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ABSTRACT.

In many next-generation platforms, the application of control allocation approaches is one of the most
effective methodsfor performing, coordinated aerial maneuvers. This approach minimizes the energy required
for various operations, compensates for actuator faults, enhances reliability and dependability, and prevents
actuator saturation. This paper addresses the coordinated control of multiple agents for autonomous landing and
coordinated maneuvers using a<fuzzy control allocation approach. In this framework, one of the platforms
assumes the role of a leader agent, while the@ther two operate as follower agents. By employing a fuzzy controller,
optimizing its parameters with a'genetic algorithm, and allocating control signals among lift actuators and the
thrust vector control system, agents can be guided with desired stability, sufficient accuracy, and minimal control
effort to a specific altitude, followed by executing well-organized and synchronized maneuvers. The results
demonstrate that the fuzzy control allocation method achieves high precision in controlling the landing of
platforms to a designated altitude. Ultimately, the platforms execute coordinated autonomous landing maneuvers
with favorable conditions, sufficient stability, highaccuracy;'relatively short execution time, and minimal control
effort.
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1. Introduction

In recent vyears, advancements in aviation
technologies, particularly in automatic landing and
maneuvering, have highlighted the importance of
advanced control systems like control allocation. These
algorithms,optimize control signal distribution among
actuators to enhance maneuverability, fault tolerance,
and safety. In_coordinated flight scenarios, effective
communication between agents is critical, with a leader
agent managing formation and follower agents adhering
to commands. This™ hierarchical structure improves
overall performance, safety, and efficiency. Analyzing
coordinated «“flight, data . helps identify optimal
collaboration patterns and agent configurations [1]. In
this study, one moduleis introduced as the leader, while
two other modules act as“followers, maintaining the
desired distance and formation relative.to the leader. For
this purpose, the study utilizes aerodynamic lift actuators
and thrust vector control systems to.optimize control
allocation among actuators, aiming to reduce control
effort, enhance stability, and{ improve precision in
controlling module landings and executing‘coordinated
maneuvers. Hao et al. explored a fermation cantrol
problem involving unmanned aerial vehicles (UAYS) by
dividing them into distinct groups with nosinterference
between them. Leaders of each group execute
coordinated paths to manage missions, while followers
track their leaders’ paths to maintain group coordination
[2]. Kartal et al. proposed a distributed formation control
method based on the backstepping approach, ensuring
stability independent of communication delays between
UAVs. They considered a distributed control design
where agents update their position and status based on
situational data collected from neighbors [3]. Wang et al.
investigated the input delay issue in multi-agent system
control using directed graphs. Sequential predictive
observers were first designed to estimate future states for
each agent, followed by the design of adaptive controllers
[4]. Yan et al. studied formation and coordinated control
for multi-agent systems with time delays, proposing an
event-based controller to reduce communication loads. A
test platform with four UAVs demonstrated the expected
coordinated formation was achieved, and the proposed
controller effectively resolved formation control with
time delays [5]. The present study examines the
coordinated control of multiple modules for automatic
landing and coordinated maneuvers using a fuzzy control
allocation approach. Fuzzy controllers have lower
computational complexity than many other controllers
and exhibit reasonable robustness against uncertainties.
Additionally, fuzzy controllers are model-free, making
them highly applicable in complex or poorly modeled
systems. To enhance the efficiency of the proposed
controller, improve its precision in coordinated agent
landing control, and reduce control effort, a genetic

algorithm is utilized. This algorithm optimizes the fuzzy
controller parameters based on the problem’s objectives,
significantly improving the quality of coordinated
landings. The novelties of this article are summarized as
follows:
1) A fuzzy controller is used for the optimal allocation of
control signals between lift actuators and thrust vector
control systems for coordinated agent landings.
2) Unlike most studies where either aerodynamic
actuators (ailerons, rudder, elevator) or thrust vector
control systems are used individually, this study
simultaneously employs both types of actuators. The
control signals generated by the fuzzy control allocation
unit are optimally distributed between these actuators to
minimize control effort.
3) A genetic algorithm is employed to optimize the fuzzy
controller parameters considering two defined control
objectives, enabling coordinated landing and agent
formation with minimal control effort, sufficient
accuracy, and reasonable time while achieving highly
acceptable system stability.
2. Methodology

2.1. Dynamic model
This section outlines the nonlinear six degree of freedom
dynamic model for a rigid-body satellite. The force
equations in the body-fixed system are:

m(U -vr +wq) =-mg.sind+F, +F,
m{ —ur +wp) =mg.singcosd+F, +F (1)

m@@W —uqg +vp) =mg.cos¢cos o + F, +F.

Where u, v, and w are the linear velocity components, and
Favand Fr are aerodynamic and thrust forces. The
moment equations are:

P, 1, (F+pa)+(1, -1 Jrg =L, +L,
gl, —pr(d, <1 )=p" 1) =M, +M, @)
A, —pl, —pg(l, -1 )+rl =N, +N,

While g, p, and rrepresent the angular velocities around
the body axes.
2.2. Longitudinal flight control System Design.

Fuzzy logic controllers operate based on rules rather than
precise values. These controllers manage ‘the state and
formation of the satellite using lift force control and
thrust vectoring to coordinate agents during the landing
process. The fuzzy rules and knowledge base enable the
system to dynamically adapt and operate efficiently.even
under uncertainty and noise. In this article,«a fuzzy
controller based on 49 rules is used to control the agents
in the longitudinal channel.
3. Results and Discussion

This section presents the results obtained from the
simulations. Figure 4 illustrates the system outputs,
including the flight path angle, pitch rate, and altitude for



each agent at every moment. Figure 5 demonstrates the
behavior of the lift actuators and the thrust vectoring
system over time, showing the deviation of each actuator
for all agents during coordinated automatic landing. A
general.schematic of the fuzzy flight control system and
its performance is presented in Figure 6.
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Figure 5: Angles of Actuators During the Mission
(a) Elevator Angle
(b) Thrust Vector Angle of the Engine
In Figure 4(a), agents converge their flight path angles to

zero and stabilize at a specific altitude. Figure 4(b) shows
the pitch rates converging to zero. Figure 4(c) highlights
the agents' stable altitude maintenance. Figure 4(d)
demonstrates the triangular formation and precise

spacing among agents. In Figure 5(a), lift actuator angles
are shown, and in Figure 5(b), thrust vector angles remain
within £15.5 degrees.
4. Conclusion

This paper investigates the impact of using a fuzzy
controller for the autonomous landing of multiple agents
and the execution of coordinated aerial maneuvers from
different initial altitudes. The simulation results indicate
that the use of this controller can serve as an effective
tool for autonomous landing of the agents and for
establishing adequate conditions with sufficient
positioning to initiate aerial maneuvers at specific
altitudes. In this controller, by distributing the control
signal between the lift actuators and the thrust vectoring
system, the agents perform the descent process with
adequate accuracy, appropriate speed, minimal control
effort, and in a relatively short time, guiding them to the
desired altitude. Then, a coordinated maneuver is
executed, with both follower agents maintaining a
specified distance from the lead agent. This paper not
only contributes to improving the control of the landing
process for the agents but also presents an innovative
approach for utilizing fuzzy controllers to solve the
technical challenges associated with this process. Given
the positive results obtained from the fuzzy controller in
the autonomous landing and coordinated maneuver
execution process, it is suggested that future research
assess the controller’s capabilities in more complex
scenarios. The controller’s ability to adapt and
compensate in the case of faults in the agents' actuators,
such_as=lift or thrust vectoring system failures, can be
explored. Furthermore, the development and use of fuzzy
controllers integrated with neural networks could
enhance system accuracy and reduce reaction time.
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Figure 1. Membership Functions of Gamma Angle
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Figure 4. State Variables of Agents

(a) Gamma Angle (y) (b) Pitch Rate (q) (c) Altitude of Agents (H) (d) Coordinated Formation of Agents
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Figure 5. Angles of Actuators During the Mission
(a) Elevator Angle (b) Thrust Vector Angle of the
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Coordinated Control of Multiple Agents for
Automatic Landing and Execution of Formation
Elights using Fuzzy Control Allocation Approach
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ab Faculty of Aerospace Engineering, K. N. Toosi University of Technology, Tehran, Iran

ABSTRACT

In many next-generation platforms, the application of control allocation approaches is one of the most
effective methods for performing coordinated aerial maneuvers. This approach minimizes the energy required
for various operations, compensates for actuator faults, enhances reliability and dependability, and prevents
actuator saturation. This paper addresses the coordinated control of multiple agents for autonomous landing
and coordinated maneuvers using a fuzzy control allocation approach. In this framework, one of the platforms
assumes the role of a leader agent, while the other two operate as follower agents. By employing a fuzzy
controller, optimizing its parameters with a genetic algorithm, and allocating control signals among lift
actuators and the thrust vector control'system, agents can be guided with desired stability, sufficient accuracy,
and minimal control effort to a specific altitude, followed by executing well-organized and synchronized
maneuvers. The results demonstrate that the fuzzy control allocation method achieves high precision in
controlling the landing of platforms to a designated altitude. Ultimately, the platforms execute coordinated
autonomous landing maneuvers with favorable conditions, sufficient stability, high accuracy, relatively short
execution time, and minimal control effort.
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