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Abstract

While recent advancements in affine formation control have demonstrated that leveraging historical information can enhance swarm performance without
altering network topology, bridging the gap between theoretical models and practical, complex spatial maneuvers remains a significant challenge. To
address this, this paper investigates the maneuver control problem for a quadrotor swarm navigating through constrained environments, specifically gate-
traversing scenarios. Unlike existing literature that primarily focuses on follower tracking, we simultaneously address the planning and control problems for
both leader and follower agents. First, we develop a hierarchical framework incorporating planning strategies for formation rotation and scaling to
accommodate spatial gate variations and onboard visual perception constraints. Furthermore, to significantly enhance maneuver cohesiveness and overall
traversability, we propose a distributed formation tracking controller for followers that innovatively integrates historical horizontal velocity commands
(HHVC) and historical vertical acceleration commands (HVAC). The efficacy of the proposed approach is comprehensively validated through numerical
simulations and real-world experiments using a swarm of seven DJI Tello quadrotors. The results demonstrate that the swarm successfully traverses multiple

gates with diverse heights and orientations, exhibiting superior responsiveness, smoother trajectories, and improved formation cohesiveness.
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Introduction

Swarm robotics has garnered growing scholarly interest in recent
years due to its vast potential for applications in collaborative tasks,
including exploration!, inspection'?, and search-and-rescuet?. The
affine formation control methodology for swarm systems has gar-
nered attention due to its advantages of 'regulating a multitude
of followers with a minimal number of leaders' and its support for
various maneuver behaviorst.

The theoretical foundations for affine formation were established
in the previous researchl®], which delineated the necessary and suffi-
cient conditions for formation realization through graph-theoretic
analysis. Zhao!® developed control laws to track any target forma-
tion that is a time-varying affine transformation of a nominal con-
figuration. A hierarchical affine control algorithm, introduced in an
existing study!], is capable of achieving formation control under
partial information constraints.

Recently, affine formation control has garnered significant aca-
demic attention due to its flexibility in maneuvers. However, exist-
ing literature frequently overlooks the coupled planning problem
in constrained environments, which is crucial for real-world deploy-
ments. Wang et al.l®l addressed the prescribed-time affine forma-
tion control problem for multi-agent systems. Xiao et al.¥! inves-
tigated topology design and leader selection strategies, and
proposed an approach to optimize the stress matrix for efficient
communication, rapid convergence, and time-delay tolerance. Yu et
all'o1 introduced the historical commands to improve the system
cohesiveness.

© The Author(s)

For traversing tasks, most research focuses on the individual UAV.
Wang et al.l'? adapted the framework of model predictive contour-
ing control for high-speed path-following control applications to
address the limitations of the effective sensing range of onboard
sensors. Bonatti et al.'3! proposed a novel method for learning
robust visuomotor policies that can be trained purely with simu-
lated data. Cyba et al.l'¥ introduced two innovative control strate-
gies designed for autonomous drone racing.

Departing from the works on traversal capabilities of individual
UAVs, this paper emphasizes the traversal capability of drone
swarms across different gates. This shift introduces several chal-
lenges: (i) adaptation: the dynamic formation configurations in
response to gates at different heights and orientations; (ii) excellent
maneuver control performance: ensuring rapid convergence to the
desired configuration while maintaining strong cohesiveness; and
(iii) safety: collision-free maneuver.

To address these challenges, we propose an effective planning
and control algorithm for drone swarms traversing narrow areas.
The core idea involves transforming the problem of swarm forma-
tion traversal into a hierarchical design problem within the leader-
follower framework. In general, we simplify the planning of the
entire swarm's traversal formation into two key components: (i) the
traversal planning of leader drones; and (ii) the control of follower
drones with enhanced cohesiveness. Specifically, we analyze the
dynamic constraints imposed by the environment on the leader
configuration and design a maneuver control to ensure the safe
traversal of leader drones. Additionally, by constructively incorporat-
ing historical information into the formation controller of followers,
we improve the transient performance of the follower formation
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maneuver while maintaining system stability. Through the decou-
pling and hierarchical design, we significantly reduce the computa-
tional complexity of swarm planning, thereby enhancing the adapt-
ability and robustness of UAV swarms in complex environments. Our
key contributions are:

(1) We simultaneously address the planning and control pro-
blems for leader and follower quadrotors. This is different from
most existing works on affine formation maneuver control where
only the control problem of followers is concerned. More specifi-
cally, taking into account the gate-traversing scenario and con-
straints of onboard visual perception, we develop planning strate-
gies for both traversal direction and formation configuration. By
considering both horizontal and altitude maneuvers, this control
scheme enables 3D spatial (rather than just 2D) formation
maneuvers.

(2) Unlike conventional affine formation protocols that rely solely
on instantaneous states, we propose a novel distributed control law
augmented with Historical Horizontal Velocity Commands (HHVC)
and Historical Vertical Acceleration Commands (HVAC). This integra-
tion is specifically designed to counteract the inherent underac-
tuated dynamics of quadrotors, thereby significantly enhancing
maneuver cohesiveness and traversability when the swarm executes
aggressive spatial reconfigurations to navigate through sequential
narrow gates. The term cohesiveness performance refers to the syn-
chronization of a formation's transition from its current state to a
target configuration!’>l. In recent years, in fields of biological swarm
behavior, physics, and robotic swarm control, researchers have
discovered that leveraging historical or memory information can
enhance the cohesiveness of swarm systemsl10.11.16.17],

(3) We implement the planning and control solutions on a swarm
of 7 DJI Tello quadrotors. We consider the task of traversing three
gates with diverse vertical and horizontal configurations. Simula-
tion and experimental case studies are performed to verify the
performance improvement. The comparison results have demon-
strated that, compared to the results of the basic affine scale forma-
tion maneuvering algorithm!'8], our algorithm ensures significant
improvements in system responsiveness, smoothness, cohesiveness,
and traversability.

Preliminaries and problem formulation

Consider a group of n UAVs with n; leaders and n followers in
RY, where d >2 and n=n;+n; > d+ 1. A configuration of n UAVs is
defined by their coordinates {p}!, in Euclidean space R¢, denoted
as p=I[p{.....p;1=Ip/,pj1 €R™", where p; and p; denote the
coordinates of leaders and followers respectively. Besides, the
configuration matrix P € R"™¢ and augmented configuration matrix
P e R™*D are defined as:

Py pi 1
P(p)=|: |.P(p) = =[Pl (1)
pr prol

The dffine span of set {p;}?_ is defined as:

S:{Zaipi:uieRforalliand Za,—:]}, ?2)

i=1 i=1
where, a; is a scalar. Based on the work by Zhao!®, the set of points
{p:}_, affinely span R ifand only if n > d + 1, rank(P) = d + 1.
Given a constant set of points {r;}!_,, the nominal configuration
is defined as r=[rT,...,rT]= [rf,r;] e R4, The following dffine
image defined in the study by Lin et al.l®! is employed here:
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ﬂ(r):{q: lq¢F, gl e R : g; = Ar; + b,

3)
AeR™ and peRY,i = 1,...,n},

where, (A,b) represents an operator for dffine transformation, for
instance, a translation, rotation, scaling, shear, etc.

To describe the connection among UAVs, we consider an undi-
rected graph G = (V,E) consists of a node set V ={vy,...,v,} and
an edge set & € V x V. To distinguish different types of UAV nodes,
we define  V=[V,V,], where V,=[v,...,v] and
V¢ =[i1,...,v¢l. An edge (i,j) means that UAV i and UAV j
communicate with each other. The set of neighbors of UAV i is
defined as N; ={j e V|(i,j) € & i # j}. A formation is the graph G
with vertices {i}_; mapped to a point set {p;}; and denoted as
G.p)-

To describe the universal rigidity of a formation, the concept of
stress('?, is reviewed in this paper. For a formation (G, p), we apply a
positive or negative weight scalar w;; = wj; to all edges (i, j) of the
formation. The set of the weight {w;;}(; jes is denoted as a stress of
(G, p). Given a configuration p*, a stress is called equilibrium stress of
(G, p") if it satisfies 2jen; @ij(P;=P7) =0.YJ €V The stress matrix
Q e R? is the matrix form of equilibrium stress, expressed as:

1 1

—Wijj, i#J,jEN;,

[Ql;; =10, i+ JjeEN, “4)
DkeN; Wik, 1= .
Meanwhile, define
§=Q®1d=[9” 9””], )
Qp Qp

where, ® denotes Kronecker product, 1; denotes d x d identity matrix,
Q) € Ry, ﬁlf € RU@mx(dny) ﬁﬂ € RUnp)x(dny) and

ﬁff c R(dnf)x(dnf)_

Two lemmas regarding the universal rigidity and the problem of
leader selection are introduced.

Lemma 1 (Lemma 2[6]) A formation (G, p) is universally rigid if a
related positive semidefinite stress matrix Q exists and satisfies
rank(Q)=n—d - 1.

Lemma 2 (Theorem 2[6) For a given nominal formation (G, r), if the
set of {r;}je, dffinely spans in RY, then followers' coordinates p + can be
uniquely determined by leaders’ coordinates p; as p; = —ﬁ}}ﬁﬂpl.

Assumption 1 The nominal formation (G, r) is universally rigid, and
the set of points {r;}._, affinely spans R4,

Remark 1 Intuitively, universal rigidity ensures that the formation's
shape is uniquely determined by the inter-agent distances. Meanwhile,
a universally rigid formation guarantees that during formation maneu-
vers, no subset of agents can move independently while the rest remain
fixed, preventing geometric ambiguities. The affine spanning condition
ensures that the agents occupy the full d-dimensional space, so the
formation is non-degenerate and can perform all required translations,
rotations, and shape transformations.

Meanwhile, we define the formation error as:

€i.j = wijf(pi—pj), (i, ) € E. (6)
Motivated by Devasial'®!, we define the metric to assess the cohe-
siveness of affine formation as follows:

1 Ts
Ay= EJO le () —2(t)1], dr, )
where, T is the settling time. |-|; is the standard vector 1-norm,
er(t) =[e(0),....es(D]" €6 = X jen, wij(pi—pj) i € Vy and

et)=1/f Z{:l &(t),i € V denotes the average value of error ;.
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Remark 2 The metric A; quantifies the dynamic cohesiveness of a
formation during a maneuver. Physically, it measures how similarly the
individual UAVs converge to the desired formation over time: a smaller
Ay indicates that the UAVs remain closely coordinated, maintaining
their relative positions and velocities throughout the transition.
Conversely, a larger A reflects greater divergence among UAVs during
the maneuver, implying that some individuals lag behind or deviate
from the formation. In essence, Ay captures the structural integrity of
the formation as it evolves, providing a dynamic performance indicator
beyond simply comparing the initial and final states.

With the preliminaries, we proposed several controllers to
enhance the traversability of a UAV swarm under the assumption of
known traversable area information, which includes the width Wr,
relative position of the center Piuive, and heading angle ar of
the area. The rationale for this assumption is supported by recent
studies demonstrating that gate information, including size, relative
orientation, and relative position, can be reliably obtained from
onboard sensors such as camerasi20-22], Based on this, the focus of
this work is not on how the gate information is perceived, but rather
on how it is effectively utilized to enable formation traversal
through constrained areas. To evaluate the fast maneuverability and
traversability challenges while considering the dynamic characteris-
tics of copter drones, we strategically decouple the problem into
horizontal and vertical dimensions for efficient analysis and imple-
mentation, as shown in Fig. 1.

Considering that most commercial quadrotors provide velocity
and attitude autopilots as black boxes and exhibit stronger vertical
than horizontal maneuverability, we model the UAVs with single-
integrator dynamics in the horizontal plane (x-y) and double-
integrator dynamics in the vertical direction (2):
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pr=u’ieV, ®
Pi=ui,ieV,
where, pi” € R%, p¢ € R are the horizontal and vertical position of UAV i
and uf" eR?, u; € R denotes for the control input. Assume each UAV is
represented as a node, and the interaction relationships among them
are captured by the stress matrix. The target of horizontal formation is
to design distributed control laws ufy u;,i €V, such that

lim (p () = p7 () = & R(p;™ ()= ™ (D), Vi, j) € &, ©)
lim (p; (1) = (1) = (P;*(1) = p; (D), Y@, ) € &, (10)

where, « is a positive scalar and denotes the scale command, R € R
is the rotation matrix and denotes the formation rotation command.

This paper aims to enhance the traversability of UAV swarms
across constrained areas. The traversability optimization is achieved
by fully exploiting the roles of leaders in affine formation maneu-
vers. The cohesiveness of swarm systems is enhanced by using the
memory control commands to construct current control commands
for followers, motivated by the ideas mentioned in the study by Yu
etal.l'and Devasial'?.

Methodology

In this section, differentiated traversability optimization strate-
gies are proposed for both the leader UAVs and the follower UAVs in
the formation, as illustrated in the proposed framework shown in
Fig. 2.

In the proposed framework, UAVs are categorized as leader
and follower roles with distinct responsibilities. Leader UAVs are

Desire Angle and Scale Command

Horizontal Formation Scale and Rotation Maneuver

L)

Swarm UAV System Reliable, Accurate and Rapid Traversability

Reliable Flight Planner

Desire Height Command

Vertical Formation Maneuver

==
D=

— ==

Fig. 1 Diagram of a UAV swarm traversing problem.
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Fig. 2 Diagram of a UAV swarm traversing framework.

assumed to have access to the necessary gate information, includ-
ing width Wr, relative heading angle a7, and relative position
Prelative- This information is necessary to generate safe traversal
trajectories and determine formation configuration. Follower UAVs
do not directly access the perception information; instead, they rely
on the neighbor's historical control signals to maintain formation
cohesion.

For leader UAVs, the optimization of traversability is approached
through two distinct aspects. First, as the core decision-making
units, the leader UAVs must exhibit superior individual traversability,
primarily reflected in their ability to navigate swiftly through geo-
metrically constrained areas using available perception information.
Second, as formation leaders, they are responsible for dynamic
reconfiguration of the formation. This requires computing forma-
tion parameters, including size and heading, based on the geome-
try of constrained areas.

For follower UAVs, traversability is largely contingent on the main-
tenance of formation cohesion. Followers must employ distributed
collaborative control algorithms to promptly respond to the desired
position, which is produced by the leaders' maneuvering in affine
formation control. By continuously adjusting their position in real
time, they preserve the structural cohesiveness of the formation
configuration. This enables the dynamic adaptation of the forma-
tion, ultimately improving the overall traversability.

Based on the above analysis, we proposed a comprehensive
controller as:

Iy v - .
xy uixy + u{X) + u;’ 1€ (Vl’
u.. =
! ™ e, i€Vy,
P (11)
. us:, eV,
Ve 1
YT eV
u®, ie€Vy,

where, ui”ufz € V, are the traversal control inputs for leaders based
on target relative geometry to achieve optimal alignment with con-
strained areas, while rapid traversal u‘if",i € V, are the formation con-
trol input to adjust the subgraph of leaders with optimal traversable
formation parameters. u{‘yulfz € Vy are the formation control inputs
for followers to promptly respond to the maneuvering of leaders and
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keep the formation cohesiveness. u$,i € V is the control input to avoid
collision among UAVs.

Formation tracking controllers for followers
Motivated by the ideas in our previous works!'%11, we introduce
the historical command to enhance the system performance:

u,].cxy(t) =—kJk; Z wifl (7 (@) = p7 )]

(i,))e&
k3 Y wylul -0 -ul (- 1)) (12)
(i,))e&
+u™(t-1),ieVy,
() ==Kk, > Wi l(pi0 - pio)]+ul 1 =1)
(i,))e&
DI (CHORYAO)) (13)
(i,))e&
42 fa :
-k Z a)fj[ui (t—1)— u; -1 ieVy,
(i,))e&

where, 7 =nx*T,n € N* denotes delay period, T denotes the control
period, and k5, k%, k,;" are positive scalars.
Lemma 3 (Theorem 2['%) The horizontal tracking error of followers

are globally uniformly ultimately bounded with T > 0 if k) is satisfied

0<ky < min {%}
1<ffsng | A fyf
where, /le’}, is the eigenvalue of ﬁ;}f
Lemma 4 (Theorem 10'1]) The vertical tracking error of followers
are globally uniformly ultimately bounded with t >0 if ki, k5, k; are
satisfied

(14

0<ki < min

2
1<ffsng /lj.f ’

(2 2-2 [1-(1-KA, 2

S R
wff

15)

>

max
k;, I<ff<ng

. . —Z
where, /l;_ ;s the eigenvalue of Q.; .
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Design of formation controller for leaders

According to Lemma 2, the subgraph associated with d+1 pairs
of leader UAVs are selected as V; = {vy,...,v}.

To guarantee the secure and reliable traversal of the entire swarm
formation through traversable regions, a robust safety strategy is
established to generate scaling and rotational commands, which are
subsequently transmitted to the leaders.

(1) Scale command design:

(16)

where, k£ . € (Amin, 1) is a scalar, WT is the maximum traversable width
and W* = IIlaX,'eq/{p '} — } denotes the width of the nominal
formation.

(2) Rotational command design:

For the purpose of smoother formation dynamics and the elimi-
nation of abrupt angular deviations, an intermediate auxiliary
variable is introduced to optimize the robustness and continuity of
rotational formation maneuvering. The rotational command is
generated as:

mine{p;

{ad =1, < 10deg /s, .

Ug = _k; . (al[ - (YT)’

where, ar denotes the heading angle of the gate, a, is the rotational
angle command, and & is a positive scalar.

(3) Controller design:

To implement desire scale and rotation generated by the above
strategies, the leader UAV's formation controller is designed as:

_k” _
=Ky Z w'/ (p, p/

()=

—ke D107 -p

(i.)e&

(13)

)=k R} = )i €V,

i€V denotes the horizontal position of UAV i, w

denotes the stress of edge (i, j) , k,, and k, are positive scalars, « is the

where, p”,

cosay —Sinay
sinay  cosay |’
and a, is desire rotation command generated by Eq. (17). The former

entry of Eq. (18) means the internal force to keep the formation shape
and imporve the cohesiveness, while the other one represents the
external force to implement the formation scale and rotation.
Theorem 1 Under Assumption 1, the horizontal tracking error under
controller (12), (18) are globally uniformly ultimately bounded.
Proof 1 From Lemma 3, we have

desire scale command generated by Eq. (16), R =

limp? + Q0 Qlp® =0 19
Hml’f rf Seppp =Y (19)
where, [p’l"T, . p;’T]TeRz”I and
T T
=[p, P ]TGRZ”f.
For leaders, the controller (12) can be written as:
—y
“;y:—ﬂu P; Q/fP,« Q// P1 s (20)

where, p;” = [p'yT,...,ﬁlM] eR>,and p* € R? is defined as:

~Xy

p=p —k-RpVieV, @y

by using the stress equilibrium condition that Q,; 'p”‘ 0. Then, the
closed-loop error dynamics can be written as:

_—Qn Pl Ql/pf ﬁzfﬁfy» (22)

combining Egs (19) and (22), we have

Yi et al. International Journal of Micro Air Vehicles 2026, 18: €012

International Journal
of Micro Air Vehicles

= —Q” [Jf‘. (23)

Note that the eigenva of thls matrix always holds negative real part

according to Lemma 1 and Assumption 1. Hence, the error globally
exponentially converges to zero, which means

*XY

llmpl =k-Rp,~. 24)

Thus, Eq. (19) can be written as:

xle\*

tllglop =-k-RQ, Qﬂpl S =k- Rp*x). 25)
Based on the analysis presented above, we have
}im PP =k-Rp;VicV. (26)

Traversal controller for leaders
To facilitate the design of the travel controller, we defined direc-
tion error Ejyeral and forward error Egoryward a5S:

n n
Ejorvara = Proj(Ey,m) = 2ot 2
orvar il ilnll (27)
Elateral = ET - El’orwards
where, E7 = Praive denotes the position error between the leader
UAV and the gate, ||-|| denotes the Euclidian norm of a vector,

= [cos@,sin@] is the normal vector of the constrained area and
a=a—ar is the angle difference between formation and the
constrained area. From the error (27), the travel controller is designed
as:

M?‘ = kafnrward +kaEatera, 1 € V. (28)
Considering a dangerous case that leaders are seriously close to
the traversable area but not aligned with the center of the area,

shown as Fig. 3b, the controller is further improved as:

U IEforwarall
dsafe ”Elateral”

MZX)V = k¢ | Etorward = || Eforwardll - 2 29)

+ kdElaterahi € (VI,

where, dg is a positive scalar denoted as a safe distance. Note
that, Egs (29) and (28) exhibit approximate equivalence if
”Eforward” > “Elatera]”~

Additionally, to achieve optimal alignment of the leader UAVs
with the constrained area in the vertical dimension, the travel
controller is designed as:

Ui ==k 5=k i i € Vi, (30)
where, pi,ieV denotes the vertical position of UAV i, p_ is the
relative position between leaders and the center of the constrained

area in vertical planar. k;[ and &, are positive scalars.

Er

* X

x

Eforward

Elateral

: Elateral :
. b !
Fig. 3 Diagram of leaders trajectory planning under normal and dan-
gerous cases. (a) Trajectory planning under normal cases. (b) Trajectory

planning when the leaders are seriously close to the constrained area
but not aligned with the center of the area.
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Collision-free controller
To ensure that multiple UAVs successfully achieve the desired
formation, it is essential to implement an effective collision avoid-
ance mechanism. According to the study by Guo et al.l3, the colli-
sion avoidance controller for UAV i is designed as follows:
— c C cr Xy . Xy
u; = —kap,-,-—kv(p,- —-p;)
JEN;
{ p-p? i€V 31
pf = Xy Xy Xy Xy °
N (T ool el

where, k5, k; are the positive gains, and r{ is a positive scalar denoted
as the safe distance among the UAVs. The stability analysis of the
controller (31) has been addressed in referencel®”, and a detailed
discussion is omitted.

Applications to quadcopters

The dynamics of a quadrotor system is typically characterized
through the Newton-Euler formulation for rigid body motion, which
provides a fundamental framework for platform stabilization and
control. The dynamics of a quadrotor can be described as(?:

¥ 0 —sinf
y|=10 [+—]cosOsing|f, (32)
7 -g mn cosfcos

where, x,y,z is the position of mass of the quadrotor, 6, ¢ is the eular
angle of the quadrotor, and f denotes the thrust.

For the typical configuration of a quadrotor, there is an autopilot
onboard that controls its stability while following horizontal velo-
city commands given by an external position controller, shown in
Fig. 4. In addition, to implement the vertical controller, compared
with (32) and (8), we can design the desired thrust as:

a__ 874

R ) (33)
cos ; cos b;

Numerical simulation

To address the improvement of formation cohesion, transient
response, and steady-state accuracy in quadrotors, we provide a
numerical simulation example to validate the effectiveness of our
method. Also, a comparison between the proposed approach of this
paper and the approach introduced in referencel’® is made in this
section. To validate the performance of the algorithm under real
quadcopter dynamics, we used the first-order plus time-delay

https://doi.org/10.48130/mav-0026-0012

(FOTD) model to identify the velocity loop in DJI Tello drones. The
identified model is considered for simulation and described as:

V(s) 09889 .
Va(s) ~ 0.4899s+1 ’

Three cases are conducted in this section, as shown in Table 1.
Case 1 demonstrates the performance improvement in the position
control by utilizing historical velocity commands. Case 2 illustrates
that the utilization of historical information significantly enhances
the performance of the quadrotor altitude control. Case 3 verifies
that the formation successfully completes the task of crossing diffe-
rent door frames. The simulation verifies that the proposed forma-
tion control strategy enables the group to navigate through various
obstacles rapidly. The nominal framework is shown in Fig. 5, where
orange nodes represent the leader and white nodes indicate the
followers. This ensures that the formation can maintain a line-type
following structure without altering the topological relationships.

(34

Simulation case 1

The simulation verifies the performance improvement achieved
by introducing HHVC in position control. In this scenario, a door
frame is constructed at the same altitude as the quadrotors, mean-
ing that each quadrotor only needs to adjust its horizontal position
to reach the desired location. The leader's trajectories are set to
maneuver through the door frame, while the followers must
converge to the nominal formation to jointly cross the target door
frame. In this scenario, the follower formation control convergence
performance is compared under both active and inactive historical
velocity commands. The parameters are as follows:

kp=1ke=0.1,7=0.02,k, =017,k = 1.25,

. W (€R))
without HHVC: k; = 1,k = 0.1,k, = 0.17,k;" = 1.25.

Figure 6 shows snapshots of the initial and terminal states, 3D
trajectories, and tracking errors, with parameters. Note that the
initial states are equivalent. Figure 6a illustrates a bad crossing task
due to a lack of cohesion. In contrast, Fig. 6b demonstrates that the
introduction of HHVC enhances cohesion in formation maneuver
control, enabling successful completion of the crossing task. The
comparison of cohesiveness is summarized in Table 2.

Simulation case 2

This simulation aims to verify the performance improvement
achieved by using historical acceleration commands in altitude
control. A door frame is set up in the simulation environment, where

Ja |

Electronic

speed controller

Control

allocation

Motors and
propellers

flo'

6-DOF motion model

Historical commands and state information of UAV 1's neighbor

HVAC ( Low-level controller

7| .
2 Vertical Calculate

controller desired thrust

Desired
yaw angle Attitude
Horizontal |V Velocity Calculate controller
controller controller desired attitude ba

|
Xy Vi, Vy, Vg 0, ¢’w
HHVC
UAV 1

Kinematics

Dynamics

UAV 2
UAV ...
UAV n

Fig. 4 Designed vertical and horizontal controllers applied to the quadrotor with a low-level controller. Note that the paper is not concerned with yaw

planning, and we set the desired yaw angle to zero.
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Table 1. Simulation cases and purposes.

Case The purpose of the experiment cases

Case 1 To verify the HHVC improves the performance in position control
Case2  To verify the HAC improves the performance in altitude control
Case3  To verify the adaptivity of the controller to diverse maneuvers

Fig. 5 The nominal framework in simulation. Orange nodes indicate
leaders and white nodes indicate followers. Solid lines represent
positive stress while dashed lines denote negative stress. All lines are
used for communication in the original network (47 edges), and blue
lines are used in the line-type network (24 edges). P(r) is the initial
position.

the leader adjusts its altitude to complete the maneuvering task of
crossing the door frame. The follower must perform altitude track-
ing control to ensure that the quadrotors cross the target safely. This
simulation compares the altitude control performance with and
without the introduction of historical acceleration commands. The
parameters are as follows:

a Without HHVC

[ Door frame

International Journal
of Micro Air Vehicles

kp =0.9,k, =2.0,7=0.02,k; = 1.0,

. : (36)
without HHAC: k, = 0.9,k, = 2.0,k} = 1.0.

The simulation results are presented in Fig. 7. More specifically,
Fig. 7 shows quadrotor trajectories and tracking errors. In this case,
Fig. 7a shows a collision during the crossing task, indicating that
insufficient cohesion in altitude control can lead to task failure.
Figure 7b demonstrates that the quadrotors successfully cross the
door frame quickly and safely by using historical acceleration com-
mands. To further compare the improvement in cohesion perfor-
mance, we evaluate the cohesion with and without HAC, which are
summarized in Table 2.

Simulation case 3

The purpose of this simulation is to verify the capability of the
proposed controllers in a complex multi-frame crossing task. We set
up several door frames of varying sizes, altitudes, and headings in
the simulation environment. The group of quadrotors must maneu-
ver through all the door frames rapidly and safely, relying on both
position and altitude controllers proposed in this paper. In this simu-
lation, the parameters for position control and altitude control are as
follows:

HHVC: kf = 1,k. =0.1,7=0.02,k, = 0.17,k;y =1.25,

. (37
HVAC: k, = 0.9,k, =2.0,7 = 0.02,k; = 1.0.

The crossing process of the formation is illustrated in Fig. 8, which
provides the top view of different crossing moments for frames.
The three-dimensional trajectories of the quadrotors are shown in
Fig. 8b. From the trajectory simulation results, we observe the
following: (i) When passing through the second door frame, the

b With HHVC

I:' Door frame

rv Trajectory

W
4?: t=0s / 2 Trajectory
] 2r
(A
o 1
; > I —
a, -1F t=500s
o t=250
= -2 s
-4 -2 0 2 4 6 8 10 12
X (m)

200 300
Time (second)

5 10 15
Time (second)

Fig. 6 Simulation case 1. (a) Top view, trajectories, and error dynamics without HHVC in position control. (b) Top view, trajectories, and error dynamics

with HHVC in position control.
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Table 2. Lack of cohesiveness A in three different cases in simulations.
Case 1 Case 2
Channel Case 3
Without HHVC With HHVC Without HVAC With HVAC
Position (x)  Unsettled 2.58 / / 2.34
Position (y)  Unsettled 0.99 / / 0.84
Altitude (2) / / 0.74 0.019 0.02

formation switches to a line-type formation to complete the cross-
ing due to its narrow width. (ii) When passing through the fifth door
frame, the safe distance between formation members increases,
which is relatively wide. (iii) When facing the last door frame, the
formation contracts slightly to ensure safe passage. These observa-
tions demonstrate that the controller, based on historical command
information, effectively ensures the cohesion of a group of quadro-
tors under control.

Experiments

To verify the improvement in the formation cohesiveness and
traversability, real indoor experiments have been conducted on a
group of seven DJI Tello quadcopters (Fig. 9a). The topological rela-
tion of seven DJI Tello quadcopters is shown in Fig. 10. Two experi-
ments are considered and the scenario design is shown as Fig. 9b.
The first experiment is to verify the significant improvement in
formation cohesiveness and the enhancement of swarm UAV
traversability following the integration of historical commands. The

a Without HHAC

[] Door frame

rv Trajectory

t=25s

Front view of UAVs

https://doi.org/10.48130/mav-0026-0012

second experiment is to verify the performance and traversability of
the proposed method.

Experiment case 1
Comparing the traversability of formation scaling strategies
with and without the HHVC

From Fig. 11, the formation controller without HHVC has a large
formation tracking error and causes a collision while travelling the
constrained area. From Fig. 12, the formation controller with HHVC
is more cohesive and successfully traverses the constrained area
without any collision. From Table 3, we can learn that the formation
controller with HHVC is more cohesive than the one without HHVC.
Based on the results, we conclude that the introduction of HHVC
improves the cohesiveness and the traversability of the UAV swarm.

Experiment case 2
Comprehensive formation traversable maneuver in multiple
constrained areas

From Fig. 13a, the UAV swarm successfully traverses all gates with
different heights and orientations. From Fig. 13b, the horizontal
formation tracking error converges rapidly while maneuvering.
From Fig. 13b, the vertical formation tracking error remains small
throughout the whole flight because the acceleration command
generated by the vertical formation controller possesses higher
dynamic response capability for drones. Besides, the mean lack of
cohesion of As of the traversing formation task in three axis are

A_’f‘. = 0.292,A_;. = O.ZOS,A_;. =0.111, respectively, which indicates the
cohesiveness of the drone swarm is quite strong.

b With HHAC

I:I Door frame

ro Trajectory

t=25s

Trajectories of UAVs

Tracking errors (m)

5 10 15 20 25
Time (second)

) 5 10 15 20 25
Time (second)

Fig. 7 Simulation case 2. (a) Front view, trajectories, and error dynamics without HHAC in altitude control. (b) Front view, trajectories, and error dynamics

with HHAC in altitude control.
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Fig. 8 Simulation case 3. (a) Top and 3D views of quadrotor swarms trajectories; (b) formation tracking errors in position control; (c) formation tracking
errors in altitude horizontal control; (d) formation tracking errors in altitude control.
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Fig. 9 Experimental setup. (a) Diagram of communication topology, signal flow and experiment platform. Note that our proposed distributed algorithm
was experimentally verified using a centralized communication infrastructure. (b) Snapshots of experiments scenario setup. The Left one is for the

experiment 1, and the right one is for the experiment 2.

12 -0.15
08 05
0.8 -0.8

P(p*)=100 08
-08 03
0.0 -1.0
-08 -0.6

Fig. 10 Nominal formation based on an undirected graph in the
experiment. Green nodes represent the leaders. P(p*) is the vector of
positions of the nominal formation framework.
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The experimental results demonstrate that our proposed method
enhances both the cohesiveness and traversability of the drone
swarm formation, enabling the effective and secure traversal of
constrained regions with rapid task completion.

Conclusions

This paper proposed a new approach based on an enhanced
affine formation maneuver control for a swarm of quadrotors to
traverse multiple gates. The target formation is a time-varying affine
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Fig. 11 Experiment 1: Traversing task using the controller without HHVC. (a) The complete trajectory of the travel task and the traversability of the UAV

swarm. (b) The formation tracking error of the UAV swarm. (c) The snapshot of a UAV swarm traveling in the constrained area.
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Fig. 12 Experiment 1: Traversing task using the controller with HHVC. (a) The complete trajectory of the travel task and the 3D traversability of the UAV
swarm. (b) The formation tracking error of the UAV swarm. (c) The snapshot of the UAV swarm traveling in the constrained area.
(k5 =0.8,k, = 1,k;y =0.83).

transformation of a nominal formation, and the two types of  double-integrator, are proposed to improve the formation tracking
formation maneuver, rotation and scaling, are mainly considered.  performance in horizontal and vertical channels. We also propose a
The distributed control laws for follower quadrotors, which actively ~ method to generate scaling and rotation control commands for the
use the historical control commands for single-integrator and  leaders. We consider the flight task of traversing three gates with
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Table 3. Lack of cohesiveness A in Experiment case 1.

Cohesiveness As

HHVC
X-axis y-axis
Without Unsettled 0.723
With 1.053 0.287

diverse altitude and directional configurations to evaluate the
proposed algorithms on a swarm of seven DJI Tello quadrotors. Both
numerical simulations and physical experiments demonstrate the
efficacy of the proposed method, characterized by rapid transient
response, high-fidelity tracking, and robust traversability through
diverse gate configurations.

Future work includes two aspects: (1) theoretically analyzing the
performance of the closed-loop system by incorporating identified
autopilot models; and (2) robustness optimization of onboard
perception, planning, and control algorithms.
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