NETWORKS AND HETEROGENEOUS MEDIA Website: http://aimSciences.org
©American Institute of Mathematical Sciences
Volume 2, Number 4, December 2007 pp. 595-624

STABLE SYNCHRONIZATION OF RIGID BODY NETWORKS

SuJiT NAIR

Control and Dynamical Systems
107-81, California Institute of Technology
Pasadena, CA 91125, USA

Naomi1 EHRICH LEONARD

Mechanical and Aerospace Engineering
Princeton University
Princeton, NJ 08544, USA

ABSTRACT. We address stable synchronization of a network of rotating and
translating rigid bodies in three-dimensional space. Motivated by applications
that require coordinated spinning spacecraft or diving underwater vehicles, we
prove control laws that stably couple and coordinate the dynamics of mul-
tiple rigid bodies. We design decentralized, energy shaping control laws for
each individual rigid body that depend on the relative orientation and rela-
tive position of its neighbors. Energy methods are used to prove stability of
the coordinated multi-body dynamical system. To prove exponential stability,
we break symmetry and consider a controlled dissipation term that requires
each individual to measure its own velocity. The control laws are illustrated in
simulation for a network of spinning rigid bodies.

1. Introduction. In this paper, we derive a decentralized control methodology
to coordinate and stabilize a network of rigid bodies moving in three-dimensional
space. Coordination here refers to synchronization of the orientations and positions
of the rigid body network. A motivating application is the use of a coordinated
cluster of satellites carrying telescopes for astronomical interferometry. The goal
is to synchronize the motion of the satellites so that using the telescopes together
enhances resolution. Our results provide provably stable control laws that align the
orientations and synchronize the angular velocities of a network of n spinning rigid
bodies.

We are likewise motivated by the application of a fleet of sensor-equipped un-
derwater vehicles that move together in an organized pattern to identify and track
features in the ocean. An important goal is to synchronize the motion of the vehicles
so that resolution of the sensing array is optimized to minimize estimation error in
the sampled environment. In the case that the vehicles are used as an acoustic ar-
ray, synchronization of vehicle orientation also becomes critical. Our results provide
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provably stable control laws that align the orientations and positions and synchro-
nize the angular and translational velocities of a network of n rigid bodies moving in
three dimensions. The underwater vehicle dynamics used to design the control laws
are idealized; they assume potential flow and ignore the influence of ocean currents.
Application of the results to ocean-going vehicles requires additional attention to
the dynamic effect of the real ocean environment. One possibility, for instance, is to
use the idealized approach here as a motion planner, complemented with a robust
low-level controller designed to carry out the plan in the presence of currents. A
relevant and successful prior field demonstration of control of vehicles in the ocean
is described in [9].

In response to the growing interest in applications of robotic networks, there
has been much research activity on coordinated control of groups. The majority
of research has focused on networks of individuals modeled as particles, see, for
example, [21, 14, 31, 8, 16, 33] and references therein, or as nonholonomic systems
as in [7]. These simplified models are well justified as the focus is the role of
interconnection on collective motion independent of the dynamics of the individual
agents. Graph theoretical tools are used to study limited and possibly time-varying
communication topologies. In [1] the authors consider a group of mobile robots
modelled by point masses and a parameter dependent control law. Depending upon
the parameter, the group can undergo a rigid or an elastic transformation. The
parameter is chosen to shape the kinetic energy metric of the system and is close
in spirit to the geometric approach of this paper.

Simple particle models fall short, however, when the coordination problem re-
quires attitude synchronization. A number of researchers have investigated attitude
coordination of multiple satellites with rigid body dynamics, e.g., [25, 19, 12, 2, 13,
36, 18] and references therein. These works typically make use of an externally
provided trajectory or a leader-follower approach. Additionally, many of the works
make use of the non-unique quaternion representation for attitude. In some of the
earlier works the authors compute synchronization error by comparing quaternions
and angular velocities with respect to different reference frames. This problem is
rectified in [36] where comparisons are made with respect to a common reference
frame.

In a number of network control problems, it may be undesirable to decouple
synchronization from stabilization of individual dynamics. The coordination of
multiple satellites is one example where particle models are insufficient since the
required coordination is defined in terms of rigid body states. Other problems arise
when the individual systems are underactuated and/or have unstable dynamics.
For networks of autonomous systems such as unmanned helicopters or underwater
vehicles, stability of individual dynamics can be important and challenging, and it
may not always be possible (or desirable) to decouple the stabilization problem of
individual dynamics from the coordination problem.

In previous work we have proven control laws to address stable synchronization
of a class of underactuated mechanical systems with otherwise unstable dynamics
[28]. In this case the integral treatment of coordination with individual stabilization
is critical; an energy shaping approach leads to a non-trivial definition of coupling
variable (i.e., not the naive choice) in order to both stabilize the otherwise unstable
dynamics and stably coordinate the network of systems. This point is well illus-
trated in the case of synchronization of a network of moving carts, each balancing
an inverted pendulum. The input directly controls the motion of the cart but not
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the angle of the pendulum. A decoupled approach might suggest to use a control
law so that each cart stabilizes its upright pendulum and then in parallel a coupling
control term that is a function of relative cart positions to synchronize cart motion.
However, stabilization and synchronization of the motion are proven with a coupling
term that depends on the relative measurement of a function of both cart position
and pendulum angle.

In the present paper we address the synchronization and stabilization problems
for rigid body dynamics. Unlike earlier efforts cited above, we work directly on the
configuration manifold avoiding non-unique representations of orientation such as
quaternions. Building on previous efforts, e.g., [20, 34, 10, 29], our approach makes
use of symmetry, reduction, energy shaping and energy methods. We consider first
the case in which each individual in the network has configuration space SO(3)
as is the case for a free rigid spacecraft. For a network of n such rigid bodies,
the total configuration space is SO(3)" = SO(3) x ... x SO(3) (n times). In the
second case, each individual has configuration space SFE(3) as is the case for a rigid
underwater vehicle. For a network of n such rigid bodies, the total configuration
space is SE(3)" = SE(3) x ... x SE(3) (n times). For both cases, we assume that
the uncontrolled dynamics for each individual rigid body are Lagrangian where
the Lagrangian is quadratic in velocity. A potential is introduced as a function of
relative orientations to couple the rigid bodies. In the SFE(3) case, a second potential
term is defined as a function of relative positions. These potentials break some but
not all of the symmetry in the multi-body system. To compute the control laws that
derive from these potentials, we identify the remaining symmetry and determine the
corresponding reduced equations for the coupled system dynamics.

In [10], the authors also consider a network of n rigid bodies with configura-
tion space SO(3)™ or SE(3)" and coupled with a control law that derives from a
symmetry-breaking potential dependent on relative orientation and position. De-
termination of the corresponding symmetry, reduced space and Hamiltonian (Lie-
Poisson) structure is the main focus of the paper. Due to the inability to find all
Casimirs (invariants of the the Lie-Poisson dynamics, independent of the Hamil-
tonian), stability of relative equilibria are proven using the Energy-Casimir method
only in a limited number of cases. In the present paper, we compute the reduction
using the Lagrangian framework and we are able to prove stability more generally
using the Energy-Momentum method and Routh reduction [22].

In order to prove exponential stability we use an external reference direction of
motion which further breaks symmetry. We include an additional control term that
requires that each individual measure its own velocity. This is a limitation of the
approach. In [32] the authors prove asymptotic stability of synchronization in the
SO(3)™ case where the control term does not require absolute velocities but instead
uses relative angular velocities.

Synchronization of spinning rigid bodies is most challenging in the case that the
bodies spin about their unstable (middle) axis. Likewise, synchronization of trans-
lating (underwater) vehicles moving along their unstable (e.g., middle or long) axis
requires stabilizing control. We address first the cases in which the desired motion
of each individual rigid body is already stable (e.g., spin around the short axis) and
we introduce potential shaping control only to provide the desired synchronization.
Finally, we show how to use control that shapes the kinetic energy to stabilize mo-
tion that is unstable for each individual rigid body and how to combine this with
the potential shaping control term to provide stable multi-body synchronization.
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Throughout this paper, we assume a fixed, connected, undirected (bi-directional)
graph for the communication between the rigid bodies. We present our method for
a particular representative from this class of communication graphs; however, the
results are easily extended to the whole class. Consider a graph with n nodes, each
corresponding to a rigid body and an edge between node ¢ and node j if there is
a communication link between body ¢ and body j. We consider the case in which
the communication is represented by a graph that is a chain, i.e., there is a (bi-
directional) edge between nodes j and j — 1 and between nodes j and j + 1 for
j=2,...,n—1. In [32] the authors have made progress in extending the SO(3)"™
results to more general communication topologies using a consensus-based approach.

In this paper, we do not require the mass and inertia matrices of different rigid
bodies to be equal. This is in contrast with [28] for example, where the authors had
to assume equal mass matrices for asymptotic stability analysis purposes. We do
not consider the problem of collision avoidance or fuel cost optimization here but
these are of future interest.

The organization of the paper is as follows. In §2, we define the configuration
manifolds and Lagrangians and set the notation to be used in the rest of the pa-
per. In §3, we define the potentials used to couple the rigid body network. The
corresponding coupling control laws are derived, following [5], by calculating the re-
duced equations of motion for the network. In §4, we prove Lyapunov stability for
the synchronized relative equilibria in the case that the motion for each individual
system is stable. We introduce the symmetry-breaking potential that depends on
an external reference direction of motion since we require this for proving exponen-
tial stability. Using it already in this section reduces the symmetry to an Abelian
group, thereby allowing us to apply the Routh stability criteria. After adding a
control term to emulate dissipation, exponential stability of the relative equilibria
is proved in §5. Simulations illustrate the results. In §6 we derive a control that
shapes kinetic energy and can be used to stabilize otherwise unstable motions of the
individual rigid bodies. We then show how the kinetic shaping control is used with
the potential shaping control to provide stable synchronization even in the case that
the individuals have unstable dynamics. We make final remarks and discuss future
directions in §7.

2. Rigid body models. In this section we define the configuration spaces, state
spaces, Lagrangians, uncontrolled equations of motion and synchronized motions
for the rigid bodies studied in the paper. We also set the notation used throughout
the rest of the paper.

2.1. SO(3)™ network. For a free rigid body in space, the configuration space is
the set of all possible orientations of the body. This set is the Lie group SO(3)
which consists of all the rotation matrices R given by

SO(3) = {R € R*? | det(R) = 1, RTR = I3x3}

where [543 is the 3 x 3 identity matrix. The state space for the body is T'SO(3),
where a particular element (R,w) € T'SO(3) denotes the orientation of the rigid
body in inertial space and the angular velocity of the rigid body in inertial space.
The angular velocity of the body in the body frame is denoted by € € R3. In the
language of Lie groups, w is the right translate of the element R € TrS 0O(3) to the
tangent space at the identity T750(3) denoted by s0(3) and € is the left translate
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of R to so(3), i.e.,
R=®&R, R=RQ.
Here"is a map from R3 to s0(3): given a vector a € R3, a € s0(3) denotes a matrix
such that ax = a x x for any vector = € R3.
We are interested in a network of n such rigid bodies. Let R; € SO(3) describe
the orientation of the i*" rigid body, i = 1,...,n. The n rigid body system has
phase space T'(SO(3)™) with coordinates

(Ri,...,Rn,R1,...,Ry).

The angular velocity of the i*" body in the inertial frame is denoted by w; € R?
and in the i** body frame by €; € R3. Let I; € R**3 be the moment of inertia
matrix for the P body and let the (k,) entry of this matrix be I; ;. We assume
the body fixed frame is chosen so that I; is a diagonal matrix and we assume that
it has diagonal entries where I; 11 > I; 22 > I; 33, i.e., I; 11 corresponds to the short
axis and I; 33 corresponds to the long axis. Note that we do not assume that the
rigid bodies have the same moment of inertia matrices.

The Lagrangian for each rigid body (before coupling) is defined by its kinetic
energy (1/ 2)QiTIiQi. The equations of motion for its dynamics are

for i = 1,...,n, where u,; € R? is the vector of external control torques for the i*®
rigid body.
Our goal is to design uw,;, ¢ = 1,...,n to couple n spinning rigid bodies using

potentials designed to align (synchronize) their orientations in inertial space and
drive the axis of rotation of each to a common prescribed direction. Without loss
of generality we let the prescribed common direction be e; = (1,0,0)7 in inertial
space and the prescribed angular rate equal to 1. This is an arbitrary choice; any
other desired direction and angular rate can be stabilized using the same methods
derived in this paper. Until §6 we assume that each rigid body is to spin about
its short axis. The desired synchronized network motion is given by the relative
equilibrium:

Ri = ...=R, = R.,
Reel = e (22)
Qi = w; = ej.

In §6 we address the case in which each rigid body is to spin about its unstable
(middle) axis. As mentioned in the introduction, we do not consider collision avoid-
ance in this paper. These issues are important even in the case of SO(3) when
physical displacements in inertial space are not a concern. For the SO(3) case,
collision avoidance can mean avoiding certain orientations in space. For example,
if one has sensitive imaging sensors for interferometry purposes, orientations which
point the sensor to a bright source like the sun are to be avoided.

We note that we can have a system where each body has the same rotation
matrix, but different “physical orientations”. This is because, for each body, its
rotation matrix is defined with respect to a reference orientation in space given
by the identity matrix. For different choices of reference orientation, the bodies
will, after synchronization, have the same values of rotation matrices but different
physical orientation. This is related to the freedom in choosing the matrix K in
[10]. In [10], the bodies have the same reference configuration but different rotation
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matrices. The synchronized state for the network corresponds to RZ-T_HK R; =543,
i.e., the bodies have different physical orientation if K # I.

2.2. SE(3)™ network. We now consider the case in which the rigid bodies can
rotate and translate in three dimensions. The configuration space for a single rigid
body is the Lie group SFE(3), the space of rigid body motions. An element in SF(3)
is denoted by (R,b) with R € SO(3), b € R3 and group multiplication

(R,b) - (R1,b1) = (RRy, Rby + b).

Here, R represents the orientation of the body and b the vector to the body from
the origin of an inertial frame. For this action, the inverse of (R, b) is (RT, —RTb).
It is useful to represent elements in SE(3) in matrix form so that the group action
is represented by matrix multiplication as follows:
R b| | R ] [ RR RV +b
0 1 0o 1| 0 1 '
The angular and linear velocities of the body in the inertial space are obtained by
computing the right translate to the tangent space at the identity 775 F(3), denoted
by se(3), of an element belonging to the tangent space of SE(3) at a particular point
(R, b) as follows:
R b] [RT -R™ ] _[& b-wb
0 0 0 1 10 0 '
Here, w € R3 is the angular velocity of the body in inertial space and b is its linear
velocity in inertial space. The velocity components in the body frame are similarly
obtained using the left translate. They are denoted by £ € R? and v € R? and
calculated as follows:
R" —-R™ ] [R b RTR R | _[Q v
0 1 0 0 0 0 L0 0]
We are interested in a network of n such rigid bodies. Let (R;,b;) € SE(3)

describe the orientation and position of the i*" rigid body, i = 1,...,n. The n rigid
body system has phase space T'(SFE(3)"™) with coordinates

(R1,...,Rn,Ry,...,Ry,b1,...,b,,b1,....b,).
The angular velocity of the i*" body in the inertial frame is denoted by w; € R? and
in the i*" body frame is denoted by Q; € R3. The linear velocity of the i** body in
the inertial frame is b; € R? and in the " body frame is denoted by v; € R3.

We let the rigid bodies be immersed in a fluid defined by potential flow. Then to
each rigid body there is a moment of inertia matrix I; € R3*? and a mass matrix
M; € R3*3 that includes rigid body and fluid terms [11]. Let the (k,l) entry of
these matrices be I; y; and M; i1, respectively. We assume the mass is distributed
uniformly and the body frame chosen so that both I; and M; are diagonal for all
i=1,...,n. We further assume that Ii711 > Ii722 > Ii)33 and Mi,ll > Mi722 > Mi733.
Note that we do not assume that the rigid bodies have the same moment of inertia
matrices or mass matrices.

The Lagrangian for each rigid body (before coupling) is defined by its kinetic
energy (1/2)Q7 I;Q; + (1/2)v! M;v. The equations of motion for its dynamics are

My, = (Mivi) x 8 +uyp (2.3)



RIGID BODY NETWORKS 601

for i = 1,...,n, where u,; € R? is the vector of external control torques and
uy; € R3 the vector of the external control forces for the i*" rigid body.

Our goal is to design u,; and uys;, ¢ = 1,...,n, to couple n moving rigid bod-
ies using potentials designed to align (synchronize) their orientations and relative
positions in inertial space and drive the axis of translation of each to a common pre-
scribed direction. Without loss of generality we let the prescribed common direction
be e; = (1,0,0)T in inertial space and the prescribed angular rate and linear speed
equal to 1. This is an arbitrary choice; any other desired direction and angular rate
and linear speed can be stabilized using the same methods derived in this paper.
Until §6 we assume that each rigid body is to translate and rotate along its short
axis. The desired synchronized network motion is given by the relative equilibrium:

Ry = ...=R, = R..
by = by—di»... = b, —dy, = b,

R.ey = e (2.4)
b. | e
Q;, = w; = ey,
v; = ej.

In (2.4), d;; € R? are fixed vectors determining the constant desired interpositioning
between the bodies 7 and j. Since the vectors d;; are constant, we can choose new
coordinates by, l~)2 =by —djo,..., Bn = b,, — dy,, without changing the form of the
Lagrangian. Further, the dissipation controller that we design in (5.14) depends only
on the time derivative of b; which is equivalent to the time derivative of b;. Hence,
without loss of generality, we can set the vectors d;; in (2.4) to be zero. However,
the terms d;; will be important in incorporating collision avoidance schemes into
the present framework. In §6 we address the case in which each rigid body is to
translate and rotate along its middle (unstable) axis.

3. Reduction for rigid body networks. We define the potential that couples
the rigid bodies in the network as a function of relative orientations and relative
positions that are available given the communication graph. As mentioned in the
introduction, we use a chain as the communication graph, i.e., the connected, undi-
rected graph on n nodes depicted as follows:

The coupling potentials V; and Va designed below in (3.1) and (3.21) for the SO(3)™
and SFE(3)™ networks, respectively, are consistent with the above communication
graph.

We define the controlled system dynamics to be those given by the Lagrangian
that is the sum of the original kinetic energy and the coupling potential. We identify
the symmetry in the system and then derive the reduced equations of motion for the
network using the method of Lagrangian reduction [5]. This procedure yields the
coupling control inputs; these correspond to the terms in the equations of motion
associated with the coupling potentials.

The central idea in Lagrangian reduction, following [5], is to start with the vari-
ational formulation of the network mechanics and then split the variations into a
horizontal and a vertical part. The vertical directions are the ones which preserve
the symmetry structure and the horizontal directions are orthogonal (with respect
to the kinetic energy metric) to the vertical directions. These variations gives rise
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to horizontal and vertical equations of motion, respectively. In [10], the reduction
for the rigid body network is carried out using semi-direct product reduction theory.

Stability of the synchronized rigid body networks using the control laws derived
in this section is proved in §4 and §5.

3.1. Reduction for SO(3)™ network. For the rigid body network on SO(3)™, we
define the coupling potential to be
n—1
V1 =01 Z tI‘(Rg:i_lRi) (31)
i=1
where o; € R. Note that V4 depends only on relative orientations that can be
measured given the fixed communication topology assumed above. When o; < 0,
the global minimum of f/l is R{ = Ry = --- = R, as desired. The potential (3.1)
resembles the potential used in [4] and [30]. In these works, the authors use the
potential for asymptotic tracking of prescribed attitude. However, the authors of
[1] and [30] choose to cancel the natural dynamics of the system; whereas we choose
to preserve the Lagrangian structure of the system. The potential V; is also used
in [24] to study the topological structure of SO(3).
We define the controlled system by the Lagrangian dynamics with Lagrangian L
equal to the sum of the kinetic energies of each individual system minus the coupling
potential:

n n—1
1
L=3Y" (foini) ~ o1 tr(RL, Ry). (3.2)
i=1 i=1
L has SO(3) as its symmetry group with the symmetry action given by
R-(Ri,...,Rn,RiQ4,...,R,Q,) = (RRy,...,RR,, RR1Qy, ..., RR, ).
Fori=1,...,n—1, let
X; = Rl R,
i.e., X; is the relative orientation of individuals ¢ and ¢ + 1. Figure 3.1 illustrates
the relative orientations in a system of three rigid bodies. Since

Xi = Xzﬁl — ﬁi—i—lXi (33)
we have that

’ll]i = XiX-_l

2

X QX = Qi
= X — Qi1 (3.4)
Then w; = X;Q; — Q;41 is the difference between the angular velocities of the ith

and (i + 1) bodies represented in the (i 4+ 1)*" body frame.
We identify the reduced space as

(R Ray oo Ry RaS, o, R
50(3)
= (X1, X9, o, X1, Xa XL X X0 o X X, ) (3.5)
= (X1, Xoy oo, X1, wi, w2, Wym1, Q).
Here, we have used the notion of a principal connection on a principle bundle. In
our case, the “value” of the principle connection is the angular velocity of the first

rigid body in its body frame and belongs to the Lie algebra so(3). Note that there is
no unique choice for the principal connection. Each such choice gives rise to its own
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FIGURE 3.1. Illustration of relative orientation X; = RI R; of
body 1 with respect to body 2 and relative orientation Xo = R% Ry
of body 2 with respect to body 3.

set of horizontal and vertical equations, which after change of variables is equivalent
to the corresponding equations we derive in this section.

The full (unreduced) space is T (SO(3)™) and the symmetry group is SO(3). The
Lagrangian reduced space is the sum of two bundles. They are the tangent bundle of
SO(3)"/S0O(3) and another bundle with base space SO(3)"/SO(3) and fibre given
by s0(3). Let

(X,’U],Ql) = (Xl,. .. ,anl,'u)l,.. .,’U]nfl,ﬂl).

We denote by [ the Lagrangian (3.2) on the reduced space such that

Iy
X w, ) = ; (Qi IQ) —V(X) (3.6)
where Q;, j = 2,...,n can be expressed in terms of (X, w, Q1) using the recursion

Qj = Xj_lﬂj_l —Ww;—-1

and
n—1
V(X)=01) trX,.
=1

The equations of motion are derived using the variational formulation of me-
chanics. An arbitrary variation in the full configuration space can be split into a
vertical part and a horizontal part once a connection is chosen. Here the variations
are split using the identification given by (3.5). The vertical variations correspond
to variations in the symmetry group direction, i.e., to variations in €2;. These vari-
ations preserve the shape of the system. The horizontal variations correspond to
variations in the reduced space, which in our case is the (X, w) space. The horizon-
tal variations do not preserve the shape but instead preserve the total momentum
of the system [5].

The variation 6€2; is computed as follows. Let tg,t1 be the initial and final time,
respectively, of the paths in the variations. Let 7 = R{JR;, where R is the
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variation of a path R; in SO(3) with fixed end points, i.e., dR1(to) = dR1(t1) = 0.
Since 2 = RlTRl, we have

6Q, = RYSR, — RTORRTR,
= RT6R, — RT6R\RT Ry + RTRiRTSR, — RT R\ RTSR,

Therefore, 627 = 1+ xn. To calculate 6 X;, define Xl = —RZ—TH(SRZ-—I—XZ-RZ-T(SRZ-XJI.
Now,

6X; = §(RILR)
—Rl R 1R R + R OR;
= —R],6Ri 41X, + X;RIOR;
= XX

We use the expression for 0.X; to calculate dw; as follows:

o = o (XX
= 9 (%) X7 - XXX X
= ;\z +0X X — w6 X X,

~

= )\z + XZ'I/l\)l — Wi ;.

The splitting of variations into a vertical variation dy and horizontal variation
O is then given as

v (X,w, Q1) = (X,w,9Q1),(0,0,7+ Q1 x 7)) (3.7)
S (X, w, Q) = ((X,w,nl),(XX,X—wa,O)) (3.8)

where 9, A € R?, n(t;) = 0,A;(t;) =0fori=0,1and j=1,...,n—1 and

~ ~

AX = (Xlxl,...,)\n_lxn_l)
).\—’LUX)\ = (Xl—’UJ1XA1,...,Xn,1—wn,1XAnfl).
This splitting gives rise to a vertical equation and a horizontal equation of motion,
respectively, by taking the vertical and horizontal variations of the Lagrangian .

The vertical equation is the momentum conservation equation and is derived as
follows using the fact

6{/91' = Xiévﬂi_l = XiXi_15vﬂi_2 =...= R?R15vﬂ1.
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We compute the vertical variation of the Lagrangian [ as

tl tl n
5v/ I(X,w, Q)dt = 5v/ (%anlini—V(X)> dt
t() t() i=1
t1 n
= / > QlLove | dt
to

=1

t1 n
/ (Z QiTIZ-RZ-TR1> Sy dt
to

i=1

ty
= / a® (n+ Q1 x n)dt

= / " (AT 1 (@ x @)ty

where we have used in the last step integration by parts and dy €21 =1+ 21 x 1,
where n(t) is arbitrary with n(tg) = n(¢t1) = 0. Here,

n T
a= <Z Q;?FIZ-R;?F&) =L +RI'Ry L + ...+ RTR, 1,9, (3.9)

i=1

the total angular momentum as seen in body 1 frame. Setting dy fttol Il =0 we get

a:axﬂl.

This is the (vertical) equation for conservation of total angular momentum in inertial
space as seen from the body 1 frame.

Before calculating the horizontal equation of motion corresponding to the hori-
zontal variation of [, we first prove the following useful lemma. Let e; = (1,0,0)7,
ey — (0, 1,O)T, €3 — (0,0, 1)T

Lemma 1. Let b € R? and R € SO(3) where {c1,c2,c3} are the column vectors of
R. Then, tr(Rb) = b-v, where v = ¢ X €1 + ¢c2 X €2 + ¢3 X e3 is the eigenvector
of R corresponding to eigenvalue 1 when R # I3x3.

Proof: We have
tr(Rb) = tr(bR)
= tr(bles ¢, e3))
=tr([bxecy bxecy bxeg))
=e-(bxep)+ter-(bxer)tes (bxes)
=b-(c1 Xxej+caxexst+ecg xes).
Now let v =¢1 X €1 + ¢2 X €3 + ¢3 X e3. Then,
b-(Rv) = (R"b)-v
= tr(RI?T\b)
= tr(RRTbR)
= tr(bR) = tr(Rb) = b-wv.
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Since b is arbitrary, Rv = v, i.e., v is the eigenvector of R corresponding to eigen-
value 1. O

Next we calculate the horizontal variation of V(X). Using Lemma 1, (3.8) and
the fact that trace is a linear operator, we get

n—1
SuV(X) = dpotr(d_ X))

i=1

n—1
= 01 Z tr(dHXi)
1=1

n—1
= 01 Z tI’()A\iXi)
i=1

n—1
= o1y (ul)"A (3.10)
=1
where fori =1,...,n—1
uli = (Ai x e+ 3; x es + T x e3) (3.11)

and A;,¥;, T'; are the column vectors of X; = Rl-THRZ-. The superscript “ps” refers
to “potential shaping”. From Lemma 1, we get that u!’ is the eigenvector of X;
corresponding to eigenvalue 1.

Next, we calculate 6 €2; for ¢ > 1 using (3.8). Since ;41 = X;Q; — w;, we get

5Hﬂi+1 = —dgw; + (5HX1)91 + X6y Q;
—()\l —w; X )\i) + XiXiQi + X092,

Using this recursively with 652, = 0 from (3.8) and the identity Y (z1 x z2) =
(Yz1) x (Yzs) for z1, 2o € R and rotation matrix Y € SO(3), we get

Qi = —Ai4wi x A+ X x (X)) —zidi 1 + Xawi 1 x Xidi 1
+XiNim1 X (XX 121) + X X105 Qi1
= X;0D Xin X XX (—}\j Fw; X Aj+Aj ¥ (Xjﬂj))

Jj=1

= ZR;’I:i-leJrl (—}\j +w; X )\j + )\j X (XJQJ)) . (312)

j=1
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Further,
t1 .

/ > QL :/ ZQTI ZRM@1 (—Aj +w; X Aj+ A X (Xjnj)) dt
to j=2 to =2

tyn i—1 .
/ J+1Riliﬂi)T(—Aj + w; X Aj + Aj X (X]Q])) dt

Uz 275=1

t1 n z 1
/ R+1RIQ) by

012]1

+ (R;*-FHRiIiQi)T (w; x Ay + Aj % (X;9,) ) de

tp noi—1
/ ZZAT dt RY R 1;8;)

012—1

+ (R7+1Rzlzﬂz) X (’w]' — Xjﬂj))dlf

ty n—1 " n d
- / YIS (o (BF Ris2)

+ (R Ridif2:) x (w; — Xjﬂj))dt (3.13)

where we have used integration by parts and the fact that A(¢) vanishes at to,¢;.
Using (3.6), (3.10), (3.12) and (3.13), we compute the horizontal variation of
Lagrangian [ as

t1 t1 1 n
5H/ (@, w, Q)dt = 6H/t 3 (ZQiTIZ—Qi—N/(X)) dt

to 0 i=1
n

ty
/ O LouQ — 6uV(X))dt
to

=2

d — (RT RISy,

[l
—
S 1M

>

S
M=
/_\
|

+ (RJJrlRlIlQZ) X (’LUJ' — XJQ ) 0’1U )dt

We set i ftzl ! = 0 and note that this holds for arbitrary X;(¢). Again, using the
fact that 2,11 = X;Q;—w;, we get the horizontal equations to be for j = 1,...,n—1

d u )
- Z RIGRILQ | = | > RIGRLQ: | x () + 0wl (3.14)
i=j+1 i=j+1

Since j goes from 1 to n — 1, we have n — 1 horizontal vector equations. When
j=mn-—1,(3.14) becomes

L2, = (1,2) x () + oru?®, .
Let u?$ = u?) = 0. We now show that if

L, = () x () + o1 (u??,_; — ul) (3.15)

)
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for j =k+1,...,n where k > 1, then (3.15) also holds for j = k. For j =1,...,n
let

aj 1= (> RIRLQ: | =L +R] | > RLQ:|. (3.16)
i=j i=j+1
Note that ag = a defined in (3.9). We have

a1 =Ly - RT | Y R | R Y (Ru(L90) + Rilih:) . (3.17)
1=7+1 1=7+1

Using (3.14), (3.16) and (3.17), we get

L+ BT S Ry (Qullif) + %) = (G9) x @ + oy (3.18)
i=j+1
Now we use the assumption that for j =k + 1,...,n for any integer k, n > k > 1,
(3.15) is satisfied. Then, for j = k,...,n (3.18) implies
Iij + R,]T Z Rl (O’l(uiiil — ’Ulzf)) = (IJQJ) X Qj + Uluﬁ,sjfl' (319)

i=j+1

Now use the fact that u”’ is the eigenvector of X; = R;{HRZ- corresponding to ei-
genvalue 1, i.e., R;11u?? = R;u”?. This implies that all the terms in the summation

S

in (3.19) cancel except for o1 R Rj1uli = o1u?). So (3.19) becomes

Iij = (IJQJ) X Qj + al(ups ups ) (320)

Tj=1 " T

Equation (3.20) is satisfied for j =1,...,n.
Equation (3.20) together with (3.3) for the dynamics of relative orientations X,

i = 1,...,n — 1 give the complete, reduced, closed-loop equations of motion in
T(SO(3)™)/SO(3). Since A;,3;,T; are the column vectors of X;, (3.3) can be
equivalently written fort =1,...,n—1 as

d

—TA D D =lA D D -Qa A D T
4 1= 10— 0 | ]
The closed-loop dynamics are the Lagrangian dynamics corresponding to the La-
grangian (3.2). By comparing these dynamics with equation (2.1), the control inputs
can be read off as the last term on the right side of (3.20) .

3.2. Reduction for SFE(3)"™ network. For the rigid body network on SE(3)", we
define the coupling potential to be

n—1

v, (o
Va= Z (Ultr(RiTJrlRi) + 72Hb1 - bi+1||2) ; (3.21)

i=1

where 01,09 € R. Note that f/g depends only on relative orientations and relative
positions that can be measured given the communication graph. When o7 < 0 and
oy > 0, the global minimum of V3 is R = Ry = --- = R, and by = by = --- = b,
as desired.

We define the controlled system by the Lagrangian dynamics with Lagrangian
L' equal to the sum of the kinetic energies of each individual system minus the
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coupling potential:

"1 o
25 (QF 1, + o] Myv;) — o tr( ;RZ“R 2Zub —bi|? (3.22)

L’ has SE(3) as its symmetry group with the symmetry action given by

(R,b)-(Ry,..., R, Ry,... Rn,by,... by by, ... by)
= (RRi,...,RR.,RRy,...,RR,,Rby +b,...,Rb, +b,Rby,... Rb,).

Fori=1,....n—1, X; = R;ﬂrlRi and w; = XiXi_l = X;Q; — Q41 as defined
in §3.1 and let y; = b;11 — b;. We identify the reduced space as

[R15R27" '7Rn)b17" '7bn)Rlﬁl7R2§\227" 'aRnQn;blv" '7i)’n,

SE(3)
X1y X 1Y U X XY X 0 X U Uy O, 01)

= (X1, -, X011, Y1y s Yp s Wiy e, W1, Ypy e ey e - Y1, 21, 01)
= (X,y,w,y,Q,v1). (3.23)

As in §3.1 for the SO(3)™ reduction, we have used the notion of a principal con-
nection on a principal bundle. The value of the principal connection is the angular
and linear velocity of the first rigid body in its body frame and belongs to se(3).
Just as in the SO(3)" case, there are various choices of principal connection, each
of which gives rise to its own horizontal and vertical equation, which after change
of variables, can be reduced to our choice. For example, one can choose the angular
and linear velocity of any of the n rigid bodies in its body frame as a principal
connection. The corresponding vertical equation is just the conservation of total
angular and linear momentum, expressed in that particular body frame.

We denote by I’ the Lagrangian (3.22) on the reduced space such that

V(X yw, 5, 90,01) = 5 > (L8 + o] My, ) = V/(X,y)

i=1

l\D|P—‘

where

n—1 n—1
' — Ny 22 2
V) = e+ T3 Ll

The equations of motion are derived using the variational formulations of me-
chanics. Horizontal and vertical variations correspond to the identification made
n (3.23). The vertical variations correspond to variations in the symmetry group
direction, i.e., to variations in (1, v1). These variations preserve the shape of the
system. The horizontal variations correspond to variations in the reduced space
(X,y,w,¥y) and preserve the total momentum of the system [5]. Let to,¢; be the
initial and final time, respectively, of the paths in the variations. The splitting of
variations into a vertical variation dy and horizontal variation gy can be computed
to be

6V(X7y7w7y7 Qlavl) ((X7y7w7 71/7 Qlavl)u (07070707691751’1))

5H(X7y7w7yanlvvl) = ((X,y,w,y,ﬂl,'vl),(XX,(Sy,).\—'LUXA,(S?.J,0,0))
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where 9, A € R3, ny(t;) = 0,m5(t;) =0,X;(t;) =0fori=0,1and j=1,...,n—1.
Here

591 = 771+91X?71
dvy = My + Q1 xmy v XMy

and XX, A — w x X are as defined in §3.2.

The splitting gives rise to a vertical equation and a horizontal equation of motion,
respectively, by taking the vertical and horizontal variations of the Lagrangian [’.
This follows analogously to the SO(3)™ case. Details can be found in [26]. As before
let A;, 3, T'; be the column vectors of RiT_HRl-. The reduced, closed-loop equations
of motion in T(SE(3)™)/SE(3) are as follows:

Izﬂl = (Ilﬂz) X Ql —+ (Mz'vz) X v; + 01 ('U/;:ii-_l — sz)
M, = (M) x Qi + o (u?i_l - uf;j) (3.24)

where

ups.:(AiX61+2iX62+I‘iX63), 1=1,....,n—1,

T

uzjj'si:_R;‘[(bi_bi-i-l), i=1,....,n—1,

ul] =l = 0.
The closed-loop dynamics are the Lagrangian dynamics corresponding to the La-
grangian (3.22). By comparing these dynamics with equation (2.3), the control

inputs can be read off as the last term on the right side of (3.24).

4. Stability of rigid body networks. In this section we prove stability of the de-
sired relative equilibria defined by (2.2) for the SO(3)™ network and by (2.4) for the
SE(3)™ network. Recall that for the SO(3)™ case, the desired equilibrium motion
corresponds to the bodies all aligned and rotating about their short axis. For the
SE(3) case, the desired equilibrium motion corresponds to the bodies aligned, both
in orientation and position, and at the same time rotating about and translating
along their short axis. The non-rotating SO(3)™ network stability is proven in [10]
using the Energy-Casimir method; the authors in [10] are not able to prove stability
when the bodies are rotating as they are not able to find Casimir functions for this
case.

Since we are eventually interested in exponentially stabilizing the synchronized
steady motion of the networks, we break some of the symmetry that remains after
coupling to shrink the symmetry to an Abelian group. The symmetry breaking
corresponds to alignment of the short axis of each rigid body (the axis of rota-
tion/translation) with the inertial axis e; as desired. This allows us to use Routh
reduction to prove stability of the network and also to use a result from [3] to prove
exponential stability by constructing a Lyapunov function for the desired relative
equilibrium manifold.
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4.1. Stability of SO(3)" network. The potential function we use for the SO(3)"
network is a modification of V; given by
n—1
‘/1 = altr(z R;I:i_lRl) + alelTRlel. (41)

i=1

The extra term Vg1 := o1 elTRl e in the potential V7, as compared to ffl, reflects the
interest in aligning the short axis of each body with the inertial axis e; (the choice
of ey is arbitrary). Without this term, the symmetry group is SO(3). With this
term, the symmetry group is the abelian group S', corresponding here to rotation
about the e; axis. The equations of motion for the network are identical to (3.20)
except that here

uly = —R{ ((Rie1) x e1) (4.2)
due to the new term in the potential V;. To see how this term arises, consider the

most general variation of Vgi. Let 60; be the variation in R;, i.e., 0R; = (@Rl
We have,

(SVBl = UleféRlel
= 01 erfé/a?lRlel

= 0150? ((Rlel) X 61) . (43)

When the variation is vertical, i.e., §01]|e1 in (4.3), then we have dy V1 = 0. Hence,
the only additional term that arises is due to the horizontal variation and equal to
o1 ((Rie1) x e1) in the §0; direction. After premultiplying by RY to transform the
new term from inertial frame to body frame, we define u”, consistent with how it
appears in (3.20), to get (4.2).
Consider the following function
n—1 n
‘/114 — o’ltr(z R;TJrlRZ) + 0’16,{R161 — Z e{]fel

i=1 i=1
where I! = R;I; RT is the moment of inertia of the i*® body in inertial space. V;
is the amended potential [22] for the SO(3)™ network corresponding to the relative
equilibrium given by (2.2). To prove that the relative equilibrium given by (2.2)
is stable, we show that the amended potential VlA has a positive definite variation
in directions away from the relative equilibrium solution (see Proposition 8.9.4 in
[23]). That is, we show that §2V;* > 0 and is equal to zero only when the conditions
in (2.2) are met. When R; = R; = R., we compute

|~

n—1
52‘/1A = —20’1 2(501“ — 501)T(501+1 — 501) — 01 (501 X 61)T(501 X 61)
=1
+Z(501 X el)T(Ii)11]13><3 — If)(é@l X 61).
i=1

Details of the computation can be found in [26]. When o1 < 0, then 62V > 0 and
is equal to zero only when (2.2) is satisfied. We have proved the following theorem.

Theorem 1. The steady motion given by (2.2) is a stable relative equilibrium for the
rigid body SO(3)™ network with controlled equations of motion given by (3.20) with
(3.11) and (4.2). This equilibrium corresponds to all n rigid bodies with synchronized
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orientations. Each body is rotating about its short azis which is aligned with the ey
azxis in the inertial frame.

4.2. Stability of SE(3)" network. The potential function we use for the SE(3)"
network is a modification of V5 given by

n—1
ag ag
Vo = o1tr(D>_ RI, Ry) + o1e] Riey + 72|\bi+1 — b2+ g(bg +03).  (44)
i=1

The extra term Vpa = g1el Rie;+(02/2)(b3,+b25) in the potential V5, as compared
to Va, reflects the interest in aligning the short axis (of rotation and translation)
with the inertial e; axis (the choice of e; is arbitrary). Without these terms, the
symmetry of the SFE(3)™ network is SFE(3). With these terms, the symmetry group
is the abelian group S x R, corresponding to rotation about and translation along
the e; axis. The equations of motion for the network are identical to (3.24) except
that here

u?y = —R]((Rie1) x e1)
uly = —R{((bi-ez)ex+ (b1 -es)es). (4.5)

To see how these terms arise, consider the most general variation of Vgo. We
have

6VBQ = 0’16{51’%161 + 02 (b125b12 + b135b13)
01€T30, Riey + o (b126b1a + b13bys)
0150? ((Rlel) X 61) + o9 (51251712 + b136b13) . (4.6)

When the variation is vertical, i.e., §01|e1 and dbjz = dby3 = 0 in (4.6), then we
have dyVps = 0. Hence, the only additional terms that arise are all due to the
horizontal variation and equal to o1 ((R1e1) X e1) in the 66 direction, o2by2 in the
0b12 direction which is the e direction and o9b3 in the dbq3 direction which is the
e3 direction. We can substitute the identities: b12 = (b1 - e2) and b3 = (b - e3).
After premultiplying all new terms by RT to transform from inertial to body frame,
we define u?; and u', consistent with how they appear in (3.24), to get (4.5).
Consider the following function

n—1

1 n
%Azoltr(ZRalRi)+016{R1€1+02||bi+1 _bi|‘2+02 (b%2+b%3)—§ Ze{([ﬁ-ﬁ-Mﬁ) el
i=1 1=1

where I! = R;I; R and M! = R;M;RT. Vi is the amended potential [22] for the
SE(3)™ network corresponding to the relative equilibrium given by (2.4). To prove
that the relative equilibrium given by (2.4) is stable, we show that the amended
potential Vi has a positive definite variation in directions away from the relative
equilibrium solution. (see Proposition 8.9.4 in [23]) That is, we show that 62V;* > 0
and is equal to zero only when the conditions in (2.4) are met. When R; = R; = R,
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and b; = b;||e1, we compute
n—1
52‘/2A = —20’1 2(501“ — 501)T(501+1 — 501) — 01 (501 X 61)T(501 X 61)
i=1
+Z(501 X el)T(Ii)11]13><3 — If)(é@l X 61)
i=1
n—1
—|—20’2 Z(5bl+l - 5b1)T(5b1+1 - (Sbl) + 0’2((5()12)2 + (5()13)2)
i=1
+Z(5OZ X el)T(Mi711]13><3 — le)(501 X 61).
i=1
Details of the computation can be found in [26]. When o7 < 0 and o2 > 0, then
52ViA > 0 and is equal to zero only when (2.4) is satisfied. We have proved the
following theorem.

Theorem 2. The steady motion (2.4) is a stable relative equilibrium for the rigid
body SE(3)" network with controlled equations of motion given by (3.24). This
equilibrium corresponds to alln rigid bodies having the same orientation and position
vectors with each one rotating about its short axis and translating along the same
axis aligned with the ey axis in the inertial frame.

5. Exponential stability. In this section, we show how to add a dissipative term
to the control law designed in §4.1 and §4.2 to achieve exponential stability of
the relative equilibria given by (2.2) and (2.4). The idea is to first construct a
Lyapunov function for the relative equilibrium manifold, i.e., a function that has its
minimum on the relative equilibrium manifold and has a definite second variation
in a neighborhood of the relative equilibrium manifold. Once we have made this
construction, we can use a result from [3] to appropriately design dissipative controls
to prove nonlinear exponential stability of the relative equilibrium manifold. Note
that the notion of exponential convergence is not coordinate independent in the
nonlinear setting where coordinate transformations can be nonlinear [35]. That is, if
the state converges exponentially to a particular value in one set of coordinates, this
does not imply that the state converges to that value exponentially in another set
of coordinates. However, one can define a coordinate-free exponential convergence
(that we call nonlinear exponential stability) by looking at the exponential decay
of Lyapunov functions as in [3]. Following [3], nonlinear exponential stability of
an equilibrium point &y € M means that there is a Lyapunov function ® : M —
R that is zero at xy and positive elsewhere in a neighborhood of xy and there
exist positive constants ¢; and ¢z such that along the system dynamics ®(xz(t)) <
c1®(x(0)) exp(—cat). For convenience, we recall the nonlinear exponential stability
theorem from [3] that will be used in this section.

Theorem 3. [3] Let M be a smooth m-dimensional manifold and consider the
control system on M with coordinates x defined by

&= f@)+) g @, (5.1)

where f,g; are smooth vector fields and u;(t) are bounded measurable functions.
Let @ be a smooth function such that ®(x) = 0 for & € S where S is a smooth,



614 SUJIT NAIR AND NAOMI EHRICH LEONARD

one-dimensional submanifold of M. Let Bg be a neighborhood of S in M and ® be
such that ®(x) > 0 whenever x € Bg — S. Let ® be a first integral of f and u; be
chosen to be uj = —kV®-g;. If the system (5.1) is linearly controllable at each point
in Bg then the submanifold S is asymptotically stable in the sense that x(t) — S
as t — oco. If additionally 6°®(x) > 0 for each x € S, then the submanifold S is
(nonlinearly) exponentially stable in the sense that ®(x(t)) < c1®(x(0)) exp~ 2! for
some positive constants cy, Ca.

5.1. Exponential stability for SO(3)" network. Consider the equations of mo-
tion defined by (3.20) with (3.11) and (4.2) where we add a dissipative term udiss
to each control input w,;, for i =1,... n:

Izﬂl = (IJQZ) X Ql + O'l(u::ii-_l — uif) + ugiiss. (52)

We design the terms u%® and prove nonlinear exponential stability of the relative
equilibrium (2.2). Given that we have already proved that (2.2) is Lyapunov stable
in §1, we construct a Lyapunov function for the relative equilibrium manifold as

follows. Consider the following function:

B =3 2((0:1- —e))" I} (w; — el)) +VA A (5.3)
where V2 is the constant value of Vi at the relative equilibrium (2.2) and ¢y < 0.

To apply Theorem 3 we let the manifold M be T'SO(3)"™, the one-dimensional
submanifold S be the relative equilibrium (2.2) and the function ® be E;. The

dimension of M is m = 6n. For notational convenience, we choose coordinates for

the whole 6n-dimensional system to be (Ry,w1,..., Ry, w,). In these coordinates,
the vector field corresponding to the control input for the i*" vehicle is given by*
3
di O3x3 |, ai 031
St = | 90 i = | it | 65.4)
— 3x3 i

Since the system is fully actuated, it is also linearly controllable at each point.

By construction, F; is zero on the relative equilibrium manifold and positive
elsewhere. Note that on the set 7 = 0, it holds that w; = e, R1 =--- = R,, = R,
and R.e; = ej. Since R.e; = e, we get Q; = RIw;, = Rle; = e;. In §4.1
we showed that the second variation of Vj is positive semi-definite. The kinetic
energy part of Fy always has a positive definite second variation because of the
regularity of the corresponding Lagrangian. Hence, the second variation of Fj is
positive definite throughout. Let the gradient vector of F; with respect to the i*®
body state be denoted by V;E;. Then (again with abuse of notation)

3
ViE1 © <Z gi,k) = (07 0,0, (Ié(wi - el))T)T (5'5)

k=1

* Note that we are abusing notation in (5.4), which is technically the embedding of the i*®
body controller in the 6n dimensional system, i.e.,

3 w O¢6i—3)x1
iss __ .
Zgi,ku‘ri,k - Uu; .
k=1

O6(n—i)x1
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where x ® y is a vector with i*? entry z;y,, i.e., a pointwise product of two vectors.
From (5.4) and (5.5), we see that if we choose the dissipation control terms (in body
frames) such that

Riud™ = —kIl(w; —e1), k>0, (5.6)

for i = 1,...,n, then (5.6) satisfies the requirement in Theorem 3. Note that for
this particular form of dissipation, the time derivative of E; is non-positive. This
can be checked using the computation from Appendix A which yields

n

El = Z(wz — 61) . (Rluﬂfs) (57)

i=1

Then E; < 0 for udl™ given by (5.6). Also, F is conserved when udi® = 0. Thus,
all the conditions in Theorem 3 are satisfied and we conclude that the solution goes
to the set 1 =0, i.e., F; decays to zero exponentially. By Theorem 3 the solution
converges exponentially to the desired relative equilibrium (2.2) and we have proved
the following theorem.

Theorem 4. The steady motion given by (2.2) is an exponentially stable relative
equilibrium for the rigid body SO(3)™ network with equations of motion given by
(5.2) with (3.11) and (4.2), o1 < 0 and dissipation chosen as in (5.6).

Note that our choice of unit angular velocity is arbitrary. If one wants the rigid
bodies to be synchronized and rotating at k rad/s, then all one needs to do is replace
e in the right side of (5.6) with ke;.

Figures 5.1 and 5.2 illustrate the results of a MATLAB simulation for the con-
trolled network of three identical SO(3) systems. The inertia matrix parameters
are [; 11 = 8 kg—mQ, Lo =4 kg—mQ, Iizz =1 kg—m2 for ¢ = 1,2,3. The relative
equilibrium velocity is chosen to be w; = e; rad/s. Orientation R; is parametrized
using quaternions given by

q; = | cos(0;/2) sin(0;/2)q}

where q; € R?, g, € R?® denotes the axis of rotation and 6; denotes the angle
of rotation for the i*" body. The control gains are oy = —2,x = 2. The initial
conditions are

}T

0.88 0.93 0.10
0.25 0.19 0.01
0.05 0.18 0.00
—0.41 0.41 0.01
. —0.13 . —0.49 . —0.80
0.79 —0.84 —0.67

Figure 5.1 shows plots of €; as a function of time and Figure 5.2 shows the ori-
entation of the bodies in inertial space in terms of quartenions g, as a function of
time. Note that in the steady state, the rigid bodies are aligned and the last two
components of the quaternions are zero which indicates that the bodies are rotating
about the e; axis with angular velocity 1 rad/s. Also note that our initial conditions
are large suggesting a large region of attraction.
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FIGURE 5.1. The angular velocities §2; (rad/s) for three SO(3)
systems as a function of time.

0.5 72 \ f

FIGURE 5.2. The orientations in terms of quaternions g, (rad) for
three SO(3) systems as a function of time.

5.2. Exponential stability for SFE(3)" network. Consider the equations of mo-
tion defined by (3.24) with (4.5) where we add dissipative terms u%i® and and u‘}iss
to each control input w,; and w¢; respectively, for i =1,...,n:

IZQl = (Ilﬂz) x € + (Mivi) X v; + 01 (ups — ’U,ps») + udiss (58)

T,0—1 Ti T
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We design the terms uﬁifs,u‘}iss and prove nonlinear exponential stability of the
relative equilibrium (2.4). Given that we have already proved that (2.4) is Lyapunov
stable in §2, we construct a Lyapunov function for the relative equilibrium manifold
as follows. Consider the following function

n n

By=3 Z((wi —e) I} (wi - 61)) + % Z((’Ui —e1)" M{(v; - 61)) + V-V

i=1 i=1

(5.10)
where V2 is the constant value of Vi* at the relative equilibrium (2.4), o1 < 0 and
o9 > 0.

To apply Theorem 3 we let the manifold M be T'SE(3)", the one-dimensional
submanifold S be the relative equilibrium (2.4) and the function ® be E,. The
dimension of M is m = 12n. For notational convenience, we choose coordinates
for the whole 12n-dimensional system to be (Ry, b1, w1, bi,...,Ry, by, wn, bn) In
these coordinates, the vector field corresponding to the control input for the i*®
vehicle is given by

6
Zgi Wik = [ Osxs }uz = { Osx1 ] . (5.11)
: Isxe u;
k=1
T

Here u; = (u;;, u}rl)T Since the system is fully actuated, it is also linearly control-
lable at each point.

By construction, Fs is zero on the relative equilibrium manifold and positive
elsewhere. Note that on the set Fs = 0, it holds that w; = eq, bl =e, R ==
R, = R. and R.e; = ey, by =--- = b,||le; and R.e; = e;. Since R.e; = e, we
get ; = ngi = ReTel = e; and v; = ReTbi = ReTel =e;. . In §4.2 we showed
that the second variation of Vi is positive semi-definite. The kinetic energy part of
E5 always has a positive definite second variation because of the regularity of the
corresponding Lagrangian. Hence, the second variation of Fs is positive definite
throughout. Let the gradient vector of Fy with respect to the i*® body state be
V;E,. Then (again with abuse of notation)

6
Vil © (Z gl,k) = (07 Oa 07 Oa 07 Oa (Izl(wl - el))Tv (le(vl - el))T)T' (512)
k=1

From (5.11) and (5.12), we see that if we choose the dissipation control terms (in
body frames) such that
Rudl® = kI (w; —e)) (5.13)
Riu‘}fs = —kMl(b; —e1), k>0, (5.14)

for k=1,...,n, then (5.13) and (5.14) satisfy the requirement in Theorem 3. Note
that for this particular form of dissipation, the time derivative of 5 is non-positive.

T Note that we are abusing notation in (5.11), which is technically the embedding of the 3t
body controller in the 12n dimensional system, i.e.,

6 O(12i—6)x1
Z 9i kWi k = u; .
k=1

O12(n—i)x1
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This can be checked using a calculation similar to the one for E; in §5.1. We get

d n
B = ;(wi —e)) - (Riudl®) + Z ,—e1) - (Ryufs™). (5.15)
Then F, < 0 for ud® and ufci“ given by (5.13) and (5.14) respectively. Also, Fs is

dlbb dlbb

conserved when uf}* =0 and u%** = 0. Thus, all the conditions in Theorem 3 are
satisfied and we conclude that the solution goes to the set Ey = 0, i.e., Fy decays
to zero exponentially. Hence, the solution converges exponentially to the desired
relative equilibrium (2.4) and we have proved the following theorem.

Theorem 5. The steady motion given by (2.4) is an exponentiallly stable relative
equilibrium for the rigid body SE(3)" network with equations of motion given by
(5.8) and (5.9) and dissipation chosen as in (5.13) and (5.14) .

If one wants the rigid bodies to be synchronized, rotating at k; rad/s and trans-
lating at ko m/s, then all one needs to do is replace e; in the right side of (5.13)
with kje; and replace e; in the right side of (5.14) with kqe;.

6. Synchronization of unstable rigid body motions. In §4 and §5, we proved
stability and exponential stability for SO(3)™ and SFE(3)™ networks respectively
under the assumption that the individual rigid body was rotating about its short
axis for the SO(3) case and rotating as well as translating about its short axis for
the SE(3) case. We now show how to use kinetic shaping to relax this assumption.
We first stabilize the otherwise unstable middle axis motion using kinetic shaping
and then superimpose upon this, the controllers derived in §4 and §5. The main idea
is to choose controllers such that the closed-loop dynamics are described by rigid
body dynamics with modified mass and inertial matrices. This way, we make the
middle axis effectively behave like the short axis in the closed-loop dynamics. The
particular superposition of the kinetic and potential shaping term in this section is
relatively straightforward in comparision with the work in [28] primarily because of
the Lie group structure and full actuation.

6.1. Kinetic shaping for SO(3)™. Synchronized rotation of a network of rigid
bodies, each rotating about its middle axis, can be exponentially stabilized by com-
bining the kinetic shaping control law developed in [29] with the potential shaping
and dissipative control terms derived in earlier sections. Consider the following
controlled equations of motion for a system in SO(3):

IN = (IQ) x Q + uks (6.1)

where €2 and [ are moment of inertia matrix and body angular velocity for the single
system and superscript “ks” refers to “kinetic shaping”. In the above equations, we
choose the components of u** as follows:

7]?81 =0
ks P3 1
Urg = (I33(— — 1) + 111(1 — —)) Q30 (6.2)
P2 P2
1
ufsg = (111(— — 1) —+ 122(1 — @)) 9192
P3 P3

where po and p3 satisfy the equation

p2laz — p3lzz = Iz — I33. (6.3)



RIGID BODY NETWORKS 619

The closed-loop equations can now be verified to be

Q= (IQ) x Q (6.4)

where I is a diagonal matrix with entries 111, p2l22, p3l33. Therefore, the closed-loop
equations correspond to a rigid body with Lagrangian

1 e
L.= §QTIQ. (6.5)
Since oo > I3, we get palae > pslss. If we now choose
I
ps > 7 (6.6)
33

then we get the following inequality
p2laz > p3lzz > I1;.

Using kinetic shaping, the open-loop middle axis for the inertia matrix is effectively
made the closed-loop short axis in the Lagrangian defining the closed-loop dynamics.
We have therefore stabilized the relative equilibrium when the rigid body is rotating
about its middle axis.

Now consider the following controlled dynamics for the ith body in the n-body
network given by

Uri 1
;) = (Ilﬂz) x ; + ﬁ7i72/p2 + uﬁ?? (67)
Uri3/ps + uks o
- = ~ ~ T ps ., DS diss 1
where @; = (Ur1,Ur2,Ur3)" = o1(ul;_|—ub;)+us® corresponds to the potential

shaping and dissipation control terms on the right hand side of (5.2). The kinetic
shaping control terms uffz, u’jfg are as given in (6.2) for the ith body. It can easily

be checked that the closed-loop equations now have the form (5.2), but with the
original middle axis now the short axis. Hence, we get the following corollary.

Corollary 1. The steady motion corresponding to n rigid bodies with the same
orientation and each rotating about its unstable, middle axis, is an exponentially
stable relative equilibrium for the controlled dynamics of (6.7) where the gains po
and ps are chosen to satisfy equations (6.3) and (6.6).

6.2. Kinetic shaping for SE(3)". Synchronized rotation and translation of a
network of rigid bodies, each rotating about and translating along its middle axis,
can be asymptotically stabilized by combining a kinetic shaping control law with
the potential shaping and dissipation control terms developed earlier in this paper.
The method is analogous to the kinetic shaping controller derived in §6.1 for the
SO(3)™ case.

Consider the following controlled equations of motion for a system in SE(3):

I = (IQ) xQ+ (Mv) xv+uks (6.8)
My = (Mv)xQ+uf

where I, M are inertia and mass matrices and €2, v, body angular and linear
velocities for the single body. In the above equations, we choose the components of
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uks and u’}s as follows:
“551 =0
1 7] 1
’U,Zf_fQ = <133(@ — 1) + 111(1 — —)> Qng —|— (Mgg(@ — 1) + Mll(l — —)) V3U1
P2 P2 P2 P2

1 1 7
ulfy = (111(— — 1)+ Io2(1 — @)> MQs + (Mu(— — 1) + Map(1 — @)) V102
P3 P3 P3 P3

u’;i = ((ﬁQ - 1)M22U2Q3 + (1 - ﬁg)Mg;g’UgQg)
p 1
ul;;s2 = ((@ - 1)M33USQI + (1 - _—)M11’1}193>
P2 P2
1 —
UI;SS = ((% — )Mo Q2 + (1 — %)Mgzvgfh) (6.10)

where po and ps satisfy the equation
p2lag — p3lsg = Ia2 — I33 (6.11)
and po and p3 satisfy the equation
paMag — p3Mszs = Moz — M. (6.12)

Here, the superscript ks denotes kinetic shaping. The closed-loop equations can be
verified to be

I = (IQ)xQ+ (Mv) xwv
Mv = (Mv)xQ

where I is a diagonal matrix with entries 111, p2 22, p3l33 and Misa diagonal matrix
with entries My, paMaa, psMss. Therefore, the closed-loop equations correspond
to a rigid body with Lagrangian

L= % (QTfQ + vTMv) . (6.13)

Since Izo > I33 and Moy > M3s, we get polas > p3lsz and paMas > p3Mss. If we
now choose

ps > L1 (6.14)
I33
and
_ My,
> —, 6.15
> (6.15)

then we get the following two inequalities

p2laz > p3l3zz > Iy
p2 Moy > p3Mzz > M.

Using kinetic shaping, the open-loop middle axis for both the mass matrix and
inertia matrix is effectively made the closed-loop short axis in the Lagrangian defin-
ing the closed-loop dynamics. We have therefore stabilized the relative equilibrium
when the rigid body is rotating about its middle axis and translating along its
middle axis.
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Now consider the following controlled dynamics for the i'" body given by

Uri 1
Izﬂl = (Ilﬂz) X Ql + (Ml'UZ) X v; + ﬂ7i12/p2 + uﬁf? (616)
ﬂ‘ri,3/p3 + uﬁf,?)
Ugin + Ul
Miv; = (Myv;) x Qi+ | Upia/p2+ul, (6.17)

Upi3/ps+uf

where @,; = o (u?’,_; —ul?) + udl® and @ = agu’}; + u‘}ijss correspond to the
potential shaping and dissipation control terms on the right hand side of (5.8) and
(5.9), respectively. The kinetic shaping control terms u’jf, u’}f are as given in (6.10)
for the i*" body. It can easily be checked that the closed-loop equations now have
the form (5.8) and (5.9) but with the original middle axis now the short axis. Hence,

we get the following corollary.

Theorem 6. The steady motion corresponding to n rigid bodies with the same ori-
entation and position and each rotating about and translating along its otherwise
unstable, middle axis, is an exponentially stable relative equilibrium for the con-
trolled dynamics of (6.16) and (6.17) where the gains pa, p3, P2, p3 are chosen so as
to satisfy equations (6.11), (6.12), (6.14) and (6.15).

7. Conclusions and future directions. In this paper, we have shown how to ex-
ponentially stabilize synchronized motion of a network of n rigid bodies, each with
configuration space SO(3) or SE(3). We do this even in the case that the desired
steady motion corresponds to an unstable motion for the individual systems. For
the network on SO(3)", synchronized motion corresponds to alignment of orienta-
tions of n spinning rigid bodies. For the network on SFE(3)", synchronized motion
corresponds to alignment of orientations and positions of n translating and spin-
ning rigid bodies. We design control laws so that the closed-loop dynamics of the
network of rigid bodies are Lagrangian dynamics for which nonlinear exponential
stability can be proved using known energy methods. For the SO(3)™ network, we
illustrate our results with simulations.

There are many directions in which the current work can be extended. One of the
immediate tasks is to incorporate collision avoidance into our scheme. See [37, 6], for
example, where the authors design collision avoidance schemes for point particles
based on gyroscopic forcing. Collision avoidance based on gyroscopic forcing is
interesting, both because it preserves energy and because it fits in well with the
geometric approach in this paper. It is promising to consider building on these
results to design gyroscopic collision avoidance schemes in the rigid body setting.

Another important direction is the extension to time-varying communication
topologies. In [32] the authors develop some new results for the SO(3)™ network
case using a consensus-based approach. It is also of interest to consider the problem
of optimizing our control laws to reduce the control effort. Integrating our treatment
with optimization techniques based on mechanical integrators (compare [15] for
example) will be a worthwhile effort.

Throughout this paper, we assume a simple diagonal form for the mass and iner-
tial matrices for individual rigid bodies on SFE(3) representing underwater vehicles.
As was noted in [17], hydrodynamic coupling between bodies plays a crucial role in
simple models for aquatic locomotion. It will be interesting to consider the effects
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of more general interbody hydrodynamic interaction in our setting and to explore
if including hydrodynamic interaction leads to control efficiency. See [27] for some
efforts along this direction.

Appendix A. Calculation of E;. We first write down the equations of motion
given by (5.2) in inertial coordinates using the fact that R;Q; = w; and R; = ©; R;.
The equations of motion in the inertial frame turn out to be

T = 0'1(2[121 — le) + Rzufzss (Al)

where 2; = R;ul? for i = 1,...,n. Here, u?} is given as in (5.2) and corresponds to
the control on the i*" body in the i*" body frame and 2; is the same control with
respect to the inertial frame. Letting I! = R;I; RT be the inertia matrix for the i*®
body in the inertial frame and m; = I'w; the angular momentum of the i*" body in
the inertial frame, we can write the above equation as

Izlwz + Qzlfwl =01 (2[1;1 - 2[1) + Rzufﬁss (AQ)

Using the expression for F; given by (5.3), we can calculate its time derivative
to be

Z( —e1) TIl(wl +w; x ey)+el (I wl)el)

i=1
n—

<.

1

Z —wir )T () + orwT (Riey) x eq). (A.3)

Plugging in expression for I'w; from (A.2) into (A.3), we get

n

El = Z((wz — el)T(—QiIfwi —+ 01 (9[1;1 — Q[l) + Rlufﬁss + Ifc?)iel) + 6,{(111&\11)61)
=1
n—1
+ Z o1(wi —wit1) T () + orwl (Rier) x eq).
i=1

Therefore, we have

n

Z A1 — —l—O’lz wz+1 (Ql)—i—olwl ((Rlel) ><e1)

+

+oref i(?li,l - Z( —e)TR; ud”S). (A.4)
i=1

Rearranging the above equation, we have

(elw le—i—w Iw el—ellwel—i—ellwel)
1

n

B = o1wi Tty + oie; Toty + o1w] ((Rlel) X e1)
+Z( —e)' ' R; udws). (A.5)
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Using the fact that Ao = —((R1e1) x ey), the first line in (A.5) vanishes. Hence,
we get the following expression for Fj :
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