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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,  Keywords:
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
Multi-Agent Systems

fuzzy control allocation method achieves high precision in controlling the landing of platforms to a Formation Flights

designated altitude. Ultimately, the platforms execute coordinated autonomous landing maneuvers with ~ Autonomous Landing

favorable conditions, sufficient stability, high accuracy, relatively short execution time, and minimal ~ Multi-Objective Optimization

control effort.

Genetic Algorithm

1- Introduction

In recent years, 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 module is
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 formation control problem
involving unmanned aerial vehicles (UAVs) by dividing
them into distinct groups with no interference between them.
Leaders of each group execute coordinated paths to manage
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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 the 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
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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( —vr +wq) =-mg.sin@+F, +F,
m( —ur +wp) =mg.singcos O+ F, +F, (1)

mW —ug +vp) =mg.cosgcosO+F, +F,

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

‘D‘Ixx _Ix; (’;+pq)+(122 _I”)rq :LA +LT
q.lyy_p”(lxx_Iu)—(Pz—rz)lﬁ =M, +M, 2)
A —pl_ —pqg, ~I )+rgl_ =N, +N,

While ¢, p, and r represent 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
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Fig. 1. State Variables of Agent, (a) Gamma Angle (y)
(b) Pitch Rate (q), (c) Altitude of Agents (H), (d)Coordi-
nated Formation of Agent

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 1 illustrates the system outputs, including
the flight path angle, pitch rate, and altitude for each agent
at every moment. Figure 2 demonstrates the behavior of
the lift actuators and the thrust vectoring system over time,
showing the deviation of each actuator for all agents during
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Fig. 2. Angles of Actuators During the Mission, (a) El-
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coordinated automatic landing. A general schematic of the
fuzzy flight control system and its performance is presented
in Figure 6.

In Figure 1(a), agents converge their flight path angles
to zero and stabilize at a specific altitude. Figure 2(b) shows
the pitch rates converging to zero. Figure 3(c) highlights the
agents’ stable altitude maintenance. Figure 4(d) demonstrates
the triangular formation and precise spacing among agents. In
Figure 2(a), lift actuator angles are shown, and in Figure 2(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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Table 2. The distance between follower agents and the
leader agent
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(81ve) (29,5 (¥) Y2959 (h) Vo353 oiled o Lo
PL ZE PB \
NL NB ZE Y
NL ZE NB Y
PL PB ZE f
PM ZE PM 5
NM NM ZE 5
NM ZE NM v
PL PM ZE A
PS ZE PS q
NS NS ZE Ve
NS ZE NS X
PS PS ZE WY
ZE ZE ZE W
PM NS PB X
NM NB PS Vo
NM PS NB '
PM PB NS VY
PS NM PB VA
ZE NB PB 14
PXL PS PB Y-

P2XL PM PB Y
PB PB PB YY
NS PM NB Yr
ZE PB NB Ye

NXL NS NB Yo

aay



Voo ¥ B AAY doio AFF Lo oV o)lad DF 0,93 S yual SlSo owodines 4 yiS

2 P pgigesyS ly o5 MBI L Bolas clacusban 5,8 sbxl |,

Wy pj daly 3o gl (slapgiges)S 9 o iy L) g L 03530

N ]S ed 0
Pv(?n :Pv(,)nfl (—de,nfl and })1?1 :O (\\N)
m
dv . = v.n (\\c)
2y

oanass 1,2 =0, (0 (ajp )lie 93 P, pgiseg S o aripgd o8
°'>)5T)'f ‘) L{z:w.)g.k?m 9 llb..\.\ﬁ fLoJ as u..)‘lm?s)}na)s U .)94»& odld
&S olapgiges,S o pladjl dlold (g5lwcdye (o5l wl ) oolawl b ciis’
Oy (o S5 L5)L“"w)"’ ‘_g);l)».w‘ u»lwl)) ‘J"‘Su“ 03)91)_3 ‘) [FRWE
3529 b S)yj olide 53 1385 Pluws jl (ol sl (Jb (2l b - S95o
@ Olisebl b g Copur 4y lapgigeg)S oS Cunl s aliniz slaad
2Ty Jgb )3 09 |, Kad WS 0 03,90 1) lacydgasme 45 Sam 4l
@ olidenl (wloly & Jods 13 odd (a8 lacudgize o g 5loding
g LSS pastie Sl 1y ST gl e pe (o5 e
iy gy |y ol Son B a8 e 03512 Lol 2 nte )
3 e slopgisas,s Sl ly (S TR S pgw o
)%)‘DDM‘Luw)WGcPBUIW9éEL&uu@& d]):w
Sy leMbl oo slapgjaeg S wid (silw auwd (sl ablas
SlapgisegyS 4 pie & WS (o0 dble 03 slapgiges,S L 1) 25>
ona )3 95 3m] Sl laa Slos (Jl (pod 3 3980 a5 g5
bla Yolee (o ysSl S oy (glp wad o Jlesl laiiye a4

W ISgbioe Gl 2 2o & e g (adas

P =05[(1+ SR +(1- B)P*™ ] (49)

Pjnew 20.5[(1_ﬁ)8Pmnts +(1+ﬂ)Pijm] (\7)

aqy

slj 9 YL agly ;Sols & (gilwainng s 44 jo il N9 o At

Wgd oo lo pj Sygo & anl ()

Ji=[ @, ()
T = (A, )dt (V)

IV ] ol g5 9948 s Dgame cddia L (g jluwdigy Alius

S =Min{J,,J,} (")

|xi|£Xl.
Aele SA
A |I<A

eng

|sse, | <SSE,

|p0i | < PO,
jor| <TR,

ELE

ENG

St

s (b yite ool X, ol dige sl Joly I lasgacme S
58 Dpygs By cosl ol jbre Jldo yS1ao X 5 ol dlai Joo
imd e i 1y Bl Sl asli 9 VL sblys Sledl Gl Sl
O Gl e g o ploj srmdplis cwiy 4 TR,
by g ogllae Jlie Sl Sieald peSle woy Sk PO, o,
oo Mo Slis g 5 le el (glas orimdslis SSE,,s5€, oo
T 4 Gilwaige Jolye [V ] sien 1 el slayiie 1 plaSya 4l
ol )
Ny XV i S b P lapgisns S 5l adsl g5 St Jgl 08
oyl duss Vg lapgigeg,S slasiN - ] ) oS 2l po ity
Silwaiy e ol 1) ileaire ln Sl 390 JpS
Sy lp Conl oo dlie el )3 g sl adgl 5 S aiges
4 Ailghs g Bl andls 3y b (oS BB L lapgigeg S iz 4]
S g5 syl 3 oolital b Sy |y gt (5l clgiS, y5bo

Solg 03l 3 CElESy Sl (a9 @ Olgin (S S



Voo ¥ B AAY doxio AFF Lo Y oylad DF 093 «puS pual CSlSo stiges & it

&b & G558 5 celly o 3l Gl b am Came i)z 6B

d9ds0 S5 oy b s aly ol 29 e Sl iyl (558 e
lyt S 039l 1) 00 s Gty Sl i by el cpiae oS
L, L, oss Gy Gt 3l slojpe 0l 59y 4 (slodinge oz yo5)
lyr S5 0,00 1y 5l 250 (sladulis (JolS jbo d Cl (Sa
013 il pj g d i pe wlal g3l o sSIl (LB See

)

Lu = maX(Pbtest > Pbtc:tl)
; ; (vY)
+max[(P,,. —P.;.),0.5N op |
L, = min(RL,.PL:) -
—max[(P,,, —Py;,),0.5N ]
Py =Py +1, (P —Fry) ()

g b abye bosoly cnyie s 4 Pl By, o oS
sl ey Al ya 33 005 ity Joly (st Py At 3
b i 098 Cusbge Sl 5 Sl sy & P P
Oiekae U ol ol wlas +/0 POP (595 s5y0 Sl Jilas aiten
Sl 3 ) (658 see ly 2Vl LUl o)lsan o)oKl g
O L g b Camar SuSTy a drgi b ligy psb 4 0 ccsiloaine
IV 2550 59y 2 gyl po g (e Sl
gt (1,015 Sk & g 3 e oyl iy P
J55 0 Gn a5 o ped 5 4 Djgo (nl pE )3 9o
e g 485 e > dingg bl lgie 4 el datl 5 &)Y
Pl (gl 23,5 o Jlae (5306 oS 558 4 ¢ 4 bogaye (slayial )l
8y o el g My Pl & Gl abjp ply dinge da
US55 6,500 bl a5 b b aimy ol 398 1 aeolie (Soliyd
Jlee! Lol el 00335 1 alais I j2aS" o)) aje wlgs a5 315 3935 ¥
i) 55 g Sblug bl el gl oaisS S 4 oyl sla el
(Jolse b 1pj s ollao )90 (nl &5 90 b Jole (gl (833
i ploxl jasuie glB)] 3 1) Sialen sadg)d (Slog 455 I ¢

aag

1
— 1
(1, +1) N7 +1 - -
[h(2—& Sy e

ﬂ: 1 771+1 1 (\V)
[2_,.1(2_5—(77#1))] N ()

2 1 arents
1+W.mﬂ[(ap L),
£= L, =P ’E: ::: < P/:’;:i W
1+W.Hﬁn[(f)jﬁarﬂm *Ll )’ Pj _<P)i
! i
(Lu _P[mem)
Rnew :F)[new +Z§(Lu _Ll) ( )
new new "
P =P + xe(L, —L;)
o
25+ -2 -0 T <03
= 1 s (¥+)
1_[2(1—7’2)+2(r2 _0'5)(1_1(')("”‘ H)]("mﬂ) 3
! 1 new o (Y\)
K:L — min[(P"" —L,),(L, —P"")]
1 r < Mp
é _{0 S (¥Y)

amdge ol |y e Wl g> PPT PP T s a8
g > it s 1y 008 g5 s PP
COlgSs wig b olai lpite Sen o (1 =1,2,3)
e 9 ol @l (sl ooliiel )50 @95 Sl lS 77,57, At
IS Gl oS sl ol 039 1, 9 G Jol M, il oo
Jlos Sos8 f il ald )3 95 o oalitl Jus o )3 65 ol
Syp P oS Jb a8 sbully a3 pilly 4 Sod5 5,8 48 5
Slgioo «Sog8 I S Bl 593 395 (il 1T w3 o 0jlal (558 &
Sop Y& oS S peie e sorguns ]y Lapgigeg S
ol i 03525 o 53 LS



Voo B AAY domis V¥ Sl ¥ 6)lad DF 053 yusS el CSilslo puntine 3

S 3l Ao SLrad (515 0 iy pa5 0395w LF Jgua

Table 4. Defined Range for the Constraints of the Optimization Problem
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Table 5. Genetic Algorithm Parameters
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