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Abstract: Multi-Cluster Quadrotor Cooperative Suspended Payload Systems (MQCSPS) offer enhanced payload capacity and trans-
portation flexibility, making them promising for autonomous aerial transportation in complex and uncertain environments. However,
unknown external disturbances and the coupled dynamics among multiple quadrotors and the payload pose significant challenges to
accurate formation tracking and stable cooperative transportation. To address the distributed formation-tracking control problem of
an MQCSPS subject to unknown disturbances, a disturbance-observer-based distributed formation-tracking control method is pro-
posed. Specifically, distributed sliding-mode formation controllers and sliding-mode tracking controllers are designed for the payload
and quadrotors, respectively, enabling accurate trajectory tracking of the quadrotors while maintaining the desired distributed for-
mation of the payload. A disturbance observer is incorporated to estimate and compensate for the effects of unknown disturbances,
thereby improving the disturbance-rejection capability of the closed-loop system. Through Lyapunov-based stability analysis, the uni-
form ultimate boundedness of the closed-loop tracking errors is established. Simulation results demonstrate that the proposed method
achieves accurate payload formation tracking and stable quadrotor motion in the presence of disturbances, validating its effectiveness
for cooperative aerial transportation in complex environments.
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1. Introduction

In recent years, unmanned aerial vehicle (UAV) suspended
transportation technology has attracted significant attention
owing to its high maneuverability, rapid deployment capabil-
ity, and operational flexibility, demonstrating broad application
prospects in low-altitude economy, intelligent logistics, and emer-
gency rescue scenarios [1, 2, 3]. However, the payload capacity
of a single UAV is fundamentally constrained by its thrust and
lift, making it insufficient for large-scale cargo transport. Coop-
erative transportation using multiple UAVs effectively enhances
payload capacity, operational reliability, and energy efficiency,
thereby emerging as an active research topic [4]. With the
rapid advancement of cooperative control and autonomous
decision-making technologies, multi-UAV transportation systems
are evolving from small-scale cooperation to cluster-based collab-
orative transportation, enabling efficient aerial logistics over large
areas and exhibiting great potential for complex applications such
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as mountainous logistics and disaster relief. Nevertheless, with
an increasing number of UAVs, the overall system exhibits strong
nonlinearity, high dimensionality, and intense dynamic couplings,
creating significant challenges for conventional control methods
to simultaneously maintain transportation accuracy, formation
stability, and robustness. Therefore, developing high-performance
control strategies for cluster-based cooperative UAV transporta-
tion systems with suspended payloads subject to unknown
disturbances is of significant theoretical and practical value.

In recent years, extensive efforts have been devoted to the
modeling and control of cooperative multi-UAV suspended trans-
portation systems, leading to substantial progress. Regarding
dynamic modeling [5, 6, 7], comprehensive dynamic models have
been established for systems involving flexible cables, rigid-flexible
coupling, and cooperative transportation by multiple UAVs,
providing a solid theoretical foundation for controller design.
In terms of control strategies, robust control [8], backstepping
control [9], and nonlinear control [10] have been extensively inves-
tigated to improve trajectory-tracking accuracy and disturbance-
rejection performance. Among these approaches, sliding-mode
control (SMC) has garnered considerable attention owing to its
inherent robustness against parameter uncertainties and external
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disturbances, rendering it well suited for UAV suspended load
systems [11]. Furthermore, to improve disturbance-rejection
performance under complex operating conditions, disturbance-
compensation approaches including the extended state observer
[12] and the disturbance observer [13] have been integrated
into UAV control systems for real-time estimation and com-
pensation of unknown disturbances. Despite these advances,
existing studies have primarily focused on single suspended load
systems or centralized cooperative control frameworks, while
distributed cooperative control for multi-cluster quadrotor coop-
erative suspended payload systems (MQCSPSs) remains relatively
underexplored. On the one hand, the complex dynamic cou-
plings and communication topology constraints among multiple
UAVs significantly limit the applicability of centralized control
schemes. As the system scale increases, both computational com-
plexity and communication overhead grow rapidly, resulting in
poor scalability. On the other hand, most existing distributed
control approaches assume that external disturbances are either
known or accurately modelable. In contrast, the combined effects
of unknown external disturbances and modeling uncertainties
are rarely considered. Consequently, transportation accuracy and
formation stability cannot be effectively guaranteed in complex
environments. Therefore, there is an urgent need to develop a
novel distributed control strategy that simultaneously possesses
distributed cooperative capability and effective compensation
for unknown disturbances, thereby improving the cooperative
transportation performance and robustness of MQCSPSs under
complex operating conditions.

Motivated by the above observations, a distributed
formation-tracking control method based on a disturbance
observer is proposed. To simultaneously tackle cooperative pay-
load formation, payload transportation, and quadrotor trajectory
tracking, a distributed sliding-mode formation controller is devel-
oped for payloads. Meanwhile, a sliding-mode trajectory-tracking
controller is devised for quadrotors, which facilitates the con-
struction of a unified cooperative control framework. The key
contribution of the proposed approach is to treat the payloads
as distributed cooperative nodes and establish a distributed for-
mation mechanism based solely on local communication among
neighboring payloads. Through information exchange between
payloads, multiple quadrotor-suspended transportation systems
can achieve coordinated formation flight without requiring a
global communication network among all quadrotors, thereby
significantly reducing communication overhead and improving

the scalability and robustness of the overall control architecture.
Furthermore, a disturbance observer is incorporated to online
estimate and compensate for unknown disturbances, thereby
improving both the accuracy of formation transportation and
system stability under complex operating environments.

Notation Description: For matrices A and B, A×B and A⊗
B denote the matrix cross product and the Kronecker product,
respectively. 𝜆min(A) denotes the minimum eigenvalue of matrix

A. For the vector X = [X1,X2,X3]T, X× = ⎡⎢⎢⎣
0 −X3 X2

X3 0 −X1−X2 X1 0

⎤⎥⎥⎦
denotes the skew-symmetric matrix of X. I3 and I3n are identity
matrices with dimensions 3 and 3n, respectively.

2. Problem Description

2.1. Dynamics model

Figure 1 illustrates a schematic diagram of the MQCSPS,
which consists of n quadrotor cooperative suspension-payload
systems (QCSPS). Each QCSPS comprises m quadrotors con-
nected to a payload via linkages. As shown in Figure 1, we
define the inertial frame as I = {xI, yI, zI}. The positions of the
j th quadrotor and the payload in the i th QCSPS are denoted
as Pi j = [xi j, yi j, zi j]T(i = 1, . . . , n; j = 1, . . . ,m) and PLi =[xLi, yLi, zLi]T, with their respective masses denoted as mi j and
mLi. The length and direction vector of the j th suspension rope
in the i th QCSPS are denoted as li j and qi j, respectively. Accord-
ing to Figure 1, under the assumption that both the payload and
the suspension rope are rigid bodies [6], the quadrotor position in
the i th QCSPS can be expressed as Pi j = PLi − li jqi j.

The control input ui j for the j th quadrotor in the i th QCSPS
is defined as ui j = upi j + uvi j, where upi j and uvi j represent the
orthogonal projections of ui j along the direction of qi j and onto
the plane perpendicular to qi j, respectively. Let 𝜇i j be the virtual
control signal parallel to qi j. Then, the parallel component of ui j
can be expressed as [14]

upi j = mi jli j ||vi j||2 qi j +mi jqi jq
T
i j ( 1

mLi
∑m

j=1
𝜇i j) + 𝜇i j (1)

where vi j represents the angular velocity of the j th suspension
rope in the i th QCSPS.

Figure 1
Schematic diagram of MQCSPS
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In the presence of unknown disturbances, the model
equations of the i th QCSPS are described as [14]

P̈Li = ge3 + 1
mLi

m∑
j=1

𝜇i j +DLi (2)

q̇i j = vi j × qi j (3)

̇vi j = 1
mLili j

q×i j
m∑
j=1

𝜇i j − 1
mi jli j

q×i juvi j +Di j (4)

where g represents the gravitational acceleration, e3 denotes the
unit vector, and DLi and Di j represent unknown disturbances.
Remark 1: The generalized control input ui j of each quadrotor

is decomposed into the components parallel and perpendic-
ular to its suspension cable. The parallel component upi j is
responsible for regulating the translational motion and forma-
tion relationship among different Suspended Payload subsys-
tems and is determined by the distributed payload formation
controller. In contrast, the perpendicular component uvi j regu-
lates the cable direction and is determined by the centralized
quadrotor tracking controller within each subsystem. This
input decomposition effectively decouples the inter-subsystem
formation coordination from the intra-subsystem quadrotor
coordination.

2.2. Graph theory

The network topology for payload formation is an undi-
rected graph [15, 16, 17]. The communication architecture is
represented by the graph  = (V,E), comprising n vertices
and L edges, where V and E are defined as V = {1, . . . , n}
and E = {(i, k)|i, k ∈ V, i ≠ k}, respectively. The neighbor set
Ni(E) of vertex i is defined as Ni(E) = {k ∈ V|(i, k) ∈ E}.
The adjacency matrix  = [aik] determines whether vertex i
can receive information from vertex k, where aik = 1 indi-
cates a connection, and aik = 0 otherwise. The degree matrix
 = diag(1, . . . ,n) is obtained by summing the row elements
of , and the Laplacian matrix  is defined as  =  −.

Additionally, for a payload formation consisting of one leader
and n followers, another graph ̄ is introduced. The adjacency
matrix of the leader is defined as  = diag(b1, . . . , bn), where
bi = 1 indicates that the i th follower can receive data from the
leader, and bi = 0 otherwise.

2.3. Control objective

The control objective of this paper is to design a distributed
formation-tracking control method based on a disturbance
observer for the MQCSPS under unknown disturbances, achiev-
ing formation control of the payload and trajectory-tracking
control of the quadrotors. To facilitate the controller design, the
following assumptions are provided:
Assumption 1: All cables remain taut during the transporta-

tion process under consideration. Each cable is modeled as a
massless and inextensible link with a constant length li j > 0, and
all system states are measurable [18]. Moreover, the attachment
point of each suspension cable is assumed to coincide with the
center of mass of the corresponding quadrotor [4].
Assumption 2: The unknown disturbances DLi and Di j are

bounded and continuously differentiable, with bounded first-
order time derivatives, i.e., ||ḊLi|| < 𝜖Li and ||Ḋi j|| < 𝜖i j, where𝜖Li and 𝜖i j are unknown bounded positive constants [19].

Assumption 3: The attitude/thrust inner loop of each quadro-
tor has a sufficiently fast response compared with the trans-
lational outer-loop dynamics [11]. Consequently, the desired
attitude and thrust generated by the outer-loop controller can
be tracked with sufficiently small bounded errors within the
considered operating region.
Remark 2: Under Assumption 3, the attitude/thrust inner

loop can sufficiently rapidly realize the force command gen-
erated by the outer-loop controller. Therefore, the inner-loop
tracking error can be regarded as a bounded perturbation to
the outer-loop dynamics. As a result, the uniformly ultimately
bounded property established for the outer-loop system is pre-
served under bounded inner-loop tracking errors, although the
corresponding ultimate bound may increase with the magnitude
of the inner-loop error.

3. Controller Design

A distributed formation-tracking control method based on
a disturbance observer is developed for the MQCSPS subject
to unknown disturbances. First, distributed formation-tracking
errors are formulated according to the distributed communica-
tion topology among the payloads. By integrating a disturbance
observer with an SMC strategy, distributed formation-tracking
controllers are designed to generate the desired position trajec-
tories for the quadrotors. Subsequently, for each quadrotor in
each QCSPS, a disturbance-observer-based sliding-mode tracking
controller is designed to accurately track the desired trajectories,
thereby enabling cooperative multi-UAV payload transportation.
The overall control framework of the MQCSPS is illustrated in
Figure 2.

3.1. Distributed formation control of payloads

The formation-tracking error of the ith payload is defined
as eLi = bi(PLi − Pt − PdLit) + ∑k∈Ni aik((PLi − PLk − PdLik)),
where Pt represents the given trajectory of the virtual leader and
PdLit and PdLik represent the desired relative position of the i th
payload with respect to the virtual leader and the k th payload,
respectively. By defining eL = [eTL1, . . . , eTLn]T, the compact form
of the payload tracking error is expressed as

eL = [( + ) ⊗ I3](PL − PdL) (5)

where PL = [PTL1, . . . ,PTLn]T, PdL = [PdTL1, . . . ,PdTLn]T,
PdLi = Pt + PdLit.

In view of (2), the compacted form of the payload dynamics
is expressed as

P̈L = AL + BLFL +DL (6)

where AL = g[eT3 , . . . , eT3 ]T, BL = diag(BL1, . . . ,BLn) ⊗ I3,

FL = [FTL1, . . . ,FTLn]T, DL = [DT
L1, . . . ,DT

Ln]T, BLi = 1

mLi
,

FLi = ∑m
j=1 𝜇i j. The sliding-mode surface SL is defined for the

design of the payload formation controller:

SL = KLeL + ̇eL (7)

where KL represents the parameter matrix. Taking the derivative
of (7) and combining it with (6) yieldṡSL = AS + BSFL + [( + ) ⊗ I3]DL (8)
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Figure 2
The overall control framework of the MQCSPS

where AS = KL ̇eL + [( + ) ⊗ I3](AL − P̈
d
L) and BS = [( +

) ⊗ I3]BL.
To address the impact of the disturbance DL, the following

disturbance observer is designed as

{ D̂L = ZL + 𝜂LṖL
ŻL = [( + ) ⊗ I3]TSL − 𝜂L(AL + BLFL + D̂L) (9)

where 𝜂L represents the gain matrix.
The virtual control signal FL for the payload is designed as

FL = −B−1
S (KSLSL + AS + [( + ) ⊗ I3]D̂L) (10)

where KSL represents the parameter matrix.
Assumption 4: The cable configuration is assumed to satisfy

rank(Wi) = 3, where Wi = [qi1, . . . , qim] ∈ R
3×m. This condi-

tion requires at least three linearly independent cable direction
vectors and guarantees thatWiW

T
i is nonsingular.

Remark 3: Assumption 4 is physically reasonable for the
considered multi-cable cooperative transportation system. Since
FLi ∈ R

3 represents the desired three-dimensional force act-
ing on the payload, at least three linearly independent cable
directions are required to provide full three-dimensional force
transmission. The condition rank(Wi) = 3 therefore excludes
degenerate cable configurations, such as parallel or coplanar
cable directions, in which the payload force cannot be arbitrar-
ily distributed in R

3. Moreover, this condition guarantees that
WiW

T
i is positive definite and hence that the Moore–Penrose

pseudoinverse can be expressed asW†
i =WT

i (WiW
T
i )−1. There-

fore, the desired payload force can be exactly reconstructed from
the cable forces. This assumption is imposed only to ensure
the well-posedness of the force-allocation problem and does not
restrict the subsequent distributed control design to a specific
number of cables.

Based on Assumption 4 and the force/moment allocation
matrix properties established by Lee [6] and Wang et al. [20], the

desired payload force can be uniquely reconstructed when m = 3,
whereas the force allocation problem becomes underdetermined
when m > 3. The virtual control force assigned to the j th cable
is given by

𝜇i j = [WT
i (WiW

T
i )−1

FLi] jqi j, j ∈ 1, . . . ,m (11)

where [] j denotes the j th element of the vector . This corre-
sponds to the minimum parameter solution, which can be readily
proven as [20]

m∑
j=1

𝜇i j =Wi(WT
i (WiW

T
i )−1

FLi) = FLi (12)

Remark 4：When n ≥ 3,∑m
j=1 𝜇i j is always equal toFLi, which

permits arbitrary configurations of rope directions [20]. Accord-
ingly, the desired trajectory Pdi j for the j th quadrotor within the

i th QCSPS is defined as Pdi j = PLi − li jqdi j, where qdi j denotes the
desired direction vector of the suspension ropes.
Consider the following Lyapunov function:

VL = 1
2
ST
LSL + 1

2
D̃T
LD̃L (13)

where D̃L = DL− D̂L represents the disturbance estimation error.
By differentiating (13) and combining it with (6), (8), (9), and

(10), the following is obtained:

V̇L = −ST
LKSLSL − D̃T

L𝜂LD̃L + D̃T
LḊL (14)

3.2. Tracking control of quadrotors

The tracking error of the jth quadrotor within the i th
QCSPS is defined as ei j = Pi j − Pdi j = li j(qdi j − qi j). The

Pdf_Fol io:404



Low-Altitude Vehicle Dynamics and Control Vol. 00 Iss. 00 2026

sliding-mode surface Si j below is defined for the design of the
quadrotor tracking controller:

Si j = i j(Ki jei j + ̇ei j) (15)

where Ki j represents the parameter matrix, and i j = I3 − qi jq
T
ij

is an orthogonal projection matrix.
Taking the derivative of (13) and combining it with (3) and

(4) yields

̇Si j = ̇ i j(Ki je ji + ̇ei j) + i j(Ki j ̇e ji + li jq̈
d
i j − li jv

×
i jq̇i j

+ li jq×i j ( 1

mLili j
q×i j m∑

j=1
𝜇i j − 1

mi jli j
q×i juvi j +Di j))= Ai j + Bi ju

v
i j + li jq

×
i jDi j

(16)

where Ai j = ̇ i j(Ki je ji + ̇ei j) + i j(Ki j ̇e ji + li jq̈
d
i j − li jv

×
i jq̇i j +

1

mLi
q×i jq×i j∑m

j=1 𝜇i j) and Bi j = − 1

mi j
q×i jq×i j.

To address the impact of the disturbance Di j, the following
disturbance observer is designed as

⎧⎪⎨⎪⎩
D̂i j = Zi j + 𝜂i jvi j

Żi j = −𝜂i j ( q×i j
mLili j

∑m

j=1
𝜇i j − q×i j

mi jli j
uvi j + D̂i j) + li jq

×T
i j Si j

(17)

where 𝜂i j represents the gain matrix.
The control signal uvi j for the quadrotor is designed in the

following form:

uvi j = −mi jF
v
i j (18)

where Fvi j = KSi jSi j + i jAi j + li jq
×
i jD̂i j is a projected control

term.
Remark 5: It should be noted that uvi j is constrained to be

perpendicular to the cable direction qi j [6]. For a unit vector
qi j, define i j = I3 − qi jq

T
ij = −q×i jq×i j, which represents the

orthogonal projection onto the two‐dimensional subspace q⊥i j .
Accordingly, Bi j = 1

mi j
i j. Given that qTijSi j = 0, qTiji jAi j = 0,

and qTijq
×
i jD̂i j = 0, it follows that qTijF

v
i j = 0. This indicates thatFvi j

lies in the two‐dimensional tangent space q⊥i j . Therefore, the con-
trol design is formulated directly within the admissible subspace
q⊥i j , yielding qTijuvi j = −mi jq

T
ijF

v
i j = 0.

Substituting Bi j = 1

mi j
i j into (18) yields Bi ju

v
i j = −i jF

v
i j.

Since Fvi j ∈ q⊥i j , it follows that i jF
v
i j = Fvi j, and consequently,

Bi ju
v
i j = −Fvi j. Then, Eq. (16) is rewritten as

i j ̇Si j = i jAi j − Fvi j + li jq
×
i jDi j (19)

Substituting Fvi j into (19) yields

i j ̇Si j = −KSi jSi j + li jq
×
i jD̃i j (20)

where D̃i j = Di j − D̂i j denotes the disturbance estimation error.
Since Si j is orthogonal to qi j, it follows that STiji j = STij.
Consequently, Eq. (20) can be rewritten as

ST
i jPi j

̇Si j = ST
i j
̇Si j = −ST

i jKSi jSi j + li jS
T
i jq

×
i jD̃i j (21)

Consider the following Lyapunov function:

Vi j = 1
2
ST
i jSi j + 1

2
D̃T
i jD̃i j (22)

By differentiating (22) and combining it with (17) and (21),
the following is obtained:

V̇i j = −ST
i jKSi jSi j − D̃T

i j𝜂i jD̃i j + D̃T
i jḊi j (23)

3.3. Stability analysis

Given the design of the aforementioned controller,
Theorem 1 provides the stability analysis of the closed-loop
system.

Theorem 1: Under the conditions of Assumptions 1–3, based
on the system described by (2)–(4), the disturbance observers
(9) and (17), the payload formation controller (10), and the
quadrotor tracking controller (18) are designed, with the design
parameters satisfying:

{𝜆min(2KSL ) > 0, 𝜆min(2𝜂L − I3n) > 0,𝜆min(2KSi j ) > 0, 𝜆min(2𝜂i j − I3) > 0
} (24)

Consequently, the closed-loop system is uniformly ultimately
bounded.

Proof: Consider the following Lyapunov function:

V = VL + n∑
i=1

m∑
j=1

Vi j (25)

By differentiating (25) and combining with (14) and (23),
the following is obtained:

V̇ = −ST
LKSLSL − D̃T

L𝜂LD̃L + D̃T
LḊL

+ n∑
i=1

m∑
j=1
(−ST

i jKSi jSi j − D̃T
i j𝜂i jD̃i j + D̃T

i jḊi j) (26)

By virtue of Young’s inequality, the following inequality holds:

D̃T
LḊL ≤ 1

2
D̃T
LD̃L + 1

2
||ḊL||2 (27)

D̃T
i jḊi j ≤ 1

2
D̃T
i jD̃i j + 1

2
||Ḋi j||2 (28)

By substituting (27) and (28) into (26), the following is obtained:

V̇ ≤ −ST
LKSLSL − D̃T

L(𝜂L − 1

2
I3n)D̃L + 1

2
||ḊL||2

+∑n

i=1
∑m

j=1
(−ST

i jKSi jSi j − D̃T
i j(𝜂i j − 1

2
I3)D̃i j

+ 1

2
||Ḋi j||2) ≤ −KV + Δ

(29)

where k = min{𝜆min(2ksL ), 𝜆min(2𝜂L − I3n), 𝜆min(2ksi j ), 𝜆min(2𝜂i j−I3)} and 𝜆min(2𝜂i j − I3)} and Δ = 1

2
(||ḊL||2 + ||Ḋi j||2). By

Assumption 2, Δ is bounded, and there exists a positive con-
stant 𝜖V satisfying Δ ≤ 𝜖V. Therefore, Eq. (29) can be scaled to
V̇ ≤ −KV + 𝜖V. Integrating V̇ yields the following:

0 ≤ V(t) ≤ (V(0) − ϵV
K
) e−Kt + ϵV

K
(30)
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which means that the signals SL, D̃L, Si j, and D̃i j are bounded.
Therefore, the tracking error of the closed-loop system satisfies
uniform ultimate boundedness.

Remark 6: The disturbance observers in (9) and (17) do not
employ any additional filtering or signal-conditioning schemes.
The observers directly use the available measured and com-
puted state information. Under the conditions of Theorem 1
and Assumption 2, the observer errors D̃L and D̃i j satisfy

lim sup
t→∞ ‖D̃L(t)‖ ≤ d̄L𝜆min(𝜂L) and lim sup

t→∞ ‖D̃i j(t)‖ ≤ d̄i jλmin(𝜂i j) ,
respectively, where d̄L and d̄i j are bounded positive con-
stants. In practical implementation, increasing 𝜂L and 𝜂i j can
accelerate disturbance estimation but may also increase the
sensitivity of the observers to high-frequency measurement
noise.

4. Numerical Simulation

This subsection validates the effectiveness and advantages
of the proposed control method via numerical comparative sim-
ulations. The MQCSPS consists of three QCSPS, where each
QCSPS comprises three quadrotors connected to a payload via
linkages. The communication topology structure among the pay-
loads is shown in Figure 3. The trajectory of the virtual leader
is denoted as Pt = [8 sin(𝜋t

20
), 8 cos(𝜋t

20
), −0.25t − 0.5]T. The rel-

ative positions, as well as among the payloads, are specified as
PdL1t = [0, 0, 0]T, PdL12 = 2[sin(𝜋t

20
), cos(𝜋t

20
), 0]T, and PdL13 =

2[− sin(𝜋t
20
), − cos(𝜋t

20
), 0]T. The desired direction vectors of the

ropes are specified as qdi1 = [0.5, 0, 0.9]T, qdi2 = [−0.3, 0.4, 0.9]T,
and qdi3 = [−0.3, −0.4, 0.9]T. The system model parameters are
selected as mi j = 0.76(kg), mLi = 0.5(kg), li j = 1(m) and
g = 9.8(m/s2). The initial states of the system are set as PL1(0)= [0.25, 6.25, −0.25]T, PL2(0) = [0.25, 8.25, −0.25]T, and
PL3(0) = [0.25, 4.25, −0.25]T. The control parameters are
selected as KL = KSL = 5I3 ⊗ I3, 𝜂L = 10I3 ⊗ I3, Ki j = I3,

KSi j = 5I3, and 𝜂i j = 10I3. To validate the system’s robustness,
the disturbances DLi and Di j are set as DL1 = 0.5 sin(0.25t) +
e−0.25t, DL2 = −0.5 sin(0.35t) − e−0.25t, DL3 = 0.75 sin(0.5t) +
e−0.5t, D1 j = 0.25 cos(0.5t) + e−0.5t, D2 j = 0.2 cos(0.25t) −
e−0.25t, and D3 j = 0.25 cos(0.75t) + e−0.35t. For ease of com-
parison, the proposed control method and the corresponding
control method without the disturbance observer are denoted as
sliding mode control based on disturbance observer (SMC-DO)
and SMC, respectively. To ensure a fair comparison, the control
parameters are kept identical to those of the SMC-DO. The only
difference is that the disturbance estimation and compensation
mechanism is removed from the SMC.

Figure 3
The communication topology structure

The simulation results of the SMC-DO and SMC are
shown in Figures 4–7, which depict the control response tra-
jectories, tracking errors, disturbance estimations, and control
inputs, respectively. The root mean square (RMS) of the tracking

Figure 4
Control response trajectory of the MQCSPS
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Figure 5
The 2-norm of the payload formation-tracking error 𝑒𝐿 and the quadrotor tracking errors 𝑒𝑖(𝑖 = 1,2,3)

Figure 6
Estimation and estimation error of the disturbances 𝐷𝐿1 and 𝐷1𝑗(𝑗 = 1,2,3)

error under the two control methods is shown in Table 1. As
shown in Figures 4–7, compared with SMC, SMC-DO achieves
smaller fluctuations in both the distributed formation‐tracking
errors of the payloads and the tracking errors of the quadro-
tors. Meanwhile, the disturbance observer accurately estimates the
unknown disturbances, demonstrating its capability for effective
disturbance estimation and compensation. These results indi-
cate that incorporating the disturbance observer significantly

enhances the robustness of the MQCSPS. In addition, SMC-
DO generates smoother control inputs, effectively mitigating the
inherent chattering of SMC. The quantitative results demon-
strate that, compared with the SMC, the SMC-DO reduces the
RMS tracking errors by 16.93%, 10.78%, 4.92%, and 10.82% in
the corresponding directions, respectively. Overall, the simulation
results validate the effectiveness and superior performance of the
proposed control method.
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Figure 6
(Continued)

Figure 7
Control input 𝑢1𝑗(𝑗 = 1,2,3)

Table 1
Comparison of RMSs between SMC and SMC-DO

Method RMS(‖eL‖) RMS(‖e1‖) RMS(‖e2‖) RMS(‖e3‖)
SMC 0.1654 0.2856 0.2662 0.2857
SMC-DO 0.1374 0.2548 0.2531 0.2548
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5. Conclusion

This paper proposes a disturbance observer-based distributed
formation-tracking control method to solve the tracking con-
trol problem of the MQCSPS subject to unknown disturbances.
Guided by sliding-mode control theory, distributed sliding-mode
formation controllers and sliding-mode tracking controllers are
designed to realize trajectory tracking of quadrotors as well
as distributed formation transportation of the payload. A dis-
turbance observer is adopted to estimate and compensate for
unknown disturbances, so as to improve the robustness of the sys-
tem. Numerical simulation results verify the effectiveness of the
proposed control scheme.

The thrust and torque saturation constraints are not explic-
itly considered, and the generalized control input is assumed
to remain within the feasible operating range. Future work
will incorporate actuator constraints into the proposed dis-
tributed–centralized framework. Moreover, finite sampling, mea-
surement noise, and sampled-data effects are not explicitly
considered in the current continuous-time formulation. Devel-
oping a discrete-time control framework with enhanced noise
robustness will therefore be pursued. Finally, the cables are
assumed to remain taut, massless, and inextensible. Extending the
framework to slack-taut transitions, cable tension constraints, and
flexible-cable dynamics will be considered in future work.
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