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Abstract— This paper proposes a new formation tracking and
containment control methodology for multi-agent systems using
Negative Imaginary (NI) systems theory. The proposed control
scheme consists of a two-loop configuration in which the inner
loop applies an appropriate feedback linearising control law to
transform the nonlinear dynamics of each agent into a double
integrator system, while the outer loop deploys an NI-based
formation tracking and containment control protocol on the
linearised double integrator agents. This methodology utilises
the characteristic loci technique rather than the well-known
Lyapunov-based approaches to establish the asymptotic con-
vergence of the formation and containment trajectory tracking
errors. Compared to existing methods, the proposed scheme
gives more freedom to select a dynamic controller and relies
only on output feedback. As a result, it offers better formation
tracking and containment performance and advantages when
full-state measurements are unavailable. Finally, a real-time
flight experiment was conducted on networked Crazyflie quad-
copters to examine the control performance in both healthy
and faulty (e.g. a sudden loss of agents, communication failure,
hardware faults, etc.) operating conditions.

I. INTRODUCTION

Negative Imaginary (NI) systems theory was introduced in
2007-08 [1] and gradually flourished as a stand-alone robust
control framework which parallels passivity and small-gain
frameworks. At its inception, vibration control of lightly
damped mechanical systems (e.g. cantilever beam) and
highly resonant flexible structures [1]–[4], vibration isolator
in flexible spacecrafts [5], etc., were the primary application
domain of the NI theory. Later NI theory contributed to var-
ious other control and robotics application areas, especially
to cooperative control of networked multi-agent systems [6]
with promising applications like control of networked two-
wheeled mobile robots [7]–[9], UAVs [10], train platoons
[11], etc. A recent important theoretical advancement of NI
theory includes dissipative characterisation of Input and/or
Output NI systems [12]–[15].

Cooperative control of multi-agent systems (MAS) en-
compasses leader-following consensus, formation tracking,
containment control, etc., and has been a promising research
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Fig. 1. Modelling of a networked multi-UAV system consisting of the leader
and follower agents in a multi-agent framework.

field over the last two decades [16]. Pioneering research on
formation and containment control schemes for first-order
and second-order MAS was developed in [17] and [18].
Since then, several contributions have been made in this
domain. Until very recently, NI theory has been applied as
an alternative approach to control MAS, such as in [6]–[10].
However, these previous MAS works based on NI theory
only considered networked agents with a single role (i.e.
same behaviour for all agents).

Motivated by the recent developments in the NI-based
cooperative control and its existing limitations, this paper has
proposed a distributed dynamic output feedback Formation
Tracking and Containment Control (FTCC) scheme for a
class of MAS that can be modelled as a networked double
integrator system (e.g. a group of UAVs, UGVs, two-wheeled
mobile robots, etc.) exploiting Strictly Negative Imaginary
Systems (SNI) property. Compared to the existing tech-
niques, the new FTCC scheme i) considers different roles of
the agents (i.e. the leader and follower agents); ii) uses only
output information of the neighbouring agents; therefore,
it is more useful when full-state feedback is unavailable;
iii) offers greater flexibility in selecting a controller transfer
function resulting in better FTCC performance; iv) is proven
by exploiting the characteristic loci property of networked NI
and SNI systems instead of the Lyapunov stability approach;
therefore, it simplifies the stability analysis since it is not
required to search for Lyapunov candidate functions; and
v) offers a fault-tolerance property against a sudden loss of
agents. Finally, we conducted a real-time flight experiment
on a group of networked Crazyflie quadcopters to validate
the proposed FTCC scheme and its fault-tolerance property.

II. PRELIMINARIES AND PROBLEM FORMULATION

A. NI and SNI nomenclature

This subsection includes the frequency-domain definitions
of NI and SNI systems.
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Definition 1: (NI Systems) [3], [19] A system Σ(s) ∈
Rm×m is NI if: (a) it has no RHP poles, (b) j[Σ(jω) −
Σ(jω)∗] ≥ 0 ∀ω ∈ (0,∞) except those ω0 ∈ (0,∞) where
s = jω0 is a pole of Σ(s), (c) if ω0 ∈ (0,∞) is such that
s = jω0 is a pole, then the multiplicity of the pole must be
one and the residue matrix lim

s→jω0

(s− jω0)jΣ(s) ≥ 0, (d) if

s = 0 is a pole of Σ(s), then the multiplicity of the pole
at s = 0 cannot be more than two and the residue matrix
lim
s→0

s2Σ(s) ≥ 0.
Definition 2: (SNI Systems) [1], [3] A system Σ(s) ∈

RH m×m
∞ is SNI if j[Σ(jω)−Σ(jω)∗] > 0 ∀ω ∈ (0,∞).

B. Graph theory

In this work, we use a weighted undirected graph G =
{V ,E ,A } to represent the interaction topology among
networked agents, where V = {1, ..., N}, E ⊂ V × V and
A = [aij ] ∈ RN×N are the node set, the edge set and the
adjacency matrix respectively. The edge eji = (vj , vi) ∈ E
denotes the information passes from node j to node i. We
also define Ni = {vj |(vj , vi) ∈ E } as the set of all
neighbours of node i. aij represents the weight of eji and
aij > 0 if eji ∈ E . The in-degree matrix is defined as
D = diag{di} ∈ RN×N with di =

∑N
j=1 aij . The Laplacian

matrix L ∈ RN×N of G is defined as L = D − A . If the
ith agent is connected to the target (labelled as ‘0’), an edge
e0i is said to exist between them with a pinning gain gi > 0.
G = diag{g1, g2, · · · , gN} > 0 is a pinning-gain matrix.

C. Multi-agent NI and SNI systems

This paper exploits multi-agent NI theory for modelling
and controlling a multi-UAV system whose translational
dynamics after closing the loop with attitude PID controllers
can be approximated as a networked decoupled three-input-
three-output double integrator system (as depicted in Fig. 1)
that automatically exhibit the NI property.

We will now review some fundamental properties of multi-
agent NI systems. [6] first established that a homogeneous
network of NI (or SNI) agents, given by Σ̄(s) = (L +G)⊗
Σ(s), retains the NI (or SNI) property and Σ̄(0) > 0 (or <
0) ⇔ Σ(0) > 0 (or < 0). Recently, [8] and [9] have derived
an important property of a multi-agent NI system exploiting
the results of [20]. It shows that all the characteristic loci
λi(jω) of a homogeneous multi-agent NI (or SNI) system
lie in the union of the third and fourth quadrants of the
complex plane (also known as the characteristic loci plane,
discussed in Subsection II-D). The following mathematical
notation will be adopted: the phase angle contribution of
each of the characteristic loci, denoted by ϕi(λi(jω)), lies
in the range [−π, 0] ∀ω ≥ 0 (for NI systems) and respectively
in the range (−π, 0) ∀ω ∈ (0,∞) (for SNI systems). This
resembles the Nyquist interpretation of SISO NI and SNI
transfer functions.

D. Characteristic loci theory

The concept of characteristic loci and its application in de-
termining the closed-loop asymptotic stability of LTI MIMO
systems were first introduced in [21] and [22]. This concept

is analogous to a multi-loop Nyquist criterion that offers a
simple graphical stability analysis tool for MIMO systems.
The characteristic loci λi(s), where i ∈ {1, 2, . . . ,m}, of any
square LTI system Σ(s) ∈ Rm×m is a conformal mapping
of the complex function det[Σ(s)] into another complex
plane when s follows the standard s-plane D-contour in a
clockwise (CW) direction (see Fig. 3a).

Theorem 1: [21], [22] A necessary and sufficient criterion
for a closed-loop interconnection of two LTI systems Σ(s)
and Σc(s), connected via a negative feedback, to maintain
the asymptotic stability is that the total number of counter-
clockwise (CCW) encirclements about the (−1 + j0) point
by the characteristic loci λi(jω) of L(s) = Σ(s)Σc(s) ∀i ∈
{1, 2, . . . , p} should be equal to the number of RHP poles
of L(s). When L(s) ∈ RH p×p

∞ , none of the characteristic
loci λi(jω) should encircle the (−1 + j0) point.

E. Problem formulation

Given a multi-agent NI system, the control problem is
to design an NI-based Formation Tracking and Containment
Control (FTCC) scheme such that: (i) leader agents attain
a prescribed formation; (ii) follower agents achieve contain-
ment by converging into a safe area guarded by the leaders
(i.e. the convex hull spanned by the leaders); and (iii) the
objectives mentioned in (i) and (ii) should withstand the
situation of a sudden loss of agents.

III. AN NI-BASED FORMATION TRACKING AND
CONTAINMENT CONTROL SCHEME

This section describes the key contributions of this paper.
A distributed dynamic output feedback formation tracking
and containment control scheme is derived for a class of
MAS whose dynamics/kinematics can be approximated by
networked double integrator agents ( 1

s2 ). NI systems theory
is utilised to design this control scheme.
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Fig. 2. A formation tracking and containment control scheme for a net-
worked multi-UAV system involving distributed SNI controllers.

We consider a team of N networked UAVs, consisting of
M leader agents and N−M follower agents. The closed-loop
translational dynamics of the UAVs can be approximated by a
decoupled three-input-three-output double integrator system
( 1
s2 I3) that inherently exhibit the NI property with a double

pole at s = 0. The readers are referred to Subsection V-
A for details. This fact inspires us to apply NI theory to
develop a distributed dynamic output feedback FTCC scheme
for MAS (aiming at applications to multi-UAV systems).
In this work, the graph Laplacian matrix of the overall



interaction topology can be expressed in the partitioned form

as L =

[
LL 0
LFL LF

]
where LL ∈ RM×M , LF ∈

R(N−M)×(N−M) and LFL ∈ R(N−M)×M . We will now
mention some properties regarding the interaction topology
G of the networked MAS.

Property 1: For an undirected graph topology, the leader
must be well-connected. At least one leader must be directly
connected to the target (treated as the root node labelled with
τ1, τ2, · · · in Fig. 1). For a directed graph, there must exist
a spanning tree from the target.

Property 2: The followers must be well-connected and
at least, one leader must exist for each follower that has
a directed path to that follower. The leaders only receive
information from the target and/or other leaders.
As a result of Property 1, for an undirected graph, (LL +
G) > 0. Because of Property 2, all the rows of the matrix
−L −1

F LFL result in a row-sum equal to 1. This is a useful
result from matrix theory related to algebraic graphs [23].
We are now ready to derive the main theorem of this paper,
which is an NI-based FTCC scheme for MAS.

Theorem 2: Given a team of N networked MAS, con-
sisting of M leaders and N −M followers, whose closed-
loop translational dynamics (in each channel) can be approx-
imated by Σ(s) = 1

s2 . Suppose the interaction topology G
satisfies Properties 1 and 2. Choose an SNI controller Σc(s)
with Σc(0) < 0 for the scheme shown in Fig. 2. Let r = 1Mr
denote the position of the target and h = [h1, h2, · · · , hM ]⊤

denote the desired formation configuration vector for leader
agents. Then, the network of linearised double integrator
agents achieves formation tracking and containment objec-
tives by the following distributed dynamic output feedback
SNI control law

ui = βΣc(s)
∑
j∈Ni

aij
(
(yi − hi)− (yj − hj)

)
+

gi(yi − hi − r) ∀i ∈ {1, 2, . . . ,M} (1)

and uk = βΣc(s)
∑
j∈Nk

akj
(
yk − yj

)
∀k ∈ {M + 1,M + 2, . . . , N} (2)

for any β ∈ (0,∞).
Proof. We have divided the proof into two parts: Part I

takes care of the formation tracking of the leaders, and Part II
establishes containment control of the followers.
Part I: Formation tracking of the leader agents

The closed-loop control scheme shown at the top of
Fig. 2 is responsible for formation tracking, which has the
loop transfer function TL = (LL + G) ⊗ 1

s2Σc(s). The
symbol λ̄i(s) represents the characteristic loci of TL where
i ∈ {1, 2, . . . ,M}. To proceed with the proof, three sets
Ψ0, Ψ±ℑ and Ψ∞ of the Laplace variable s are defined
corresponding to three specific regions marked along the
standard s-plane D-contour (as shown in Fig. 3a). To prove
the asymptotic stability of the proposed formation control
scheme, we will exploit the characteristic loci theorem (The-
orem 1). This proof consists of the following three cases. In
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Fig. 3. (a) The standard s-plane Nyquist D-contour; and (b) All the
characteristic loci λ̄i(s) of (LL+G)⊗ 1

s2
Σc(s) lie inside the Red-coloured

region when Σc(s) is SNI with Σc(0) < 0.

Part I, the index i ∈ {1, 2, . . . ,M} will be used uniformly
for the leader agents.
Case I: For the subset s ∈ Ψ0

We can approximately express the characteristic loci λ̄i(s)

λ̄i(s)|s∈Ψ0 = λi [(LL +G)⊗Σc(0)]
1

ε2
e−j2θ (3)

where λi simply denotes the ith eigenvalue of a real matrix.
Let λi [(LL +G)⊗Σc(0)] = cie

jϕi where ϕi = −π ∀i
since Σc(0) < 0 and (LL + G) > 0. Then, (3) takes
the form λ̄i(s)|s∈Ψ0

= ci
ε2 e

j(ϕi−2θ). Therefore, λ̄i(j0+) =
ci
ε2 e

−j2π → +∞∠−2π when θ = π
2 and considering

ε → 0+. Similarly, λ̄i(j0−) → +∞∠0 when θ = −π
2 as

the characteristic loci are symmetric about the real axis. It
is essential to note here that ∠λ̄i(j0+) > −2π ∀i since
∠γ(j0+) > −π. Similarly, λ̄i(j0−) → +∞∠0 ∀i with
∠λ̄i(j0−) < 0. This implies −2π < ∠λ̄i(jω) < 0 ∀i
when s ∈ Ω0. Each locus λ̄i(jω) connects the λ̄i(j0−)
and λ̄i(j0+) points (computed at ω = 0+ and ω = 0−)
in a CW direction through an almost circular arc having
radius 1

ε2 → ∞ as depicted in Fig. 3b. The above analysis
guarantees that none of the characteristic loci λ̄i(jω) crosses
the positive real axis at an infinite distance.
Case II: For the subset s ∈ Ψ±ℑ

We assume again λi [(LL +G)⊗Σc(jω)] = cie
jϕi for

all ω ∈ (0,∞). Since Σc(s) is SNI, ϕi(ω) ∈ (−π, 0) ∀ω ∈
(0,∞) and hence, for all i, ∠λ̄i(jω) = (ϕi − π) ∈
(−2π,−π] ∀ω ∈ (0,∞). Following the same logic, we can
assert ∠λ̄i(jω) ∈ [−π, 0) when ω ∈ (−∞, 0). Ultimately,
we can conclude that all λ̄i(jω) remain inside the Red-
coloured region shown in Fig. 3b when s ∈ Ψ±ℑ. We
emphasize that none of the λ̄i(jω) intersects the positive
real axis at finite/infinite distance.
Case III: For the subset s ∈ Ψ∞

Similar to Case I, for this subset also, we can write

λ̄i(s)|s∈Ψ∞ = λi [(LL +G)⊗Σc(∞)]
e−j2θ

R2

=
ci
R2

ej(ϕi−2θ)



upon letting λi [(LL +G)⊗Σc(∞)] = cie
jϕi where λi

denotes the eigenvalues. Note that ϕi = −π as Σc(∞) < 0
is implied by Σc(0) < 0 and Σc(s) being SNI. Therefore,
λ̄i(+j∞) = ci

R2 e
j(ϕi−π

2 ) → 0∠ − 3π
2 as R → ∞ and

similarly, λ̄i(−j∞) → 0∠− π
2 . This then follows that each

λ̄i(jω) joins the λ̄i(+j∞) and λ̄i(−j∞) points (computed
at ω = +∞ and ω = −∞) in the CCW direction via a
semicircular arc of radius 1

R2 → 0 as illustrated in Fig. 3b.
The above three cases can be combined together to guar-

antee that all the characteristic loci λ̄i(s) of TL(s) remain
inside the Red-coloured area marked in Fig. 3b. This is
equivalent to saying that for any value of β in the range
(0,∞), the critical point ( 1β + j0) is not encircled by any
characteristic loci λ̄i(s). This proves the asymptotic stability
of the proposed formation tracking scheme.

We will now establish the asymptotic convergence of the
formation tracking error ξ = [ξ1, ξ2, · · · , ξM ]⊤. The error
dynamics can be obtained from the block diagram in Fig. 2

as Ξ(s) =
[
I −

(
(LL +G)⊗ β

s2Σc(s)
)]−1

. The expression
of the time-domain steady-state error can be derived as

ξss = lim
t→∞

ξ(t) = lim
s→0

sΞ(s)

= lim
s→0

s

[
I −

(
(LL +G)⊗ β

s2
Σc(s)

)]−1

R̂(s)

[denoting r̂ = −(r+ h) and R̂(s) = Laplace of r̂]

= lim
s→0

s2
[
s2I −

(
(LL +G)⊗ βΣc(s)

)]−1
(sR̂(s))

= − [(LL +G)⊗ βΣc(0)]
−1

(
lim
s→0

s2I
)
×(

− lim
s→0

s
[
R(s) +H(s)

])
= [0, 0, · · · , 0]⊤

since Σc(0) < 0, (LL + G) > 0 and r(t) and h(t) all are
bounded signals for all t ≥ 0. This hence implies y → −r̂ →
(r+ h) at the steady-state.

The same proof can be easily extended to all three chan-
nels taken together, i.e., when Σ(s) = 1

s2 I3 and accordingly,
ui ∈ R3, yi ∈ R3, ξi ∈ R3, hi ∈ R3 and r = [rx, ry, rz]

⊤.
For which, the controller becomes Σc(s)I3. The Kronecker
product form will then be used in all expressions.

Part II: Containment control of the follower agents

Following the same procedure as in Part I, the asymptotic
stability of the containment control scheme (the lower block
diagram in Fig. 2) for the followers can be readily established
along with lim

t→∞
ζ(t) = 0 where ζ denotes the contain-

ment error. This implies lim
t→∞

(
LF yf + LFL yl

)
= 0 ⇔

lim
t→∞

(
yf +L −1

F LFL yl

)
= 0 ⇔ lim

t→∞

(
yk−

∑M
j=1 αkjyj

)
=

0 for all k ∈ {M + 1,M + 2, . . . , N} where yl =
[y1, y2, · · · , yM ]⊤, yf = [y(M+1), y(M+2), · · · , yN ]⊤ and∑M

j=1 αkj = 1 with αkj > 0 since each row sum of
the matrix −L −1

F LFL is equal to 1. This means that all
followers will be driven inside a convex hull spanned by the
coordinates of the leaders [24]. This completes the proof.■
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Fig. 4. (a) None of the characteristic loci λ̄i(jω) of [(L +G)⊗ 1
s2

Σc(s)]

encircles any of the critical points ( 1
βi

+ j0) when βi varies in the range
[0,∞); and (b) The interaction topology among networked quadcopter
UAVs (both leader and follower agents) and the virtual target considered in
the flight experiment in Subsection V-B.

IV. FAULT-TOLERANCE PROPERTY

When designing controllers for networked MAS, we often
encounter difficulties due to a sudden loss of agents caused
either by hardware faults or communication failure. Preserva-
tion of the stability of a MAS upon the loss of some agents is
of utmost interest. That is, subject to a sudden loss of agents,
the cooperative control scheme should be able to maintain
the overall stability of the network. Also, a new stable
operating condition should be reached via an autonomous
reconfiguration of the network topology, i.e., after excluding
the faulty agents. Motivated by the ideas of [8] and [9]
(which were built on the results of [20]), we will now
show that the proposed NI-based FTCC scheme has a fault-
tolerance property. The case of a loss of one/multiple agent(s)
can be theoretically considered by making the gain(s) of that
particular control loop goes to zero (i.e. βi = 0), which
means that the faulty loop is temporarily deactivated. The
lemma below will show that the proposed NI-based FTCC
scheme is able to maintain the overall stability in the case
of a sudden loss of agents.

Lemma 1: Under the assumptions of Theorem 2, the
FTCC law given by (1) and (2) preserves the asymptotic
stability of the overall closed-loop system in Fig. 2 when
one/multiple agent(s) suddenly stops working and leaves the
network.

Proof. Theorem 2 has established the closed-loop stability
of both the formation tracking and containment control
schemes (shown in a coupled configuration in Fig. 2) for
a MAS whose closed-loop translational dynamics can be
approximated by a double integrator system for any β ∈
(0,∞). This was established by showing that none of the
characteristic loci λ̄i(s) of

[
(L +G)⊗ 1

s2Σc(s)
]

encircles
the critical point ( 1

βi
+ j0) for any βi ∈ (0,∞). When

βi → 0, the corresponding critical point ( 1
βi
+j0) approaches

(∞ + j0), as portrayed in Fig. 4a. The loss of an agent is
taken into account by making βi = 0, which causes the
critical point to reach (∞+ j0). Fortunately, as observed in
Fig. 4a, all λ̄i(s) remain inside the Purple-coloured region
and hence, there is no possibility of intersecting the positive
real axis anywhere by any characteristic locus. This ensures



that even when the critical point lies at (∞+j0) conforming
with βi = 0, it will not be encircled by any λ̄i(s). This, in
turn, implies that the closed-loop stability remains preserved
even when βi = 0 [which indicates that the ith agent is faulty
and is excluded from the network]. The concept applies
to both the formation tracking and containment control
configurations. ■

V. HARDWARE IMPLEMENTATION ON UAVS

A real-time flight experiment was conducted on seven net-
worked Crazyflie 2.1 nano quadcopters to validate the control
performance and fault-tolerance property of the proposed
NI-based FTCC scheme. A Loco Positioning system (LPS)
is used to detect the positions of each quadcopter with an
accuracy of 0.1m [25]. The position information of each
quadcopter is transmitted to a base station, and the control
command is generated through the base station and sent
to each quadcopter via Crazyradio dongles [25]. However,
since the proposed control strategy is completely distributed,
the base station can be removed if the quadcopters can
sense their relative positions w.r.t. its neighbours or directly
exchange their position information via Bluetooth or Wi-Fi.
A recorded video clip of the real-time flight experiment can
be found at https://youtu.be/5wD7zETI670.

A. Modelling of quadcopter UAVs

Let p = [px, py, pz]
⊤, ω = [p, q, r]⊤ and η = [ϕ, θ, ψ]⊤

be the position vector in the earth frame, the angular velocity
vector in the body frame and the Euler angles respectively.
According to Newton-Euler equations, the dynamics of a
small and lightweight quadcopter UAV can be represented
as follows {

mp̈ = −mgez +Rb
e(η)Fb,

Iω̇ = −ω × Iω + τ b,
(4)

where m ∈ R and I ∈ R3×3 are the mass and the inertia
matrix of a quadcopter UAV, g is the gravity constant, ez =
[0, 0, 1]⊤ is the unit vector w.r.t. the earth frame, Rb

e(η) ∈
R3×3 is the rotation matrix from the body frame to the earth
frame, following the Z → Y → X Euler rotation sequence,
Fb is the total force (in the body frame) from the rotors and
τ b is the total drag torque (in the body frame) produced by
the rotors.

Remark 1: Since the attitude dynamics of quadcopter
UAVs are much faster than the translational dynamics,
flight control can be solved by a two-loop cascade con-
trol configuration (see [24] and references therein). The
distributed cooperative control law in the outer-loop drives
the networked quadcopters to achieve formation tracking
and containment control, while the inner-loop control (a
single/cascaded PID can be used) stabilises the attitude
dynamics. As a result, the closed-loop translational dynamics
of a quadcopter UAV can be approximated by a decoupled
three-input-three-output double integrator system p̈i = ui,
where pi = [pxi

, pyi
, pzi ]

⊤ and ui = [uxi
, uyi

, uzi ]
⊤ are the

position and control input vectors of the ith quadcopter UAV.

According to Remark 1, the proposed NI-based FTCC
scheme in Theorem 2 can be applied in the outer-loop control
to drive a multi-UAV system to achieve the desired formation
tracking and containment behaviours. The output feedback
yi = pi is the position vector of the ith quadcopter UAV and
the control input vector ui can be designed by the distributed
dynamic output feedback SNI control law in (1) and (2).

B. Experimental validation results

In the real-time flight experiment, a three-dimensional
formation tracking and containment flight mission is per-
formed by seven networked Crazyflie quadcopters, consisting
of five leader and two follower agents. Fig. 4b describes the
interaction topology for the networked quadcopter UAVs and
the virtual target satisfying Properties 1 and 2. In addition,
we chose an SNI controller Σc(s) = − s+1

s+20 with Σc(0) =

− 1
20 < 0 and β = 20 to be implemented in the hardware

experiment. The experimental objectives are given below:
1) The five leader quadcopters must achieve the three-

dimensional pyramid formation while the two followers
must enter into the convex hull spanned by the positions
of the leaders;

2) After a sudden loss of one leader quadcopter, the
remaining four leaders must reconfigure into a two-
dimensional diamond shape formation while the two
followers must enter into the new convex hull spanned
by the coordinates of the remaining four leaders.

Fig. 5 presents the snapshots of the real-time flight ex-
periment. Fig. 5a shows the positions of all quadcopters
after taking off, in which five leader quadcopters did not
form the prescribed three-dimensional pyramid formation,
and two followers were outside the convex hull spanned by
the coordinates of the leaders. Next, Fig. 5b shows that five
leader quadcopters achieved the prescribed three-dimensional
pyramid formation, and two followers entered into the con-
vex hull spanned by the coordinates of the leaders. Finally,
Fig. 5c shows that after the leader quadcopter at the top
experienced a sudden malfunction and dropped to the ground
(i.e. marked by the yellow cross), the remaining four leader
quadcopters reconfigured into a two-dimensional diamond
shape formation, and two followers entered into the new
convex hull spanned by the coordinates of the remaining four
leaders. Fig. 6 presents the 2-norms of the formation tracking
and containment errors, in which they all converge to nearly
zero. The experimental results validate that seven networked
quadcopters achieved the formation tracking and containment
flight mission in both healthy and faulty operating conditions
via the proposed NI-based FTCC scheme.

VI. CONCLUSIONS

This paper resorts to Strictly Negative Imaginary systems
property to design a distributed dynamic output feedback
formation tracking and containment control scheme for net-
worked multi-UAV systems. Compared to the conventional
formation-containment control schemes that use a full-state
feedback approach, the proposed methodology relies only
on output feedback, which is more practical when full-state



(a) t = 0 s (b) t = 15 s (c) t = 25 s

Fig. 5. Snapshots of the real-time flight experiment at t = 0 s, t = 15 s and t = 25 s. The blue and red circles represent the leader and follower quadcopters.
The black dashed lines mark the formations of the leader quadcopters.
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Fig. 6. (a) The formation tracking error of each leader quadcopter; (b) The
containment error of each follower quadcopter.

information is unavailable. Furthermore, this methodology
uses the characteristic loci technique to prove the asymptotic
stability of the formation and containment error dynamics
instead of the commonly-used Lyapunov theory-based ap-
proach. Finally, a real-time flight experiment involving seven
networked Crazyflie quadcopters was conducted to test the
feasibility and performance of the proposed scheme and its
fault-tolerance property to a sudden loss of agents.
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