVs have been widely used in various applications due to their numerous advantages [1] [2]. In industrial
and academic applications, robust trajectory tracking control has become an important topic to achieve high performance,
fast response time, high robustness, and accuracy in autonomous flight missions. In flight control, the angular and translational
motion factors are highly nonlinear and strongly linked, and their behavior affects the stability and safety of the flight mission
[3].

Researchers have recently researched UAVs, including the control algorithm for controlling the quadcopter [4][5].
Several linear and nonlinear control methods have been applied [6]. SMC and BS have gained attention due to their capacity
to provide stability, disturbance rejection, and robustness [7][8]. The classical and modified backstepping control approach
has been represented in [9]. SMC is the most efficient and robust control method because it is insensitive to model errors and
system parameter variations [10]. An integral SMC [11] and an integral backstepping SMC have been proposed to deal with
the quadcopter's robust trajectory tracking.

Extending the SMC method [12][13] improves the performance under external disturbances and removes the chattering
effect. Various hybrid controller has been proposed to achieve the desired trajectory and mitigate the effect of the disturbances
like SMCBS [14] and PIDSMC [15], PFOIDSMC [16], and PIDSMCBS [17].

The literature shows that different nonlinear control schemes tackle the acrodynamic effect, senor noise, wind effect, and
payload considered individually. This paper proposes a hybrid controller (proportional fractional-order integral derivative
surface-based SMC with BS) to track the trajectory considering all the disturbances. The performance of the proposed control
has been compared with existing controllers SMCBS [14], and PIDSMC [15]. Stability is proved with the help of the
Lyapunov criterion. Simulation has been done with three quadcopter models.

The paper is structured as follows: Section 2 discusses the quadcopter's dynamics. Proposed controller and stability
conditions are derived in section 3 and implemented in Section 4, Section 5 followed by conclusions.

2. Mathematical Model
The quadcopter model has been described in [17] is shown in Figure 1.
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Fig. 2: Control scheme diagram

Figure 1 represents the position of the center of mass of the quadcopter in X, y, and z direction, relative to the earth
fixed frame E. Rotational angles are; roll, pitch, and yaw around the x, y, and z-axis, respectively. State space
representation of model [17].

A=fAw) +dAw (1)

State vector is the A, d is the disturbances vector, and u is the input vector.

Al =¢,A, =, A=6,A=0,
A=| As=¢,Ag=¢,A; =z, A=2 |eR"? 2)
Ay =%,A10 =%A11 =Y, A1 =,

!

u= |u¢,u9,u<p,u2
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( A1=A2

Ay = Jt ((yy = J22)09 + Jr67) + byug + drog
A=A,
Ay = J53 (Uzz = L) 0 = J®78) + bytg + dyog
As = A¢
A={ Ao =Jz (Uxx = Jyy)08) + bty + drop 3)
A7 = Ag
Ag = g —m™ Yzus + der,
Ag=A
Ajg = m ey + dipry
A11 =Ap
A, =g- m=yyuy + deyy

Where b; = ]L, b, = L, b; = i, Xx = CpsOco + sps@, x, = cpsOsp — spco, x, = cpch

xx Jyy

2.1. Disturbance model
The mathematical representation of various disturbances [17] considered acting on the system is:

e Aerodynamic momentd{*®= sin(2t)

e Sensor noise d;"= used 'rand, function in Matlab, the value lie between 0 and 1.

e External noise df*®=
21
ndgn(t) = ndgn(t) =7+ 2cos (? t) ]
T
ndg"(t) =5+ 2cos (E t) } t = 0.01sec
s
ndZn(6) = nd§" () = ndg"(e) = 18 + dcos (2 )

Wind noise d}¥ [17] acts as a shock on the quadcopter with the speed of 3 m\s, after 8 seconds act in trajectory-1, and

after 25 seconds act in trajectory-2 with the same speed.
e Total disturbance in translation d,; and rotational d,.,; motion is;

j:z = age+dm e+ ay +af? )

Other quadcopter model parameters/variables with their values are defined in Table 1.
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Table 1: Physical parameters

Variable Definition U‘lll?tl l[lfg]
m mass 1.12 kg
g gravity 9.8 m/s?
[ Arm length 0.23 m
Radius of the
R ,
propellers
Jox = lyy Inertia on x, y axis 0.0119 kg.m?
- Inertia on z-axis 0.0223 kg.m?
le left coefficient 7.73213%(107) Ns?
], Rotor inertia 8.5%(10%) kg.m?
Ko and k Aerodynamic forces | 3.13e” Ns?and 7.5e-
f m and moment constant 5 Nms?

3. Control Design

The quadcopter dynamics are underactuated and nonlinear with the 6 output (x,y, z, ¢, 8, @) variables and 4 control
inputs (uz,u¢,u9,u¢). The control schemes diagram is shown below (Figure 2).

| é Altitude Z |.... 4
controller i —|_
Translational
& Dynamic
J_ % Roll :
_¢ ______: E

XisYe | Position controller
[ %,y é o V)

controller | | ' |
d - :
) % Pitch :

L4

controller Ho Rotational
Dynamic
Wa —1
» _é_, Yaw | “ b
controller
Fig. 2: Control scheme diagram
General SMC control law is,
u = up + ug ®)

(ug) is the control signal without external disturbances and linearization of the input/output. (ug) the switching control
law, provides additional control effort for disturbances and reduces tracking error.

204-4



3.1 PFOIDSMCBS controller
3.1.1 SMC with BS

The tracking error (z,;) for SMC with BS is [17][19];
 Zy =g — & (6)
Zy; = §ig — §i — M€ with 0 < m; < o0
and
Zri =S8 —Si—Mé, 1 =¢,0,0,2,x,y

In the design, considered the PFOID as a sliding surface: to drive PFOID first take PID surface [17], [20] and converting
it into the PFOID;

t

Si +visi = kpizp + kg | Zpidt + kgiZy

(7
0
§i +vi$i = kpiZy; + kjjzpidt + kgiZy;, yi €RY
$i +¥iSi = kpizyy + kfizndt + kg ®)
Firstly, the calculation for roll:
By using the Eq. (6), calculating the value ZT¢ is;
Zrp = Epa — € — Mpés
.. & (]yy _]zz) ]r . 9
Zrd) = fd)d - ( ] +]—97'l + b1u¢ + dTOd) - a¢(€1 + T]¢€1)
XX XX
So, the sliding surface Eq. (8) in the term of roll input;

Substituted the Eq. (9) into (10)

(]yy ]ZZ) ]r

. . (1D
+ kgd) €¢d — <TH +]—9n + b1u¢, + dmd,) — a¢(£1 + TI¢€1)

Xxx

S¢ = 0 for tracking error to remain on the sliding surface and external disturbance is zero d,,¢ = 0;
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_ _ 1 : . b ¥ (] _]zz) .. Jr A=
Ugp = Up = m(-]/d)sd) + kp¢zr¢ + k{fi,zrd, + kd¢ <€¢)d — (W—H(p + EQT},) —_

Jacx
a¢, (82 + 7’](1)81)))

The switching function introduced is;

ug = A;s; + k;sign(sy), A k>0

For sign function [21] defined as;
+1,if s(t) >0
sign(s;)) =4 0 if s(t) =0
—1ifs(t) <0

Using approaches [22] and [23], the roll input equation is calculated by substituting Eq. (11) and (12) into (5).

1 : .
Up = —b¢kg¢ | —V¢S¢ + kp(],')Zr(P + k;l¢Zr¢
. Joo=J0) .. ] . o \\
+kZ¢ $ga ™ (yy]—zz)ékp +]—an —775551 + Apsg + kysign(3y) /l
XX XX

So, ¢ is calculated by substituting the Eq. (14) into the Eq. (12)
$p = —k2¢dm¢ - b¢k3¢l¢s¢ — b¢k3¢k¢sign(s'¢)
And modifying the surface Eq. (15) in a generalized form;
§i = —kbidyor — biklidis; — biklikisign(s;)

Now, the roll input with the disturbance is;
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Other control inputs for rotational and translational subsystems calculated on the same line are defined as;

+
Uy

with

with

u

+
¢

+

Ug

1
bqokgq)

u

u

+
X

N
|\—]/¢S¢ + kp¢Zr¢ + ki(l)ZT(,‘b

bokdy
y (] —]ZZ)., J. .
by (fw‘(”179“1;6"””¢>‘"é“> \i

1

———| =y, 80+ k_ 219+ kipz
bekggl ]/g [ po ro 0410

Fe (]zz_]xx)- 1 ]r 1=
+ K, <§gd - <T<P¢ —Eﬁbn + droe> - 77(29€3>
+AQSQ + kgSlng(Sg)

N

VoS t kppire + kiyzrg

+ k3, <$(pd - (M 6 + dm(p> — née;,) + ApSp + kypsign(s,)

{53 = &g —$9,S9 = €4 = égg — $9 — N3, for pitch
&5 = f(pd - f(p:s(p =& = f(pd - f(p —Nyés, for yaw

m . b (& . .
; =—k Zyy + k?zzrz + kdz (fzd - (g + dtrz) - 7’557 + Azsz + kZSLQn(Sz))

ZpZ

€ =8§za — Ezisz =& = Ezd - fz —n,&7

m .
X_kpxzrx + ki%czrx + kgx (fxd - (dtrx - 77)2659) + Axsx + kaign(-éx))
x
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m _ . . (22)
uy = X—ykpyzry + kiyZpy + kgy (fyd — diry, — M5811 + A5, + kySlgn(Sy))

with
{ €9 = &xa _S;x, Sx = €10 = $xa — &x — Nx&y, fOrx

€11 = Sgyd - fy, Sy = &12 = fyd - Sgy —Nyé11, fory

3.2. Stability Analysis

Quadcopter sliding surface given by Eq. (8) and control law (uz,ud,_ug_u(p) defined by Eq. (17,18,19,20) is asymptotically
stable if : V; < 0 (is negative definite) for differential quadratic Lyapunov function [17] [24] defined as;

V = 5i$i+5‘i§i (23)
Proof 1: for roll, pitch and yaw; using Eq. (23) and substituting the value §; defined in Eq. (16);
= siSi+5; (—kbidror — bikliAss; — biklykisign(s) )
= $;(si — kb droi — bik§iAis; — bik5ik;1$:1)

< |$il(s; — kid; — bik i Ais; — biklik:15:1)
< 186l (5:(1 = bikgids) + kgi(difo; — bikg;)13:1)

Where d{" € R is the upper bound on disturbance [18]. For asymptotic stability Vl- < 0, and negative if:

(3 >—

4 "7 bikb ,
+  Wherei=¢,0,¢ (24)
roi

Lki >

Proof 2: for z

Using the Eq. (22) substituting the value define as §,, calculated as same way as Sg.

Ss = _kgzdz - kgz/lzsz - kgzszign(gz)

V = 5,5,45,5,
= SZ‘§Z+‘§Z (_kgzdz - kgzlzsz - kgszSign(gz))
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= S‘z(sz - kgzdz - kgz/lzsz - kgzkzls‘zl)
< |‘§Z|(SZ - kgz/lzsz - kgzdz - kgzkzlgzl)
< |$z|(sz(1 - kgzlz) + kgz(dg-rz - kz)lszl)

V it will always be negative if:

1
A > 5

dz (25)
k,>d;,

4. Simulation Result

The proposed controller has been implemented on the quadcopter models to follow the desired trajectory 1 and 2 (Figure
3) in MATLAB/Simulink version 2021b. The transient response has been compared with the existing (i) SMCBS [14] and
(i) PIDSMC [15] controllers under disturbances and parametric uncertainties. Graphical results of controllers are presented
for clarity of graphs and quantified in Tables.

For the quadcopter parameters defined in Table 1, PID gains are determined using the ultimate gain method, and sliding
function gains tuned by the hit and trial method are listed in Table 2. Fractional power chosen for Integrator (I) a=0.8,
Derivative (D) b=0.65.

4.1. Trajectory

Trajectory-1, the initial and final values of position are (0,0,0) meters and (1,1,1) meters, and angle values are (0,0,0)
radians and (0,0,0) radians, respectively. The quadcopter takes off at 0 sec and flies over 15 seconds. After the 8th-second
oscillation is observed due to wind disturbance, the system settles slowly. Figures 4 show the performance of the controller’s
responses. Trajectory-2 is a helix structure are shown in FigureS5.

a Time =15.01 Time =50.01 b

104 Final Position 10

(LLD)
o

N
N0 Dol ) 0
2 “70,0,0) =,
@ osition 7

Fig. 3: Trajectory 1) Linear motion 2) Helix structure
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Table. 2. Controller parameters
Variables | x y z (0] 0 )

k 55 160 |10.0|9.0 9.0 |8.0

k; 0.86 | 0.86 | 1.05 | 1.24 | 1.36 | 0.88

kp 0.66 | 0.66 | 0.11 | 0.33 | 0.33 | 0.13

A 20 (20 (20 |10 |1.0 |3.0

k; 20.0 | 20.0 | 20.0 | 19.0 | 19.0 | 20.0

4.1.1 Trajectory 1

The quadcopter takes off at 0 seconds from the 0.0 m. The proposed controller takes 2.94 seconds to reach 1.0 m. After
the 8th second, oscillation observed due to the wind settles slowly to its original trajectory in 3.03 seconds. The results are
quantified in Table 3 and compared with the SMCBS and PIDSMC controllers.

2 F T T T T T T — ! 'fl ———————— +20% PFOIDSMCBS
il PFOIDSMCBS
b i = = = = -20% PFOIDSMCBS
,—-] 5F \\\ 7 §0.5 B ﬂ\ - — — = reference
g e = »= 1 £
w LT z ° \y{::_‘ 77"
7 = v ! !
(UL A [J— +20% PFOIDSMCBS PFOIDSMCBS 051 i
0 - = == -20% PFOIDSMCBS _--=-=-=- reference ¥ !I,?
0 2 4 6 8 10 12 14 15 ' ) ' — ' ; )
T 2 4 6 8 10 12 14 15
ime (sec) Time (sec)
o F r - r r — 0.5 . . r : r r r
0 t\‘ra-___

= === +20% PFOIDSMCBS
-------- +20% PFOIDSMCBS

Y (m)
Pitch (rad)
=]

h
|

05k PFOIDSMCBS
- PFOIDSMCBS = === +20% PFOIDSMCBS = — = - reference |
0 e -20% PFOIDSMCBS  =-=-=-=- reference -1.5 L L L 1
0 5 4 6 q 10 12 4 15 0 2 4 6 . 8 10 12 14 15
Time (sec) Time (sec)

= === +20% PFOIDSMCBS

st | 04r e -20% PFOIDSMCBS N
P PFOIDSMCBS 1o
1= o 03F - [
Z 2 - - - - reference ' \\
N z 02) —
0.5F " & ) v
PFOIDSMCBS - - - - -20% PFOIDSMCBS - - ! \
0 | —mmnme +20% PFOIDSMCBS  =-=-=--- reference 0.1 " . N‘\
~ ll ~
0 2 4 6 8 10 12 14 15 02 TS . A LT .
Time (sec) 0 2 4 6 8 10 12 14 15

Time (sec)

Fig. 4: Performance comparision of the existing and proposed controller.

4.2. Trajectory-2 Helix structure

The effectiveness of controllers' is tested when the quadcopter tracks a helical trajectory [17] for a time interval of 0-50
seconds. The effect of wind disturbance at a speed of 3m/s is added to the system from the 25™ second. The proposed controller
can mitigate the effect of disturbances and wind disturbances. Figure 5 show that the proposed controller exhibits good
performance versus the existing controllers. The RMSE value with PFOIDSMCBS (z-direction) is observed from Table 4
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Fig. 5: Performance comparision of the existing and proposed controller
Table. 3. Performance specification of the test 1 (Trajectory-1)
Parameters x y z 0 o ¢
SMCBS No Wind effect 2.33 2.33 2.27 0.90 0.72 0.73
PIDSMC No Wind effect 2.15 2.25 2.12 0.55 0.72 0.67
. No Wind effect 1.73 1.73 1.71 0.180 | 1.27 1.74
Rise time g&%BDS No wind effect 120% (PU) 142 | 142 |1.65 |041 |059 |1.78
No Wind effect -20% (PU) 1.89 1.89 1.79 0.41 0.59 1.78
SMCBS No wind effect 0 0 0 -1.16 | 0.44 0.13
Wind effect 2.18 2.18 2.18 1.25 -1.26 0.51
No wind effect 0 0 0 -1.06 0.45 0.12
PIDSMC Wind effect 2.12 2.12 2.12 1.12 -1.21 0.07
No wind effect 0 0 0 -0.39 | 0.07 0.02
Overshoot Wind effect 2.10 2.10 2.10 0.54 -0.45 0.09
Time PFOID No wind effect +20% (PU) 0 0 0 -1.06 0.39 0.126
SMCBS Wind effect +20% (PU) 2.01 2.01 2.01 1.14 -1.24 0.39
No wind effect -20% (PU) 0 0 0 -1.03 0.33 0.02
Wind effect -20% (PU) 2.10 2.10 2.10 1.03 -1.14 0.07
SMCBS No wind effect 3.21 3.21 3.18 4.42 4.21 391
Wind effect 12.04 | 12.04 | 11.91 11.22 | 12.23 | 10.56
PIDSMC No wind effect 3.14 3.14 3.12 4.28 3.20 3.81
Settling Time Wind effect 11.58 | 11.58 | 11.44 | 11.01 11.88 | 10.40
PFOID No wind effect 3.01 3.01 2.94 4.21 4.01 3.74
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SMCBS Wind effect 11.04 | 11.04 | 11.03 | 10.30 | 12.01 | 10.33
No Wind effect +20% (PU) 2.34 2.34 2.07 4.07 3.01 1.78
Wind effect +20% (PU) 10.41 | 10.41 | 10.20 | 10.20 | 11.58 | 12.06
No wind effect -20% (PU) 3.34 3.34 3.29 4.21 3.01 1.78
Wind effect -20% (PU) 11.61 | 11.61 | 11.31 | 10.40 | 11.58 | 10.33
SMCBS No wind effect 0 0 0 0.001 | -0.006 | 0.001
Wind effect 0.004 | 0.004 | 0.004 | 0.002 | 0.014 | 0.004
PIDSMC No wind effect 0.001 | 0.001 ]0.001 |0.001 |-0.005|0.001
Wind effect 0.013 | 0.013 | 0.003 | 0.001 | -0.006 | 0.001
No wind effect 0 0 0 0.001 | -0.006 | 0.001
Steady State Wind effect 0.004 | 0.004 | 0.004 | 0.002 | 0.014 | 0.004
Error PFOID No wind effect +20% (PU) 0.001 | 0.001 | 0.001 | 0.001 |-0.005 | 0.001
SMCRBS Wind effect +20% (PU) 0.013 | 0.013 | 0.003 | 0.002 | 0.004 | 0.013
No wind effect -20% (PU) 0.004 | 0.004 | 0.004 | 0.004 | -0.005 | 0.004
Wind effect -20% (PU) 0.005 | 0.005 | 0.005 | 0.005 | 0.004 | 0.005
Table. 4. RMSE value (Trajectory-2
Controllers x y z ) 0 Q
PIDSMC 1.360 | 1.388 | 0.415 | 0.338 | 0.553 | 1.19¢*¢
SMCBS 0.599 | 0.567 | 0.394 | 0.238 | 0.199 | 1.13 ¢*®
PFOIDSMCBS | 0.389 | 0.188 | 0.299 | 0.105 | 0.082 | 1.25¢*
Table. 5. Stability Analysis
Parameters _ _ _ _ _ _ _ k,
and values Ag = 20 Ag =20 Ay =20 A, =20 | kg =226 | kg =256 | k, =3.20 — 369
1 1 1 dig doe dfop
Parameters | —5 — — LY LS —_— dt.,
and values bokag bokas bokdy ka by be by = 1.67
=3.78 =3.78 = 5.56 =1.25 =0.71 =0.57 =235

In the RMSE value of PFOIDSMCBS is 27.9% less than SMCBS and 31.7% less than PIDSMC. Therefore, proposed
controller outperforms another controller with a small error.

4.1. Stability Analysis
From Eq. (24) and (25), conditions for asymptotically stability are:

1
s 1 1
i > biky; ] 2>
o wherei = ¢,0,¢ ki, % forz
ky > = k, > djr,

Table 5 shows that the stability conditions are fulfilled, implying that the system is asymptotically stable.
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5. Conclusion

A simple hybrid controller (PFOIDSMCBS) is proposed to improve a quadcopter's attitude, altitude, and angle tracking
tracking performance. The proposed controller can be deployed with quadcopters in the presence of various disturbances
(external disturbances, wind effects, and mass variation) during flight state. To demonstrate the effectiveness and robustness
robustness of the controllers has been compared with the PIDSMC and SMCBS controllers. Performances have been done on
the linear and helical trajectories under the disturbances. Simulation results shown that the proposed controller has successfully
tracked the quadcopter movement to desired/reference values for trajectories 1 and 2, ensuring the system's stability.
Optimizing the controller parameters and power can improve the controller's tracking capability.
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