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Distributed coordination in multi-agent systems has been

widely utilized in attitude alignment of spacecraft and co-

operative control of unmanned vehicles, which has attracted

extensive attention from biology, physics, and engineering

researchers [1]. With the growing complexity of tasks, an in-

crease in space missions and engineering projects needs to be

completed by the cooperative operation of multi-spacecraft

or multi-robot systems. Thus, the attitude consensus of mul-

tiple rigid body systems (MRBSs) has received progressive

attention from the control field.

In light of this, researchers studied the attitude consen-

sus of MRBSs from two perspectives: leaderless attitude

consensus and leader-following attitude consensus (LFAC).

The leaderless attitude consensus problems aim to achieve

the attitude consensus of all individuals through the infor-

mation exchange of networked MRBSs [2]. In contrast,

LFAC aims to design attitude control protocols for each

RBS to reach the predetermined trajectory generated by

an external system called the target system [3–6]. Cai et

al. [3,4] demonstrated observer stability under the condition

that the communication topology is static and connected,

based on the attitude consensus between unknown param-

eter MRBSs. Liu et al. [5, 6] further investigated observer

stability in jointly connected switching networks under the

assumption that communication link weights are piecewise

constants.

In comparison with control laws that directly utilize

neighboring agent state information [7], observer-based ap-

proaches transformMRBSs coordinate control problems into

single RBS tracking control problems. Because this ap-

proach uses observer estimations directly to create control

protocols, unquestionably, the performance of control pro-

tocols is highly related to the performance of observers.

Moreover, current studies revealed that achieving consen-

sus or synchronization of multi-agent systems (MASs) using

distributed information under specific graph conditions is

feasible. Because agents are only allowed to exchange infor-

mation with neighboring agents, unknown faults (actuator

failures, communication failures, etc.) may not be consid-

ered in the control law design, making the resilience control

of MASs a critical problem.

Nonetheless, several methods have been proposed to dis-

pose of the resilience problems in multi-agent systems. In

particular, some researchers have modeled communication

link faults (CLFs) as uncertain communication link weights

and studied resilience problems [8, 9]. Li et al. [8] assumed

that each agent obtains relative information from its neigh-

bors via ambiguous channels, which are ideal channels with

unit transfer functions disturbed by additive uncertainties.

Further, Chen et al. [9] studied these failed information

transmission behaviors and proposed a novel CLF model

that could cover the fault model used in [8]. However, cur-

rent research on resilience problems is based on linear mod-

els, which cannot be trivially extended to MRBSs.

This study addresses the LFAC problem of MRBSs sub-

ject to CLFs. Specifically, we model CLFs as time-varying

functions that affect the fixed communication link weights.

By utilizing an adaptive approach, fully distributed control

protocols that achieve the LFAC of MRBSs under CLFs are

designed. In comparison with the highly related studies,

the main contributions of this study are threefold. First,

from the content point of view, this study is the first at-

tempt to study the resilience problem of LFAC of MRBSs.

Second, different from the existing studies whose results

were obtained assuming that the weights of communication

links are piecewise constants, communication link weights

under CLFs pose a specific challenge that cannot be ad-

dressed by approaches in [5,6]. Here, fully distributed adap-

tive controllers are created to solve resilience problems, and

two kinds of Lyapunov functions are constructed to prove

the convergence of proposed control protocols. Finally, the

pseudo-linear representation of the attitude kinematics of

MRBSs is used to overcome the nonlinearity of MRBSs,

whose representation allows the design of fully distributed

control laws.

The attitude of RBSs to the inertial frame is represented
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using unit quaternions. MRBSs consisting of N agents are

considered, and the attitude kinematics and dynamics of

RBSs can be written as follows:

q̇i =
1

2
qi ⊙ q(ωi), (1a)

jiω̇i = −ω×

i jiωi + τi, i = 1, . . . , N, (1b)

where qi ∈ Qu is a unit quaternion representation of the atti-

tude from the own reference system to the inherent reference

system; ωi ∈ R3 represents angular velocity; and ji ∈ R3×3

and τi ∈ R3 represent the inertia tensor and control moment

of the ith rigid body, respectively.

Presumably, the desired angular velocity ω0 ∈ R3 and the

attitude q0 ∈ Qu of the leader rigid body frame B0 to the

inertial frame I are generated by the following equations:

ω̇0 = S0ω0 and q̇0 = 1

2
q0 ⊙ q(ω0), where S0 ∈ R3×3 is a

constant matrix.

Assumption 1. G is an acyclic graph and contains a span-

ning tree with the leader as its root.

Assumption 2. The system ω̇0 = S0ω0 is marginally sta-

ble.

This study models CLFs as āij (t) and ḡi(t) with unknown

corrupted weights, āij (t) = aij + δaij(t), ḡi(t) = gi + δ
g
i (t),

where aij and gi are the primary elements of adjacency ma-

trix and matrices G(t); δaij(t) and δ
g
i (t) denote the unknown

corrupted weights.

Assumption 3. The CLFs (δaij (t), δ
g
i (t)) and their deriva-

tives are bounded.

Assumption 4. δaij(t) and δ
g
i (t) do not change the adja-

cency weight āij(t) into negative.

Assumption 5. There exist a positive constant υ and a

subsequence ik of N such that tik+1
− tik < υ. A spanning

tree with the leader as its root is included in the union graph
⋃ik+1−1

j=ik
Gj(tj).

Lemma 1. If the digraph G contains a spanning tree with

the leader as its root at time t, then there exists a posi-

tive definition diagonal matrix Q(t) such that Q(t)LG(t) +

LT

G(t)Q(t) = P (t), where P (t) is positive-definite, and

LG(t) = L(t) +G(t).

Lemma 2. If Assumptions 1–5 hold, Lemma 1 is satis-

fied by a positive definition diagonal matrix Q(t). In the

meanwhile, Q(t) and its derivative are bounded.

The leader attitude and angular velocity observers as

ηi ∈ Qu, ξi ∈ R3 are defined. Then, the distributed leader

state errors for each agent are defined as Γi =
∑N

j=1
āij(ηi−

ηj) + ḡi(ηi − q0) and Hi =
∑N

j=1
āij(ξi − ξj) + ḡi(ξi − ω0).

The global form of angular errors can be rewritten as

H = [HT

1
, . . . ,HT

N
]T. Furthermore, the global leader atti-

tude observer error is defined as η̃ = [η̃T
1
, η̃T

2
, . . . , η̃TN ]T =

[ηT
1

− qT
0
, ηT

2
− qT

0
, . . . , ηT

N
− qT

0
]T. Therefore, the global

leader attitude error can be expressed as Γ = (LG(t)⊗ I4)η̃.

We can also obtain H = (LG(t) ⊗ I3)ξ̃.

Theorem 1. Suppose that Assumptions 1–5 hold; all esti-

mated state variables will converge to S0, ω0, and q0 by the

proposed distributed leader state observers as the following

forms:

vec(Ṡi(t))= −β sgn





N
∑

j=0

āij (t)[vec(Si(t))−vec(Sj(t))]





− α

N
∑

j=0

āij (t)[vec(Si(t))−vec(Sj(t))],

(2a)

ξ̇i = Siξi −

(

‖Hi‖2 +

∫ t

0

HT

i Hi ds

)

Hi, (2b)

η̇i =
1

2
ηi⊙q(ξi)−

(

‖Γi‖2 +

∫ t

0

ΓT

i Γi ds

)

Γi, (2c)

where α, β > 0, that is, limt→∞ ‖Si−S0‖ = 0, limt→∞ ‖ξi−

ω0‖ = 0, limt→∞ ‖ηi − q0‖ = 0.

The distributed forms of attitude and angular velocity er-

rors between each follower and leader are defined as follows:

φi = η∗i ⊙qi, ω̃i = ωi−C(φi)ξi, where φi = col(φ̂i, φ̄i) ∈ Qu

and ω̃i ∈ R3. Then, the variable xi is defined as xi =

ω̃i + ki1φ̂i, where ki1 is a nonnegative constant. The con-

trol torque can be given as follows:

τi = ω×

i jiωi − ji((xi − ki1φ̂i)
×C(φi)ξi − C(φi)Siξi)

−
1

2
ki1ji(φ̂

×

i + φ̄iI3)(xi − ki1φ̂i)− ki2xi, (3)

where ki2 is a positive constant.

Theorem 2. Given a leader-following system and a time-

varying digraph with CLFs, under Assumptions 1–5, the

distributed consensus of MRBSs is solvable by a fully dis-

tributed control law consisting of (2) and (3).

The mathematical preliminaries and necessary symbol in-

terpretations are included in Appendix A. The proofs of

Theorems 1 and 2 are included in Appendix B, respectively.

The proposed results are illustrated by a numerical simu-

lation in Appendix D. The proofs of Lemmas 1 and 2 are

included in Appendix E. Some necessary remarks are em-

bodied in the supplementary material.

Acknowledgements This work was supported by National
Natural Science Foundation of China (Grant Nos. U1913602,
62273159), and Program for HUST Academic Frontier Youth
Team (Grant No. 2018QYTD07).

Supporting information Appendixes A–E. The support-
ing information is available online at info.scichina.com and link.
springer.com. The supporting materials are published as sub-
mitted, without typesetting or editing. The responsibility for
scientific accuracy and content remains entirely with the au-
thors.

References

1 Olfati-Saber R, Murray R M. Consensus problems in net-
works of agents with switching topology and time-delays.
IEEE Trans Automat Contr, 2004, 49: 1520–1533

2 Abdessameud A, Tayebi A. Attitude synchronization of a
group of spacecraft without velocity measurements. IEEE
Trans Automat Contr, 2009, 54: 2642–2648

3 Cai H, Huang J. The leader-following attitude control of
multiple rigid spacecraft systems. Automatica, 2014, 50:
1109–1115

4 Cai H, Huang J. Leader-following adaptive consensus of
multiple uncertain rigid spacecraft systems. Sci China Inf
Sci, 2016, 59: 010201

5 Liu T, Huang J. Leader-following attitude consensus of
multiple rigid body systems subject to jointly connected
switching networks. Automatica, 2018, 92: 63–71

6 Liu T, Huang J. Adaptive leader-following attitude con-
sensus of rigid body systems over switching networks by a
fully distributed control law. In: Proceedings of 2018 IEEE
Conference on Decision and Control, 2018. 490–495

7 Ren W. Distributed attitude alignment in spacecraft for-
mation flying. Int J Adapt Control Signal Process, 2007,
21: 95–113

8 Li Z K, Chen J. Robust consensus of linear feedback proto-
cols over uncertain network graphs. IEEE Trans Automat
Contr, 2017, 62: 4251–4258

9 Chen C, Xie K, Lewis F L, et al. Adaptive synchronization
of multi-agent systems with resilience to communication
link faults. Automatica, 2020, 111: 108636

info.scichina.com
link.springer.com
link.springer.com
https://doi.org/10.1109/TAC.2004.834113
https://doi.org/10.1109/TAC.2009.2031567
https://doi.org/10.1016/j.automatica.2014.01.003
https://doi.org/10.1007/s11432-015-5442-3
https://doi.org/10.1016/j.automatica.2018.02.012
https://doi.org/10.1002/acs.916
https://doi.org/10.1109/TAC.2017.2685082
https://doi.org/10.1016/j.automatica.2019.108636

