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A passivity approach in port-Hamiltonian form for formation control
and velocity tracking

Ningbo Li1, Jacquelien Scherpen1, Arjan van der Schaft2 and Zhiyong Sun3

Abstract— This paper proposes a passivity approach in port-
Hamiltonian (pH) form for multi-agent formation control and
velocity tracking. The control law consists of two parts, where
the internal feedback is to track the velocity and the external
feedback is to achieve formation stabilization. Since the dynam-
ics of the controller are associated with the edges, the stability
analysis is related to the kernel of the incidence matrix B of
the underlying graph. For displacement-based formations, the
approach is applicable not only to acyclic graphs, but also to
cyclic graphs, in which case the columns of B are not linearly
independent. For rigid formations, the passivity approach for
distance and bearing formation is proposed. In addition, the
relationship between infinitesimal rigidity and convergence of
the desired formation is established. The proposed approach is
verified by numerical simulations.

I. INTRODUCTION

The objective of multi-agent group coordination is to
achieve a prescribed group behavior using distributed feed-
back laws that only employ information about neighboring
agents. If it is assumed that the neighboring agents have
access to each other’s information, i.e., if the graph of
the network is undirected, then the resulting closed-loop
system will inherit the passivity properties of its agents [1],
[2]. Therefore, the passivity approach is a favorable tool
to analyze the stability of the interconnected multi-agent
system.

Formation control aims at a specific group behavior
achieving a prescribed geometric shape. It has been exten-
sively investigated recently motivated by many promising
applications [3], [4], [5]. In [6], the notion of passivity is
used for group coordination. The control objective is to steer
the differences of output variables of neighboring agents to
a prescribed compact set. By extending this idea to forma-
tion stabilization and velocity tracking, the passivity-based
group coordination can be interpreted as the following: the
controller consists of an internal and an external feedback,
while the internal feedback renders the agents passive with
respect to the desired velocity, and the external feedback
steers the group to a desired geometric shape.

Since the dynamics of the external feedback are associ-
ated with the edges, the convergence analysis is intimately
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related to the incidence matrix of the graph. For the group
coordination control in [6], a necessary condition to achieve
convergence of system states to a target set is the lin-
ear independence of the columns of the incidence matrix.
However, for formation control, such as the displacement-
based formation of cyclic graphs, this condition is often not
satisfied. Also in the case of rigid formations, the underlying
graph usually contains cycles. The objective of this paper
is to extend the passivity framework to displacement-based
formation and rigid formation modelled by cyclic graphs.
This will be accomplished by exploiting the pH formulation
of passive systems, which offers a number of advantages in
the modelling and control. In particular, in contrast to other
modeling approaches where the agents are modeled as single
or double integrators, the pH framework is suitable to rep-
resent complex and heterogeneous agent dynamics. Further-
more, pH models are convenient in terms of scalability [7],
making them suitable to represent interconnected systems in
complex networks. Since in this modeling framework the
dissipation and the energy storage structure of the system
are underscored, passivity-based control techniques arise as
a natural option to control pH systems.

The main contributions of this paper can be summarized
as follows:

• Our passivity approach for velocity tracking and for-
mation control is formulated in the pH form, which is
suitable to represent complex and heterogeneous agent
dynamics and is more favorable in terms of scalability.

• We extend the passivity-based group coordination
framework to displacement-based formation over cyclic
graphs. In [6], a key condition that the columns of the
incidence matrix of the underlying graph are linearly in-
dependent (i.e., that the graph does not contain cycles) is
imposed to ensure the convergence of the target sets. By
choosing a proper Hamiltonian, the proposed approach
is also applicable to displacement-based formation over
cyclic graphs.

• We extend the passivity approach to rigid formations.
If the measurements of the agents are distances or
bearings, the graphs of rigid formations usually contain
cycles. We investigate the relationship between infinites-
imal rigidity and the time-derivative of the Hamiltonian
to prove the convergence to the target set.

The rest of the paper is structured as follows. The pre-
liminaries are given in Section II. The main results on
displacement-based formations and rigid formations are pre-
sented in Section III and IV, respectively. Simulations are
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provided in Section V, and concluding remarks appear in
Section VI.

II. PRELIMINARIES

A. Port-Hamiltonian systems

PH systems theory brings together port-based modeling,
geometric mechanics, and system and control theory in
physical system modeling and analysis, in order to obtain a
clear representation of physical processes. A standard input-
state-output pH system [8], [9] is formulated as

ẋ = (J(x)−R(x))
∂H
∂x

(x)+g(x)u,

y = gT (x)
∂H
∂x

(x), (1)

where x ∈ Rn is the state, u ∈ Rm is the input, and y ∈ Rm

is the output. Furthermore J(x) = −JT (x) ∈ Rn×n is the
skew-symmetric interconnection matrix, R(x) = RT (x)≥ 0 ∈
Rn×n is the positive semi-definite dissipation matrix, and
H(x) is the Hamiltonian that equals the total stored energy
stored in the system. It is easy to verify that the time-
derivative of H(x) satisfies Ḣ(x) ≤ yT u, which leads to the
passivity of the system under the assumption that H(x) is
bounded from below. Otherwise, the system is cyclo-passive.
This passivity property is often used to prove the stability
of the closed-loop system. In contrast to other modeling
approaches, the port-Hamiltonian formulation highlights the
interconnection structure related to the exchange of energy.
This description of physical systems is suited for passivity-
based control, whose basic ideas are energy-shaping and
control by interconnection.

B. Passivity for group coordination

Passivity is a favorable design tool for multi-agent systems
since the feedback interconnection structure ensures that
the closed-loop system inherits the passivity property of its
components. In addition, it allows for modelling complex
dynamics and is scalable to more subsystems. The passivity
framework for group coordination was introduced in [6].

Consider a group of N agents with the topology of
information exchange between these agents described by
a graph G (VN ,EM). It consists of a node set V , where
V = {n1,n2, ...,nN}, and an edge set E ⊆V ×V , where E =
{e1,e2, ...,eM}. The incidence matrix B ∈ RN×M describes
the relationship between the nodes and the edges, and it takes
the following form:

bik =


+1, if node i is at the positive side of edge k,
−1, if node i is at the negative side of edge k,
0, otherwise.

We suppose that each agent is modeled in pH form as
a single point mass in Rd . The position of each agent i
is denoted as qi ∈ Rd and the corresponding momentum is
defined as pi = miq̇i ∈ Rd , where mi is the mass of agent i.

The dynamics of all agents are given in the compact form
by  q̇

ṗ

=

 0 INd

−INd −Dr


 ∂H

∂q (q, p)

∂H
∂ p (q, p)

+

 0

INd

u

y =
∂H
∂ p

(q, p),

(2)

where u ∈ RNd is the input, y ∈ RNd is the output, and
Dr ∈ RNd×Nd is a positive semi-definite dissipation matrix,
which enables to model the viscous friction. INd ∈ RNd×Nd

is an identity matrix. The Hamiltonian consists of the kinetic
energy associated with the movement of the mass and takes
the following form H = ∑

N
i=1 Hi =

1
2 ∑

N
i=1 pT

i M−1
i pi, where

Mi = miId .
The coordination objective for the group behavior consists

of two parts. One is that the velocity of each agent converges
to a prescribed common value v∗ ∈ Rn, i.e.,

lim
t→∞
|q̇i(t)− v∗|= 0.

The other is that the difference variables associated with the
edges

z = (BT ⊗ Id)q (3)

converge to a prescribed compact set Ξ ⊂ RM×d , where
Ξ = {z∗1,z∗2, ...,z∗M} and z∗j , j = 1,2, ...,M is the prescribed
difference variable associated with edges j.

To achieve the first objective, an internal feedback is
designed for each single agent, which renders its dynamics
passive from the designed feedback input ui to the velocity
error yi := q̇i− v∗, i.e., the whole group achieves velocity
tracking.

For the second objective, an external feedback is designed
based on relative difference variables associated with edges.
This can be written in a compact form as

u =−(B⊗ Id)φ ,

where φ : RM×d → RM×d are multivariable nonlinearities to
be designed to render the prescribed compact set Ξ⊂RM×d

invariant and asymptotically stable.
The set of desired equilibria is given by

E = {(z,ξ )|ξ = 0,(B⊗ Id)φ(z) = 0,z ∈R(BT ⊗ Id)}, (4)

where ξ = q̇−1Nv∗(t), and R(·) denotes the range space.

III. DISPLACEMENT-BASED FORMATION

We consider a group of N agents which are fully actu-
ated as described by (2). The interaction among the group
of agents is modeled by an undirected, connected graph
G (VN ,EM). In displacement-based formation, the measure-
ments are the relative positions of the agents. The control
law for formation stabilization is usually proposed based on
consensus theory [3], [10], [11]. The convergence is then
described by the Laplacian matrix in case the rank of the
Laplacian matrix is N−1; i.e., the graph is connected. From
the perspective of the passivity framework, the convergence
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depends on the kernel space of incidence matrix. If the
kernel space of B⊗ Id is not trivial, i.e., the graph contains
cycles and the columns of the incidence matrix B are linearly
dependent, Assumption 1 does not hold anymore.

To address this issue, we design a passivity approach
for displacement-based formation stabilization and velocity
tracking for a group of fully actuated agents modeled in (2).

In terms of velocity tracking, the following generalized
canonical coordinate transformations [12] are introduced for
pH model in order to derive the error dynamics(

q̄i(t)
p̄i(t)

)
=

(
qi− v∗t

pi−Miv∗

)
,

where v∗ ∈Rd is the prescribed desired velocity. The Hamil-
tonian for velocity tracking is given as

Hv =
N

∑
i=1

(Hi +Ui) =
1
2

N

∑
i=1

(pT
i M−1

i pi−2pT
i v∗+ v∗i

T Miv∗).

Hi is the kinetic energy for each agent, Ui is a fictitious
potential. When q̇i for all i = 1,2, ...,N converges to v∗, Hv

has the minimum value.
To eliminate the tracking error, the corresponding control

law consisting of two terms is given by

uv
i =−

∂Ui

∂ pi
−

∂Hv
i

∂ pi
=−Dr

i v
∗−Dt

iM
−1
i p̄i. (5)

where Dt
i ∈ Rd×d is a positive semi-definite dissipation ma-

trix. The first term, − ∂Ui
∂ pi

, ensures the velocity converging to

the desired value, while the second term, −Dt
i

∂Hv
i

∂ pi
, improves

the transient performance of the convergence.
Proposition 1: Consider a group of agents modeled as in

(2). With the control law (5), the system converges to the
desired velocity v∗.

The proof directly follows by taking Hv as a Lyapunov
function, and we omit the details here.

For formation stabilization, the displacement error of
edge j is defined as z̄ j = z j − z∗j , where z∗j is the desired
displacement of edge j, j = 1,2, ...,M. To achieve the control
objectives, virtual couplings are assigned among the neigh-
boring agents [8]. The corresponding Hamiltonian is equal
to the virtual potential energy of the edges, and is given by
H f = 1

2 ∑
M
j=1 z̄T

j z̄ j. For each edge, when z j goes to z∗j , H f
i

attains its minimal value. Note that since the positions of the
agents are not controlled, the terms that contain q are not
included in the virtual potential energy.

The dynamics of the formation control system associated
with the edges of the graph are given by

ż j = ω j, τ j =
∂H f

j

∂ z j
+D f

j ω j, (6)

where ω j ∈ Rd and τ j ∈ Rd are input and output of the
controller, respectively, and D f

j ∈Rd×d ≥ 0 is the dissipation
matrix.

The original systems are described by the dynamics of the
agents, while the controllers are designed by the dynamics
on the edges. Therefore, the incidence matrix B is used to

establish the interconnection of the original system and the
controllers, in the compact form given by

u f =−(B⊗ Id)τ, ω = (BT ⊗ Id)y. (7)

According to (6) and (7), the control law for formation
stabilization follows directly as

u f =−(B⊗ Id)z̄− (B⊗ Id)D f (BT ⊗ Id)M−1 p, (8)

where the spring term, −(B ⊗ Id)z̄, is to determine the
stability of the formation shape, while the damping term,
−(BT ⊗ Id)D f (B ⊗ Id)M−1 p, is to improve the transient
performance of convergence.

In general, the total control input is given by

uc = uv +u f . (9)

The total Hamiltonian is defined as Hc = Hv +H f . In this
case, the closed-loop system is given by

˙̄q

˙̄p

˙̄z

=


0 INd 0

−INd −D(q̄, p̄) −(B⊗ Id)

0 BT ⊗ Id 0




∂Hc

∂ q̄ (q̄, p̄)

∂Hc

∂ p̄ (q̄, p̄)

∂Hc

∂ z̄ (q̄, p̄)


where D = Dr +Dt . We obtain the following theorem on
displacement-based formation and velocity tracking.

Theorem 1: Consider a group of agents modeled in pH
form as in (2), and assume that the graph is undirected and
connected. Then the control law (9) achieves the desired
formation while each agent tracks the desired velocity.

Proof: Take the Hamiltonian Hc as a Lyapunov func-
tion. It follows that Hc(q̄, p̄, z̄)≥ 0. Taking the time-derivative
of Hc, we have

Ḣc =−∂ T Hc

∂ p̄
(D+(B⊗ Id)D f (BT ⊗ Id)

∂Hc

∂ p̄
.

It follows that Ḣc ≤ 0. Furthermore, by invoking LaSalle’s
Invariance Principle the system converges to the largest
invariant set {p|p̄ = 0}. It follows ˙̄p = 0. Note that since
p̄ = 0 on the invariant set such that Ḣc = 0, the states q̄
eventually converge to constant values. Therefore, the set
can still be seen as a compact set. Substituting p̄ = 0, ˙̄p = 0
into the closed-loop system, we have

−(B⊗ Id)
∂Hc

∂ z̄
=−(B⊗ Id)z̄ = 0.

Next, we consider two different connected graphs, i.e.,
acyclic graphs and cyclic graphs. If the connected graph
is acyclic, the columns of incidence matrix B are linearly
independent. It follows that the kernel of B is a null set.
Therefore, z̄ = 0, which means that the agents achieve the
desired formation shape, thus completing the proof. For
cyclic graphs, the columns of incidence matrix B⊗ Id are
linearly dependent, which implies that the kernel of B⊗ Id is
not a null set anymore. However, according to the definition
of difference variables z = (B⊗ Id)

T q, it follows that z̄ is in
the range space of BT ⊗ Id . Since the range space of BT ⊗ Id
is orthogonal to the kernel of B⊗ Id , it implies z̄ = 0, thus
completing the proof.
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IV. RIGID FORMATIONS

A. Distance-based formation

The controller for distance-based formation consists of two
parts, where the internal feedback is for velocity tracking and
the external feedback is for formation stabilization. The same
control law as in (5) is used for velocity tracking. Next, we
consider the formation stabilization. The distance of edge j
that associates agents i and k is defined as

||z j||= ||qi−qk||.

In terms of the distance rigidity, the distance edge function
is defined as

hd = [||z1||2, ||z2||2, ..., ||zM||2]T .

The time-derivative of hd is given as

ḣd =
∂ T hd

∂q
q̇ = blkdiag(zT

1 ,z
T
2 , ...,z

T
M)(BT ⊗ Id)q̇, (10)

where Rd = ∂ T hd
∂q ∈ RM×Nd is defined as distance rigidity

matrix. For more details on distance rigidity, we refer the
readers to [13], [14], [15]. We quote the following lemma
from [15].

Lemma 1: Assume the number of agents N is greater
than the dimension d. A framework f = (GN(VN ,EM),q)
is infinitesimally distance rigid (IDR) in Rd if and only if
rank(Rd) = dN−d(d +1)/2.

To make the distance of each edge go to the desired value,
the Hamiltonian for formation stabilization is defined as

Hd =
M

∑
j=1

Hd
j =

1
4

M

∑
j=1

(ed
j )

2 =
1
4

M

∑
j=1

(||z j||2−||z∗j ||2)2.

For the design of the formation controller, we only con-
sider the virtual spring couplings associated to the edges.
With the incidence matrix B, the control law is given by

ud =−(B⊗ Id)
∂Hd

∂ z
=−(B⊗ Id)(blkdiag(zT

1 ,z
T
2 , ...,z

T
M))T ed .

The total Hamiltonian is defined as HD = Hv +Hd . In this
case, the closed-loop system is given by

˙̄q

˙̄p

ėd

=


0 INd 0

−INd −D −(B⊗ Id)DT
z

0 Dz(BT⊗)Id 0




∂HD

∂ q̄

∂HD

∂ p̄

∂HD

∂ed

 ,

where Dz = blkdiag(zT
1 ,z

T
2 , ...,z

T
M). We obtain the following

theorem.
Theorem 2: Consider a group of agents modeled in pH

form as described by (2). If the desired framework f =
(GN(VN ,EM),q∗) is IDR, then with the control law uv +ud ,
the distances of the edges converge to the desired values
locally and asymptotically, and each agent tracks the desired
velocity.

Proof: Take the Hamiltonian HD as a Lyapunov can-
didate. It follows that HD ≥ 0. Taking the time-derivative of
the Hamiltonian, we have

ḢD =−∂ T HD

∂ p̄
D

∂HD

∂ p̄
.

It follows that ḢD ≤ 0. Furthermore, by invoking LaSalle’s
Invariance Principle the system converges to the largest
invariant set {p|p̄ = 0}. It follows that ˙̄p = 0. Substituting
p̄ = 0, ˙̄p = 0 into the closed-loop system, we have

−(B⊗ Id)DT
z

∂HD

∂ed =−(B⊗ Id)DT
z ed =−RT

d ed = 0. (11)

Next, we consider the minimally and infinitesimally
distance rigid (MIDR) framework, whose rigidity matrix,
Dz(BT⊗)Id , has full row rank, while the number of rows
is equal to the number of the edges, M. Therefore, RT

d is full
column rank, implying ed = 0 on the invariant set.

The IDR framework can be obtained by adding edges
to the MIDR framework, in such a way that the number
of the edges, M, is larger than the rank, Nd− d(d + 1)/2.
We have proved that the Nd − d(d + 1)/2 edges making
up the MIDR framework converge to the desired values.
Furthermore, an IDR framework can be decomposed to an
MIDR subframework and an additional subframework with
the remaining edges. Therefore, when the Nd− d(d + 1)/2
edges making up the MIDR framework converge to the
desired values, all M edges in an IDR framework converge
to the desired values [16]; i.e., ed = 0 on the invariant set,
thus completing the proof.

B. Bearing-based formation

Similarly, the same control law as in (5) is used for ve-
locity tracking. Next, we consider the formation stabilization
for bearing-based formations. The definition for the bearing
of edge j that associates agents i and k is given by

s j =
qi−qk

||qi−qk||
.

In terms of bearing rigidity, the distance edge function is
defined as

hb = [sT
1 ,s

T
2 , ...,s

T
M]T .

The time-derivative of hb is given as

ḣb =
∂ T hb

∂q
q̇

= blkdiag(Ps1/||z1||,Ps2/||z2||, ...,PsM/||zM||)(BT ⊗ Id)q̇,

where Ps1 = Id − s1sT
1 is the orthogonal projection matrix

which projects vectors onto the orthogonal complement of
s1, and Rb =

∂ T hb
∂q is defined as the bearing rigidity matrix.

For more details of bearing rigidity, we refer the readers to
[17], [18].

To make the bearing of each edge go to the desired value,
the Hamiltonian for formation stabilization is given as

Hb =
M

∑
j=1

Hb
j =

1
2

M

∑
j=1

(eb
j)

T eb
j =

1
2

M

∑
j=1

(s j− s∗j)
T (s j− s∗j).
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For the dynamics of the controller, we only consider the
virtual spring couplings associated with the edges. With the
incidence matrix B, the control law is given by

ub =−(B⊗ Id)
∂Hb

∂ z
=−(B⊗ Id)blkdiag(Ps1/||z1||, ...,PsM/||zM||)(s− s∗).

The total Hamiltonian is defined as HB = Hv +Hb. In this
case, the closed-loop system in compact form is given by

˙̄q

˙̄p

ėb

=


0 INd 0

−INd −D −(B⊗ Id)Db

0 Db(BT⊗)Id 0




∂HB

∂ q̄

∂HB

∂ p̄

∂HB

∂eb

 ,

where Db = blkdiag(Ps1/||z1||,Ps2/||z2||, ...,PsM/||zM||).
Furthermore, according to the results in [18], we first

present the following Lemma.
Lemma 2: If the framework f = (GN(VN ,EM),q∗) is in-

finitesimally bearing rigid, then the dynamics δ̇ (t) = (B⊗
Id)blkdiag(Ps1 , ...,PsM )s

∗ has two equilibria δ1 = 0 and δ2 =
−2q∗ − (1⊗ ((1⊗ Id)

T q/N)), where δ1 is asymptotically
stable and δ2 is unstable.

We obtain the following theorem on bearing-based forma-
tion and velocity tracking.

Theorem 3: Consider a group of agents modeled in port-
Hamiltonian form as described by (2). If the framework f =
(GN(VN ,EM),q∗) is infinitesimally bearing rigid, then with
the control law uv + ub, the bearings of the edges achieve
the asymptotic stability of the desired sets and each agent
tracks the desired velocity except for the initial condition
where s(0) =−s∗.

Proof: Take the Hamiltonian HB as a Lyapunov can-
didate. It follows that HB ≥ 0. Taking the time derivative of
the Hamiltonian, we have

ḢB =−∂ T HB

∂ p̄
D

∂HB

∂ p̄
.

It follows that ḢB ≤ 0. Furthermore, invoking LaSalle In-
variance Principle gives that the system converges to the
largest invariant set {p|p̄ = 0}. It follows ˙̄p = 0. Substituting
p̄ = 0, ˙̄p = 0 into the closed-loop system, we have

−(B⊗ Id)Db
∂HB

∂eb =−(B⊗ Id)Dbeb = 0. (12)

Since Ps j s j = 0 and eb
j = s j−s∗j , it implies −(B⊗Id)Dbs∗= 0.

According to Lemma 2, in terms of bearings, δ1 corresponds
to s = s∗ and δ2 corresponds to s =−s∗. Since the distance
term is a non-negative scalar and does not go to zero due to
that ḢB ≤ 0, the convergence of the system is not affected by
the evolution of the distance term. Therefore, the invariant
sets {s|− (B⊗ Id)blkdiag(Ps1 , ...,PsM )s

∗ = 0} and {s|− (B⊗
Id)Dbs∗= 0} are the same. On this invariant set, there are two
elements s = s∗ and s =−s∗. Hence, in terms of the closed-
loop system, eb = 0 is an asymptotically stable equilibrium
and eb =−2s∗ is an unstable equilibrium.

Furthermore, the almost global convergence of eb = 0
except s(0) = −s∗ can be obtained since the infinitesimal
bearing rigidity is sufficient to global bearing rigidity [18],
thus completing the proof.

V. SIMULATION EXAMPLES

In order to illustrate the proposed framework, we consider
a group of four agents modeled as in (2), which is a
fully actuated system. For displacement-based formation,
we consider four agents interconnected by a line (acyclic)
graph and a (cyclic) ring graph, respectively. Accordingly,
the incidence matrices B1 and B2 take the following forms

B1 =


−1 0 0 1
1 −1 0 0
0 1 −1 0
0 0 1 −1

 ,B2 =


−1 0 0
1 −1 0
0 1 −1
0 0 1

 .

For distance-based and bearing-based formations, we assume
the two frameworks are both infinitesimally rigid, whose
incidence matrices take the same form as

B3 =


−1 0 0 1 0
1 −1 0 0 1
0 1 −1 0 0
0 0 1 −1 −1

 .

The initial positions and velocities of the four agents are
given as q1(0) = (1,1),q2(0) = (2,1),q3(0) = (2,2),q4(0) =
(3,2) and vi(0) = (0,0), i = 1,2,3,4. The desired velocities
are given as v∗i = (1,1), i = 1,2,3,4. The desired values of
target formations are shown in Table I. The correspond-

TABLE I
DESIRED VALUES FOR TARGET FORMATIONS

Displacement (acyclic) z∗1 = (−1,1),z∗2 = (1,1),z∗3(1,−1)

Displacement (cyclic) z∗1 = (−1,1),z∗2 = (1,1),z∗3(1,−1),z∗4 =
(−1,−1)

Distance d∗1 =
√

2
2 ,d∗2 =

√
2

2 ,d∗3 =
√

2
2 ,d∗4 =

√
2

2 ,d∗5 = 2

Bearing s∗1 = (−
√

2
2 ,
√

2
2 ),s∗2 = (−

√
2

2 ,
√

2
2 ),s∗3 =

(
√

2
2 ,−

√
2

2 ),s∗4 = (−
√

2
2 ,−

√
2

2 ),s∗5 = (−1,0)

ing parameters in the model dynamics and controller are
given as follows: mi = 1, i = 1,2,3,4. Dr

i = diag(0,0),Dt
i =

diag(1,1), i = 1,2,3,4. D f
j = diag(1,1), j = 1,2, ...,M. Fig.

1 shows the evolution of formation errors in formation shape
stabilization. In subfigures (a) and (b), e jx,e jy, j = 1,2,3,4
denote the displacement errors of edge j along the x and y
axis, respectively. In subfigure (c), e j, j = 1,2,3,4,5 denotes
the distance errors of edge j. In subfigure (d), e jx,e jy, j =
1,2,3,4,5 denote the bearing errors of edge j along the x and
y axis, respectively. Fig. 2 shows the evolution of velocity
tracking errors, where eix,eiy, i = 1,2,3,4 denote the velocity
tracking errors of agent i along the x and y axis, respectively.
The results verify that the proposed approach achieves the
formation stabilization and velocity tracking simultaneously
for displacement-based formation and rigid formations.
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(a) Displacement-based formation
(acyclic graph)

(b) Displacement-based formation
(cyclic graph)
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(c) Distance-based formation
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(d) Bearing-based formation

Fig. 1. Evolution of formation errors in formation shape stabilization

Fig. 2. Evolution of velocity tracking errors

VI. CONCLUSIONS

In this paper, a passivity approach in pH form for for-
mation stabilization and velocity tracking is proposed. For
the displacement-based formation, by choosing the proper
Hamiltonian function for formation stabilization, the pro-
posed framework can be applicable for not only the acyclic
graphs but also the cyclic graphs. For the distance-based for-
mation, by establishing the relationship between infinitesimal
rigidity and time derivative of the Hamiltonian, the local con-
vergence of the proposed formation system is guaranteed. For
the bearing-based formation, the almost global convergence

can be obtained since the infinitesimal bearing rigidity is
sufficient to global bearing rigidity. Several simulations are
given to illustrate the validity of the framework.

For the future research, it is an interesting topic to
incorporate the angle-based formation [19], [20] into the
passivity framework. Since the dynamics of the controller
are associated with the angles, we need to use a new inci-
dence matrix to describe the relationship between nodes and
angles. In addition, due to the applicability of pH system to
heterogeneous dynamics, it is a promising topic to investigate
the passivity framework for formation control systems with
different inner-agent constraints.
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