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Abstract— This paper introduces an adaptive nonlinear control architecture for quadrotor systems, where model
reference adaptive control is combined with a backstepping-based design and tuned through evolutionary
optimization. A twelve-degree-of-freedom dynamic model is considered, in which each state dynamic is influenced
by parametric and external uncertainties. Genetic algorithms are employed to automatically refine the adaptive
parameters to enhance tracking performance and reduce energy consumption. The simulation results highlight
the improved stability and robustness of the optimized controller when applied to complex quadrotor maneuvers
under these uncertain 12-DOF conditions.
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I. INTRODUCTION

Quadrotors attract significant interest in civil and military fields thanks to their maneuverability and VTOL
capability. Yet, their control remains difficult due to nonlinear dynamics, strong coupling, and sensitivity to
uncertainties and disturbances [1]. These challenges intensify when translational and rotational states are
affected by parametric variations and unmodeled effects.

Adaptive and intelligent approaches have been explored to address these issues. Model Reference Adaptive
Control (MRAC) effectively manages uncertainties by adjusting laws in real time [2], while backstepping
offers a recursive stabilization method for nonlinear systems, though often demanding in effort and tuning [3].
To enhance performance in uncertain environments, optimization tools like Genetic Algorithms (GAs) have
been applied to tune parameters in backstepping and sliding mode control, reducing errors and improving
robustness [4].

Most strategies, however, are used separately. This work proposes a unified framework combining MRAC
and backstepping, with GA optimization of adaptive gains and control parameters. Tested on a nonlinear 12-
DOF quadrotor under uncertainties and disturbances, the scheme aims to improve trajectory tracking,
efficiency, and robustness in challenging flight conditions [5][6].

Il. MRAC-BACKSTEPPING CONTROL FOR A NONLINEAR QUADROTOR UNDER UNCERTAINTIES

A. Nonlinear Quadrotor Model

The position vector &m)=2 [x y z]" €2 defines the location of the quadrotor in the inertial reference frame
Re(Oe,Xe,Ye:Ze). The body-fixed reference frame 4,(&, Xo, Yo, Zb), attached to the quadrotor, is used to express
the linear velocity [x y 2]" and the angular velocity Q2/Q; Q, Qs]", typically expressed in Ry. Each rotor i€
{1,2,3,4} generates a thrust force F.= b w;?, where b is the thrust coefficient and w; is the rotor’s angular speed.
The total torque vector acting on the quadrotor, denoted sz[F,/,IngV,]T, is generated by the differential thrusts
and rotor drag effects, and is expressed in the body frame.
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Furthermore, the orientation of the quadrotor is described by the vector of Euler angles 7(m)2/¢ 8w/ €R?,
where ¢, f, and  represent the roll, pitch, and yaw angles, respectively. The weight of the quadrotor is given
by P = mg, where m is the total mass and g is the gravitational acceleration.

The state vector of the system, X € R, can then be defined as: X=[¢ ¢ 8 w ) x x y ¥ z Z]' Combining
the attitude angles and their angular rates with the translational positions and velocities..

Fig. 1. Quadrotor Dynamic Geometry

In what follows, we will use the following notations for the state variables:
X = [X1 X2 X3 X4 X5 X X7 Xg X9 X109 X171 X12]T (1)

The control architecture of the quadrotor is structured around two separate control loops. The inner loop
comprises four control laws: w, us, us, and us, responsible for managing the system's dynamic response. In
parallel, the outer loop consists of two position control laws, u. and u,, which govern the quadrotor's motion
along the x and y axes, respectively. The dynamic control variables analyzed in this study for the quadrotor are
as follows:

u=[u Uy uz Us Ux Uy]T ()

The control input u; corresponds to the thrust along the body-frame z,-axis. u, governs the roll motion
(right/left), generating the torque 77, us controls the pitch motion (forward/backward), producing the torque
Iy ; and u, regulates the yaw rotation, resulting in the torque 7, [7].

The allowable input voltages applied to the four rotors and torques are defined by the following equation:

— (5 + Ho@F + p o + 1) 5 1=1,...4 (3)

based on the following expressions:

U, = COS X1C0S X5Sin X3 + Sin x{Sin Xxs 4
Uy = COS X1SIN X3SIN X5 — SN X1C0S X5 )
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The quadrotor’s mathematical model with uncertainties is given by the following expressions:

(X1 =Xz +dy
Xy = A1X4Xg + ApX2 + a3Qy x4 + biuy + d,

X3 = x4+ d3

Xy = QgXpXe + asxs + agQyx, + byus + dy

X5 = X¢ + ds

Xg = A7XpX4 + agxE + byuy + dg

{X7; =xg+d; (5)
Xg = AgXxg + %uxul +dg

Xg = X109 + do

X10 = Qq10%10 T %uyu1 + dq

X11 = X1z +d1g
\X12 = A11X12 — g +

where the parameters 6, a; (i = 1, 2, ..., 11), and b; (i = 1, 2, 3) are defined by the following expressions:

COS X1 COS X3

u1 + d12

_ Kfay | o= 4 :(Ix_ly)
)

(ly=Iz) K J U-L) . Qs = =
_ \Uy™iz), — fax | — T, — Vz7l) | 5 6 7
1= y Qp = — yAz3 = — 7, Qg = H L, ’ Iy’ Iz

Ly I Ly L,

Kfaz Kygtx Kty Kgtz l l 1 1
ag=—t% . q = .o o= Nw., =L, b=+ ;i by=+:b,=2; =2 (6
8 ., o o m o Q10 m 41 m 1= 0 T T — (6

Where I, I, and I, denote the translational drag coefficients; Ky, Kray and K, represent the aerodynamic
friction coefficients; Ky, Kry and Kg, correspond to the translational drag coefficients; and J; is the inertia of
the rotors. The yaw torque of the quadrotor, associated with the rotational speed around the vertical axis, is
computed using the combined term (2,., defined as follows:

Q= 0y — 0 + 03—y (7

The control-relevant parameters of the quadrotor model are summarized in the table below:

TABLE I. QUADROTOR MODEL PARAMETERS
Symbol Value Symbol Value
m 0.486 kg Kray 5.5670.10" N/rad/s
J 9.806 m/s? Koz 6.3540.10™* N/rad/s
| 0.25m K tix 0.0320 N/m/s
J 2.8385.10° kg.m* | Kgy 0.0320 N/m/s
Iy 0.01 kg.m? Kz 0.0480 N/m/s
ly 0.01 kg.m? Ho 0.0122
I 0.01 kg.m? Wy 6.0612
K ‘;'22393'10_4 Ly 189.63
B 2.9842.10° M 280.19

B. Altitude Control Using Non-Adaptive MRAC-Backstepping

Figure 2 illustrates a hybrid quadrotor control architecture that integrates MRAC—Backstepping with GA
optimization, highlighting adaptive—optimization coordination within a hierarchical design.
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Fig. 2. Hybrid MRAC-Backstepping Control Optimized by GA for Quadrotor
The two equations considered in this study are as follows:

{5511 =f(x) =x12+dpy

, COS X1 COS X (8)
X1 =h(x) =apx;—g+————u +dyp,
where: f(x), h(x) are unknown (or uncertain)
The reference model state vector is given by :
X11m = X12m
: -2 - w} + w? ©)
X12m = gwnxlzm WnX11m wnzref
Make sure the tracking error tends asymptotically to zero, even when certain system elements are unknown.:
{elz = X11 — X11m
€2z = X12 — X12m

Backstepping-based MRAC design starts with a systematic development of Lyapunov functions :

The corresponding derivative takes the form:

Vi = —kyef, + e (kieq,; + x15 + dig — X120)
Next, the virtual control « for x;, is determined as:

a = —kiey; + X1om —dig
The second Lyapunov function is given by:

_12 1 2
V2—§e1z+56’22
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This leads to the following derivative:
Vy = €161, + €3,€2, (15)

Based on (12), (13), and (15), we can determine the control law uj:

U = wsxinTsxg, (—e1z —kzep; —A11X12 + g —dip + @) (16)
C. Altitude Control Using Adaptive MRAC-Backstepping

To extend to the adaptive version, we will rely on the system defined in (5) and (6) and introduce the
adaptation terms in the third Lyapunov function:

_ 1 .2 1 2, 1 52
V3—V1+V2+2/11a11+2/12g +2/139 17

which gives the corresponding derivative

60 (18)

|~

. . . 1 . A 1 A
V3 = e1,61, +ey,65, — 7, 411G —3-99 —

~

3
_ 2 2 . A A . )
= —kief, — kpe2, + ey e, + koey, + G11%12 — § + Ocosxycosxsuy ki€, + dig — X11m)

1. 1. ~ 1 -
+dq4 (_A_all + ezzx12> +4 (—— g — ezZ) +6 (_/1_9 + e,,. cosxlcosx3u1)
1

A2 3
(19)
Finally, the control law is deduced as follows:
U = m (—e1z — kpezy — Q11X12 + G—k161, — dip + X11m) (20)
Based on (19), the adaptation laws used to update the parameter estimates are given by:
an = A1€3,X132; g = —Aze57; b= A3€,C05X1COSX3Uy (21)

I11. GENETIC ALGORITHM-BASED PARAMETER ADJUSTMENT FOR BACKSTEPPING-MRAC CONTROL

In this work, a combined Backstepping-MRAC approach is applied to enhance stability and ensure
convergence of the state error e;,. The ITAE (Integral of Time-weighted Absolute Error) criterion guides a
genetic algorithm (GA) to optimize controller parameters. The GA iteratively searches for optimal gains k; and
k, by minimizing ITAE, improving error attenuation and overall stability.

The algorithm proceeds through population initialization, fitness evaluation via ITAE, selection, crossover,
mutation, and convergence until optimal gains are found. Configured with 30 individuals over 20 generations,
bounds between 0 and 0.0001, crossover probability of 0.8, and mutation rate of 0.01, the GA balances
exploration and exploitation.

Experiments yielded a best cost value of 68.3888 compared to a mean of 68.995. By generation 20,
optimized gains for altitude control were k;= 9.9397 and k,= 9.8470. High gains in altitude and pitch highlight
their influence, while near-zero yaw gains indicate limited contribution. In addition, the adaptation gains were
identified as 1,=1.3655x10", 1,=3.0541x10°, and 1;=1.4987x10". These optimized parameters, together with
the adaptation gains, effectively reduce errors and reinforce the stability and convergence of the Backstepping—
MRAC strategy.

IV.SIMULATION RESULTS

The roll, pitch, and yaw moments were assigned values of 0.2N-'m, 0.1 N-m, and 0.05N-m, while
horizontal velocities were set to 1 m/s along the x-axis and 0.5 m/s along the y-axis. These inputs ensured stable
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altitude regulation together with predefined attitude and lateral motion. The simulation results highlight the
effectiveness of the integrated MRAC-Backstepping controller in stabilizing and guiding the quadrotor,
providing accurate trajectory tracking and strong robustness. For altitude control along the Z-axis, the reference
altitude Z,¢ varied over time: fixed at 20 m from 0-30 s, reduced to 5 m between 30-60 s, and increased to 10 m
from 60-90s. The quadrotor parameters used in the simulation included a mass of m=0.486kg and
gravitational acceleration g=10 m/s. The reference model was defined by a natural frequency w=3 rad/s and a
damping ratio {=1. Figure 3 presents the genetic algorithm outcomes, showing both the best and mean fitness

values.
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Fig. 5. Quadrotor altitude control law and Altitude Tracking Error

The simulations show accurate tracking and rapid convergence to varying setpoints, with figures confirming
altitude, error, and control input, thereby validating the robustness of the proposed strategy.

The control input ul, generated by the MRAC-Backstepping controller, remains smooth and bounded
throughout. Signals adapt effectively to altitude and attitude changes: moderate in the first phase, increased in
the second to follow dynamic references, and stabilized in the final phase. These outcomes confirm the
controller’s adaptability and stability under varying flight conditions.

V. CONCLUSION

This paper proposed an integrated control strategy combining MRAC and backstepping for a nonlinear
guadrotor with 12-state dynamics. A damping term was added to improve robustness and reduce effort, while a
genetic algorithm optimized the control gains. The approach achieved better tracking, lower effort, and strong
disturbance rejection, with simulations confirming stability and resilience under varying conditions. Future
work will address real-time implementation and extension to cooperative multi-drone systems with
communication delays and external disturbances.
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