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25 In this paper we derive the singularity-free dynamic equations of vehicle-
26 manipulator systems using a minimal representation. These systems are nor-
27 mally modeled using Euler angles, which leads to singularities, or Euler param-
28 eters, which is not a minimal representation and thus not suited for Lagrange’s
29 equations. We circumvent these issues by introducing quasi-coordinates which
30 allows us to derive the dynamics using minimal and globally valid non-Euclidean
31 configuration coordinates. This is a great advantage as the configuration space
32 of the vehicle in general is non-Euclidean. We thus obtain a computation-
33 ally efficient and singularity-free formulation of the dynamic equations with the
34 same complexity as the conventional Lagrangian approach. The closed form
35 formulation makes th d h well suited for syst lysis and
36 ormulation makes the proposed approach well suited for system analysis an
37 model-based control. This paper focuses on the dynamic properties of vehicle-
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solutions. A robotic manipulator mounted on a moving vehicle is a flexible and
versatile solution well suited for these applications and will play an important
role in the operation and surveillance of remotely located plants in the very near
future. Recreating realistic models of for example space or deep-sea conditions
is thus important. Both for simulation and for model-based control the explicit
dynamic equations of vehicle-manipulator systems need to be implemented in a
robust and computationally efficient way to guarantee safe testing and operation
of these systems.

One example of such a system is spacecraft-manipulator systems [1, 2, 3, 4, 5]
which are emerging as an alternative to human operation in space. Operations
include assembling, repair, refuelling, maintenance, and operations of satellites
and space stations. Due to the enormous risks and costs involved with launching
humans into space, robotic solutions evolve as the most cost-efficient and reli-
able solution. However, space manipulation involves quite a few challenges. In
this paper we focus on modeling spacecraft-manipulator systems, which is quite
different from standard robot modeling. Firstly, the manipulator is mounted on
a free-floating (unactuated) or free-flying (actuated) spacecraft. There is thus
no obvious way to choose the inertial frame. Secondly, the motion of the manip-
ulator affects the motion of the base, which results in a set of dynamic equations
different from the fixed-base case due to the dynamic coupling. Finally, the free
fall environment complicates the control and enhances the non-linearities in the
Coriolis matrix. The framework presented in this paper is especially suited
for modeling such systems, especially when applying the so-called dynamically
equivalent manipulator approach [6, 7]. A set of minimal, singularity free dy-
namic equations for spacecraft-manipulator systems are presented for the first
time using the proposed framework.

A second example studied in detail in this paper is the use of autonomous
underwater vehicles (AUVs) with robotic arms, or underwater robotic vehicles
(URVs). This is an efficient way to perform challenging tasks over a large sub-sea
area. Operations at deeper water and more remote areas where humans can-
not or do not want to operate, require more advanced and robust underwater
systems and thus the need for continuously operating robots for surveillance,
maintenance, and operation emerges [8, 9, 10, 11]. We derive the minimal,
singularity free dynamic equations of AUV-manipulator systems using the pro-
posed framework, which is presented for the first time in this paper. We also
show how to add the hydrodynamic effects such as added mass and damping
forces.

The use of robotic manipulators on ships is another important application
[9, 12]. In From et al. [13] the dynamic equations were derived and the effects of
the moving ship on the manipulator was analyzed. In the Ampelmann project
[14] a Stewart platform is mounted on a ship and is used to compensate for
the motion of the ship by keeping the platform still with respect to the world
frame. This can be modeled as a 2-joint mechanism where one joint represents
the uncontrollable ship motion and one joint the Stewart platform. There are
also other relevant research areas where a robotic manipulator is mounted on a
floating base. Lebans et al. [15] give a cursory description of a telerobotic ship-
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board handling system, and Kosuge et al. [16, 17] address the control of robots
floating on the water utilizing vehicle restoring forces. Another interesting re-
search area is macro/micro manipulators [18, 19] where the two manipulators
in general have different dynamic properties.

It is a well known fact that the kinematics of a rigid body contains singu-
larities if the Euler angles are used to represent the orientation of the body and
the joint topology is not taken into account. One solution to this problem is to
use a non-minimal representation such as the unit quaternion to represent the
orientation. This will, however, increase the complexity of the implementation
and because the unit quaternion is a covering manifold for the set of rotation
matrices they are also subject to the unfortunate unwinding phenomenon [20].
Also, as the number of variables is not minimal, this representation cannot be
used in Lagrange’s equations. This is a major drawback when it comes to mod-
eling vehicle-manipulator systems as most methods used for robot modeling are
based on the Lagrangian approach. It is thus a great advantage if also the
vehicle dynamics can be derived from the Lagrange equations.

The use of Lie groups and algebras as a mathematical basis for the derivation
of the dynamics of multibody systems can be used to overcome this problem
[21, 22]. We then choose the coordinates generated by the Lie algebra as local
Euclidean coordinates which allows us to describe the dynamics locally. For this
approach to be valid globally the total configuration space needs to be covered
by an atlas of local exponential coordinate patches. The appropriate equations
must then be chosen for the current configuration. The geometric approach
presented in Bullo and Lewis [23] can then be used to obtain a globally valid
set of dynamic equations on a single Lie group, such as an AUV or spacecraft
with no robotic manipulator attached.

Even though combinations of Lie groups can be used to represent multibody
systems, the formulation is very complex and not suited for implementation in
a simulation environment. In Kwatny and Blankenship [24] quasi-coordinates
and the Lie bracket were used to derive the dynamic equations of fixed-base
robotic manipulators without singularities using Poincaré’s formulation of the
Lagrange equations. In Kozlowski and Herman [25, 26] several control laws using
a quasi-coordinate approach were presented, but only robots with conventional
1-DoF joints were considered. Common for all these methods is, however, that
the configuration space of the vehicle and robot is described as ¢ € R™. This
is not a problem when dealing with 1-DoF revolute or prismatic joints but
more complicated joints such as ball-joints or free-floating joints then need to
be modeled as compound kinematic joints [24], i.e., a combination of 1-DoF
simple kinematic joints. For joints that use the Euler angles to represent the
generalized coordinates this solution leads to singularities in the representation.

In this paper we follow the generalized Lagrangian approach presented in
Duindam et al. [27, 28] which allows us to combine the Euclidean joints and
more general joints, i.e., joints that can be described by the Lie group SE(3)
or one of its ten subgroups, and we extend these ideas to vehicle-manipulator
systems. There are several advantages in following this approach. The use of
quasi-coordinates, i.e., velocity coordinates that are not simply the time deriva-
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tive of the position coordinates, allows us to include joints (or transformations)
with a different topology than that of R™. For example, for an AUV we can rep-
resent the transformation from the inertial frame to the AUV body frame as a
free-floating joint with configuration space SE(3) and we avoid the singularity-
prone kinematic relations between the inertial frame and the body frame veloc-
ities that normally arise in deriving the AUV dynamics [29]. This relation is
subject to the well known Euler angle singularities and the dynamics are not
valid globally. With our approach we thus get improved numerical stability
due to the absence of singularities and, as the dynamics are valid globally, we
avoid switching between different dynamic models in the implementation. This
approach differs from previous work in that it allows us to derive the dynamic
equations of vehicle-manipulator systems for vehicles with a configuration space
different from R™ and thus maintains the underlying topology of the configu-
ration space. The dynamics are expressed (locally) in exponential coordinates
¢, but the final equations are evaluated at ¢ = 0. This has two main advan-
tages. Firstly, the dynamics do not depend on the local coordinates as these are
eliminated from the equations and the global position and velocity coordinates
are the only state variables. This makes the equations valid globally. Secondly,
evaluating the equations at ¢ = 0 greatly simplifies the dynamics and make the
equations suited for implementation in simulation software. We also note that
the approach is well suited for model-based control as the equations are explicit
and without constraints. The fact that the configuration space of the vehicle
in general is a Lie group also simplifies the implementation. Even though the
expressions in the derivation of the dynamics are somewhat complex, we have
several tools from the Lie theory that allows us to write the final expressions
in a very simple form. We present several examples of how we can use this to
simplify the dynamic equations and speed up the implementation.

The main purpose of this paper is to study systems that consist of a mov-
ing vehicle with a robotic manipulator attached to it. To the authors’ best
knowledge these systems have not been studied in detail in literature using the
framework presented here. There is an apparent need to be able to derive the
dynamics of such systems globally and using a minimal representation, espe-
cially when it comes to formulating model-based control laws. In this paper we
first present the framework, based on the approach in Duindam et al. [27, 28],
and then show how to expand this to vehicle-manipulator systems. The use of
quasi-coordinates to derive the dynamics in this way has mainly been applied
to standard robotic manipulators with the extension to more general types of
joints in [24, 28]. However, the treatment of vehicle-manipulator systems de-
serves a special treatment. There are several reasons for this. Firstly, the vehicle
and the manipulator may possess completely different dynamic properties. One
apparent example is when the vehicle possesses a forced un-controllable motion
while the manipulator is controllable. This is the case for manipulators mounted
on ships, as treated in [13], where the high-frequency motion of the ship is a
forced motion due to the waves and wind. Spacecraft-manipulator systems are
another example where the spacecraft may be unactuated and its position is
determined by the robot motion. Secondly, the formulation allows us to study
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Figure 1: Model setup for a four-link robot attached to a vehicle, in this case a ship, with
coordinate frame W;,. Frame Wq denotes the inertial reference frame.

how the two systems, i.e., the vehicle and the manipulator, affect each other.
The interaction of the two systems will depend on the inertial properties of the
two systems, external forces acting on one or both systems and the type of the
vehicle (floating, submerged, rolling, fixed, etc.).

The paper is organized as follows. Section 2 gives the detailed mathemat-
ical background for the proposed approach. This section can be skipped and
practitioners mainly interested in implementation can go straight to Section 3
or 4. Section 3 gives the explicit dynamic equations for the AUV-manipulator
dynamics along with some comments on implementing these in a simulation
environment. This includes hydrodynamic and damping forces, the added mass
and Coriolis matrices and other considerations that are not encountered in robot
dynamics. Section 4 presents the dynamic equations for spacecraft-manipulator
systems and the effects of a free-floating base in a free fall environment are
treated in detail. The matrix representation of the dynamics and how to im-
plement this is presented in great detail for several vehicles with different con-
figuration spaces. This allows the readers to first analyse the dynamics of the
system from the given equations and then implement this in a simulation or
control environment without having to perform all the detailed computations
themselves.

2. Dynamic Equations of Vehicle-Manipulator Systems

We extend the classical dynamic equations for a serial manipulator arm with
1-DoF joints to include the motion of the vehicle on which the manipulator is
mounted. We assume that the motion of the vehicle can be described by a Lie
group, i.e., SE(3) or one of its ten subgroups. The most important examples of
“vehicles” that have a Lie group topology are shown in Table 1.
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SE(3) - AUV, 6-DoF ship, aeroplane, spacecraft

X (z) - The Schonflies group

T(3) - 3-DoF gantry crane

SO(3) - Spacecraft (DEM approach), ball joint
SE(2) - Ground vehicle, 3-DoF ship

T(2) - 2-DoF gantry crane

Table 1: Lie subgroups of SE(3) and corresponding “vehicles”. Even though some of these
can be modeled as a combination of 1-DoF Euclidean joints we consider these as vehicles and
group them correspondingly. The Schonflies Group X (z) represent 3-DoF translation and a
1-DoF rotation about the z-axis.

2.1. Vehicle-Manipulator Kinematics

Consider the setup of Figure 1 describing a general n-link robot manipulator
arm attached to a vehicle. Choose an inertial coordinate frame Vg, a frame W,
rigidly attached to the vehicle, and n frames ¥, (not shown) attached to each
link 7 at the center of mass with axes aligned with the principal directions of
inertia. Finally, choose a vector ¢ € R™ that describes the configuration of the
n joints. Using standard notation [30], we can describe the pose of each frame
U, relative to ¥ as a homogeneous transformation matrix go; € SE(3) of the
form

| Roi  poi 4x4

with rotation matrix Ro; € SO(3) and translation vector pp; € R3. This pose
can also be described using the vector of joint coordinates ¢ as

9oi = Gob9vi = 90b9bi(Q)- (2)

The vehicle pose g, and the joint positions ¢ thus fully determine the config-
uration state of the robot. Even though we use go, (6 DoF) to represent the
vehicle configuration, the actual configuration space of the vehicle may be a
subspace of SE(3) of dimension m < 6. For ground vehicles the configuration
space is SE(2), with dimension m = 3, and the attitude of a spacecraft has
configuration space SO(3), also with dimension m = 3.
In a similar way, the spatial velocity of each link can be expressed using
twists [30]:
0
Voy = B%Z} = Vob + Vil = Adgy, (Voy + Ji(@)4) (3)
7
where v); and wi); are the linear and angular velocities, respectively, of link i
relative to the inertial frame, J;(q) € R®*™ is the geometric Jacobian of link 4
relative to Wy, the adjoint is defined as Ad, := [}gﬁg] € R*6 and p € R3*3 is
the skew-symmetric matrix such that px = p x z for all p,z € R3. The velocity
state is thus fully determined given the twist Vobb of the vehicle and the joint
velocities g.
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In the case of m < 6 we define a selection matrix H € R*™ such that the
velocity vector of the vehicle is given by

Vobb =H Vobbv (4)

where ffobb € R™ determines the velocity state of the vehicle by selecting elements
of Vobb that are not trivially zero. More generally we will write the allowed
joint velocity as a vector v; € R™. The joint velocity is uniquely described
by this vector and the joint twist can be expressed in terms of this vector as
T;" = Xi(Q)v; with X;(Q) € R®*™ a matrix describing the instantaneously
allowed twists. If X is independent of the manipulator configuration we get
H = X. In our case we have v; = ¢; for the Euclidean joints of the manipulator
and the velocity vector v, = ffobb for the allowed vehicle velocities. The spacial
velocity when m < 6 is then written by

0

v = || =+ 8 = i (87 + ). o)
7

2.2. Vehicle-Manipulator Dynamics

The previous section shows how the kinematics of the system can be natu-
rally described in terms of the (global) state variables gos, ¢, V), and ¢. We
now derive the dynamic equations for the system in terms of these state vari-
ables. We first assume the vehicle to be free-moving and then restrict the vehicle
motion to be kinematically constrained.

To derive the dynamics of the complete mechanism (including the m-DoF
between Wy and ¥;), we follow the generalized Lagrangian method introduced
by Duindam et al. [27, 28]. This method gives the dynamic equations for
a general mechanism described by a set @ = {Q;} of configuration states Q;
(not necessarily Euclidean), a vector v of velocity states v; € R™, and several
mappings that describe the local Euclidean structure of the configuration states
and their relation to the velocity states. More precisely, the neighborhood of
every state @Q; is locally described by a set of Euclidean coordinates ¢; € R™ as
Qi = ©;(Q;, ¢;) with ®;(Q;,0) = Q;. ®;(Q;,¢:) defines a local diffeomorphism
between a neighborhood of 0 € R™ and a neighborhood of Q;.

The trick here is to first consider @); a parameter, even though it strictly
speaking is a state variable. We then think of the local coordinate ¢; as a
state variable. The global coordinates v are thought of as state variables in
the normal way. The Lagrangian is then written in terms of v; for velocity and
®;(Q;, ¢;) for position and we differentiate with respect to the velocity variable
v; and the position variable ¢;, not Q; which we for now consider a parameter.
Recalling that ®;(Q;,0) = Q;, we see that evaluating the expressions at ¢ = 0
allows us to consider ; a variable and we are done. The reason we can do this
is that locally the variables ¢ describe the configuration state of the system in
a neighborhood of any configuration Q;.

We start by deriving an expression for the kinetic co-energy of a mechanism,
expressed in coordinates @), v, but locally parameterized by the coordinate map-
pings for each joint. For joints that can be described by a matrix Lie group (ac-
tually for the group of n x n nonsingular real matrices GL(n,R)), this mapping
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can be given by the exponential map [30]. Let A € gl(n,R), where gl(n,R) is
the Lie Algebra of GL(n,R). Then the exponential map exp(A) is given by

A2 A"
A—T+A+=— ... = E —
e + A+ 5 2 ol (6)

where I (no subscript) is the identity matrix. This expression is valid for all
subgroups of SE(3) and SE(3) itself by replacing A with the matrix represen-
tation of the Lie algebra associated with the Lie group. We denote the matrix
representation of the corresponding Lie algebra by ¢ and thus get

R R 22 o o
SETATIS SuE) B ™)

Specific examples of ngS for different Lie groups are given in the following sections.

The dynamics are thus expressed in local coordinates ¢ for configuration and
v for velocity, and we consider @) a parameter. After taking partial derivatives of
the Lagrangian function, we evaluate the results at ¢ = 0 (i.e., at configuration
Q) to obtain the dynamics expressed in global coordinates @ and v as desired.
We note that even though local coordinates ¢ appear in the derivations of the
various equations, the final equations are all evaluated at ¢ = 0 and hence these
final equations do not depend on local coordinates. The global coordinates @
and v are the only dynamic state variables and the equations are valid globally,
without the need for coordinate transitions between various areas of the con-
figuration space, as is required in methods that use an atlas of local coordinate
patches.

Note also that taking the partial derivatives of the Lagrangian and evaluating
at ¢ = 0 greatly simplifies (7) and the closed form expressions of the exponential
map is not needed. We will use this observation to simplify the implementation
and reduce the computational complexity of the algorithm. We will see several
examples of how we can use this to simplify the expressions of the Coriolis
matrices for different types of vehicles.

In general, the topology of a Lie group is not Euclidean. When deriving the
dynamic equations for vehicles such as ships [29], AUVs [10], and spacecraft
[3], this is normally dealt with by introducing a transformation matrix that
relates the local and global velocity variables. However, forcing the dynamics
into a vector representation in this way, without taking the topology of the
configuration space into account, leads to singularities in the representation or
other deficiencies. To preserve the topology of the configuration space we will
use quasi-coordinates, i.e., velocity coordinates that are not simply the time-
derivative of position coordinates, but given by a linear relation. Thus, there
exist differentiable matrices S; such that we can write v; = S;(Q;, (bz)gbl for every
Q;. For Euclidean joints this relation is given simply by the identity map while
for joints with a Lie group topology we can use the exponential map to derive
this relation.
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Given a mechanism with coordinates formulated in this generalized form,
we can write its kinetic energy as 7(Q,v) = 30" M(Q)v with M (Q) the inertia
matrix in coordinates () and v the stacked velocities of the vehicle, represented
by wvp, and the robot joints, represented by v;, ¢ = 1...n. The dynamics of this
system then satisfy

M(Q)o+ C(Q,v)v =T (8)

with 7 the vector of external and control wrenches (collocated with v), and
C(Q,v) the matrix describing Coriolis and centrifugal forces given by

3 ._ OMij oy 1, ,0Mj
Cij(Q,v) == ; ( Don Skl 2Ski e ¢:0Ul

1 (0Sm;  OSms\ o
+ > <Smi < 8«#; - S My . (9)

k,l,m,s $=0

More details and proofs can be found in references [27] and [28].

To apply this general result to systems of the form of Figure 1, we write
Q@ = {gob, q} as the set of configuration states where ggp is the Lie group SFE(3)
Vobb

or one of its sub-groups, and v = [ 2 ] as the vector of velocity states. The local

Euclidean structure for the state go, is given by exponential coordinates [30],
while the state ¢ is itself globally Euclidean. Mathematically, we can express
configurations (gop, ¢) around a fixed state (gos, q) as

6
900 = govexp [ Y bi(dw); | G =q+¢ Vief{l,...n}, (10

Jj=1

with b; the standard basis elements of the Lie algebra se(3) or one of its subal-
gebras. When m < 6 we set b; = 0 for all the n — m entries that are trivially
zero, corresponding to Equation (4).

From expression (5) for the twist of each link in the mechanism, we can
derive an expression for the total kinetic energy. Let I, € R™*™ and I; € R66
denote the constant positive-definite diagonal inertia tensor of the base and link
i (expressed in U;), respectively. The kinetic energy 7; of link 4 then follows as

V()ii)TIi‘/bii

N
|

—~

- T -
HVS, + Ji(@)d) Adj, L Ady,, (HVG,+ Ji(0)d)

(Vo) THT + qTJi(‘J)T) Ad;b I; Ady,, (H%bb + Ji(Q)Q)

N — N RN =N

1 N N

(7)o ['8] = 3Tt (1)
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with M, = [Ib 0} for the vehicle and

HTAd] I;Ad,, H HT Ad; I; Ady, J;

M;(q) := i R(mAn)x(m+n) (19
W= adl "1 ady, 1 T Ad] IAdgibJ} < (12)

for the links. Here, H' is the transpose of H which works fine when dealing
with the Lie groups treated here, so we will use this notation throughout this
paper. The total kinetic energy of the mechanism is given by the sum of the
kinetic energies of the mechanism links and the vehicle, that is,

T(q,v):%v <{I” O}%—ZM ) (13)

inertia matrix M (q)

with M (g) the inertia matrix of the total system. Note that neither 7 (¢, v) nor
M (q) depend on the pose ggp nor the choice of inertial reference frame ¥y.
We can write (8) in block-form as follows

k)
Cov Coq q Tq

with 7y a wrench of control and external forces acting on the vehicle, expressed
in coordinates W, (such that it is collocated with ffobb). Here the subscript V'
refers to the first m entries and ¢ the remaining n — m entries. To compute
the matrix C'(Q,v) for our system, we can use the observations that M (q) is
independent of ggp, that S(Q,¢) is independent of ¢, and that S(Q,0) = I
Furthermore, the partial derivative of M with respect to ¢y is zero since M is
independent of go,, and the second term of (9) is only non-zero for the Cyy
block of C(Q,v). This allows us to simplify C(Q,v) slightly to

b
Voo | +

[MVV MJV}
i

MqV qu

S roM;  10M;, S 19S,: OSik
Cul@n)=2, (T~ 79 >'¢-o”’“+; (o~ )| (riamn
= = ¢

(15)

Finally if gravitational forces are present we include these. Let the wrench
associated with the gravitational force of link ¢ with respect to coordinate frame

U, be given by
i fg _ ) ROiez
£y =il | = 16)

where e, = [0 0 1]T and 7" is the center of mass of link ¢ expressed in frame

;. In our case ¥; is chosen so that r is in the origin of ¥; so we have r =0.
The equivalent joint torque assomated with link ¢ is given by

7y = Ji(g) Adg, (Q)F4(Q) (17)

where J; is the geometric Jacobian and Adg,, = Ad,,, Adg,, is the transforma-

tion from the inertial frame to frame i. We note that both Ry; and Adg,, depend

10
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on the vehicle configuration with respect to the inertial frame. The total effect
of the gravity from all the links is then given by

nQ) =37 (18)

which enters (14) in the same way as 7.

2.3. Vehicles with Configuration Space SE(3)

The configuration space of a free-floating vehicle, such as an AUV or an
aeroplane can be described by the matrix Lie group SFE(3). In this case we have
the mapping [31]

1 1 .
VY = <I ) adg, +6 adiv —.. > oy (19)

with ad, = {’346‘6 ?1'-'3} € RY*6 for p € RS relating the local and global velocity

Pa...6
variables, and Vobb = V. The corresponding matrices S; can be collected in one
block-diagonal matrix S given by

(I -2tady, +iadl —...) 0
= 2 oy T Woy (64+n)x (6+n)
5(Q. ¢) [ 0 7| €R . (20

This shows that the choice of coordinates (@, v) has the required form. We note
that when differentiating with respect to ¢ and substituting ¢ = 0 this simplifies
the expression substantially.

The precise computational details of the partial derivatives follow the same
steps as in the classical approach [30]. Cyy depends on both the first and the

second term in Equation (15). We have 4,5 = 1...6. Note that aaﬁgij = 0 for
k< 7and 952 =0 for i,j,k > 6. This simplifies Cyv to

Co(0.0) 62“5 OM;;  10M; +26: 8S;;  9Sin (M (@)
1 (Q,v) = - - v - V).
’ 2| "0g. 2 09 FT 2\ 09, 09 o

= N—_—— = »=0
=0 =0
(21)
Furthermore, if we write S, = (I — % ady, —|—% ad2v —...) we note that after

08 1,47
5oL are equal to —5 ad,,

where ey, is a 6-vector with 1 in the k' entry and zeros elsewhere. Similarly,
> %ijf is equal to %adl—k. This is then multiplied by the £*" element of M (q)v

differentiating and evaluating at ¢ = 0 the matrices >

11
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when differentiating with respect to ¢r. We then get

6
OMyy . 1 ¢ Lo
Cvv(Q,v) = Z g~ 3 M0y —3 2d0r@y

Z ad(y1(g)0)y (22)
k=

where (M (q)v)y is the vector of the first 6 entries (corresponding to V) of the
vector M (q)v.

Cyvqe(Q,v),1e,i=1...6and j =7...(6+n), is found in a similar manner.
First we note that 85\3;:’“ =0 fori=1...6 and that ai” =0 and 8S““ = 0 for

j=T7...(6+mn), so only the first part is non-zero and we get

Cvq(Q,v) = Z 8M:q k- (23)

Finally, the terms Cyy and Cyq depend only on the first part of Equation
(15) and can be written more explicitly as [13]

8MV laT T Vb
Z a2 (W I []) e

oM, 107 74
S ey T (e wl[F]) e

The C-matrix is thus given by

.
Z 2ad(nr(g)u)y i 0 i
Qk T T
2 | (0 03] []) % (v 4]
(26)

2.4. Vehicles with Configuration Space SO(3)

The dynamics of a vehicle-manipulator system for a vehicle with configura-
tion space SO(3) are derived in the same way. The velocity state is thus fully
determined by only three variables and we choose H so that

Vobb =H %bb (27)
with
H= [03”] . (28)
I3xs
We then get
. 1 - 1 - .
Vob = (I—§¢v+6¢%/—---> Pv. (29)
12
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The corresponding matrices S; can be collected in one block-diagonal matrix S
given by

e RB+m)xB+n) (30)

5(0.6) l([—%év—i—%é%—...) 0
0 I

We note that when differentiating with respect to ¢ and substituting ¢ = 0, once
again this simplifies the expression substantially. The precise computational
details of the partial derivatives follow the same steps as for the SE(3) case

except for Cyy. Note that 8¢” =0 for k < 4 and 85” = 0 for i,5,k > 3.

When differentiating and evaluating at ¢ = 0 the Inatrlces Z 5 dnj are equal to

%ék where ey, is a 3-vector with 1 in the k™ entry and zeros elsewhere. Similarly,

%ijf“ is equal to —3¢éx. We then get
J

6

Cvv(Q,v) Z 8MVV + (M(q)0)y (31)
pam

where (M (q)v)y is the vector of the first three entries of the vector M(q)v
(corresponding to VOb) and p € R3*3 is the skew-symmetric matrix such that
px = p x x for all p,z € R3.

2.5. Summary

Table 2 shows the mapping from local to global velocity coordinates and the
corresponding C-matrices for different Lie Groups.

3. AUV-Manipulator Systems

We start by presenting the state of the art dynamic equations of an AUV-
manipulator system as it is normally presented in literature. It is well known
that these are not valid globally due to the Euler angle singularity that arises
when transforming from local to global velocity variables. Next, we show how
to re-write the dynamics using the proposed framework in order to avoid the
singularities. The dynamic equations have approximately the same complexity
and are better suited for simulation and easier to implement. One drawback of
the proposed approach is that the matrix L = M — 2C' is not skew symmetric.
This is a desired property in Lyapunov-based controller design but not in model-
based controller design or simulation environments, for which computational
speed, robustness, and ease are of higher importance.

8.1. State of the Art AUV Dynamics

A wide range of dynamical systems can be described by the Euler-Lagrange
equations [32]

% (%(m,a’c)) _ g—f(a@,a’c) _; (32)

13
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Lie Group Svv | C
n : 2ad{ 17000 0
SE(3) I—%adg, +gad}, —... | Yoy 52k — 3 [ AL
n . 0 0
X(2) Tyxy 2k gTqu - % [A B]
0 0 0
T(3),SE() Inxs TP [ 0 B]
3 0 oM —2(M(q)v)y 0
SO(3) -1y + 3% — Mg ] [ ( XI) )y y
T(2),C(1 I noomg 1|00
(2).0(1) w o 3[0 0
T(1),H,50(2 I noomg 1|00
( )’ ? ( ) 1x1 k=1 qu_i A B
T /b T b
A= Z((arvy aify ] [ 7)) B = & ([nv 2] [ 7 ])

Table 2: The Coriolis matrix for different Lie subgroups of SE(3).

where x € R" is a vector of generalized coordinates, 7 € R™ are the generalized
forces and

L(z,2) : R" xR" - R :=T(x,2) — V(). (33)
Here, 7 (x, &) is the kinetic and V(z) the potential energy function. We assume
that the kinetic energy function is positive definite and in the form

1
T (2, %) := §¢TM(I)¢. (34)
where M (z) is the inertia matrix. For a kinetic energy function on this form we

can recast the Euler-Lagrange equations (32) into the equivalent form
MRB(CC).%'—FCRB(,T,,%),@—FTL(.T) =T (35)

where Crp(z, ) is the Coriolis and centripetal matrix and n(z) is the potential
forces vector defined as

n(x) = 8](;;:6) (36)

The Coriolis and centripetal matrix is normally obtained by the Christoffel
symbols of the first kind as [33]

CRB(I,i?) = {Cij} = {Z I‘ijk:'ck} 5 (37)

k=1

14
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1 <8m” + 8mik _ 8mkj> (38)

Fi' = =
i Oxy, O0x; 0x;

2

where M (z) = {m;;}. When representing the dynamic equations using gen-
eralized coordinates we implicitly introduce non-inertial frames in which we
represent the inertial properties of the rigid bodies. The Coriolis matrix arises
as a result of these non-inertial frames. We note that there are several ways
to define the Coriolis matrix so that Cjj(x,4)&; = I';jud;&k is satisfied. Later,
we will see that in deriving the dynamics using a different framework we get a
different Coriolis matrix with different properties. Normally the terms where
1 # j are identified with the Coriolis forces and i = j with the centrifugal forces.

In addition, for floating or submerged vehicles we need to add the hydrody-
namic forces and moments. The damping forces are collected in the damping
matrix D and the restoring forces (weight and buoyancy) are normally included
in n(n). Furthermore, the motion of the AUV will generate a flow in the sur-
rounding fluid. This is known as added mass. For completely submerged vehi-
cles operating at low velocities the added mass is given by a constant matrix
Ma = M > 0. The corresponding Coriolis matrix is given by C4 = —C7} and
is found in the same way as Crp by replacing Mpp with M4 [34]. We also add
environmental disturbances such as currents.

The dynamics of underwater vehicles are usually given as [29]

1 =Jnw, (39)
Mv+Cw)v+ DWW +n(n) =1 (40)

where 1 = [x y z ¢ 0 z/J]T is the position and orientation of the vessel

given in the inertial frame and v = [u vow p g T}T is the linear and
angular velocities given in the body frame. D(v)v is the damping and friction
matrix, M = Mrp + M4 and C(v) = Crp(v) + Ca(v).

The velocity transformation matrix J(n) in (39) transforms the velocities
from the body frame to the inertial frame and is defined as

J(n) = {ROZ)O(@) T@?@)} (41)

where Rop(©) is the rotation matrix and depends only on the orientations of the

vessel given by the Euler angles © = [¢ 0 z/J]T, represented in the reference
frame. To(O) is given by (zyz-sequence)

1 singtanf cos¢tanf
To(®) = |0 cqsf — sir;¢ ) (42)
S1n COSs
0 oo cos

We note that Te(©), and thus also J(n), are not defined for § = £7. This is the
well known Euler angle singularity for the zyz-sequence. The inverse mappings
T5'(©) and J~1(n) are defined for all § € R but singular for 6 = +Z.

15
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This singularity can be removed from the operational space by deriving the
kinematic equations using two Euler angle representations with different singu-
larities and switching between these two representations. It can also be avoided
using the unit quaternion representation, which does not have a singularity at
the cost of introducing a fourth parameter to describe the orientation. The
unit quaternion representation is computationally challenging when it comes
to integration and normalization. Also, in computing the Euler angles from
the quaternions the Euler angle singularity is present and precautions against
computational errors close to this singularity must be taken.

. T
We note that the representation v = [:c Yy Z m € € 63] where

Q= [77 €1 €2 Eg]T is the unit quaternion cannot be used in the Lagrangian
approach since it is defined by 7 parameters. These parameters are hence not
generalized coordinates.

We will assume that the ocean current v, is expressed in the inertial frame.
Then the relative velocity in the body-fixed frame is given by

UV =V — Rople. (43)

The effects of the current are then included in the dynamics by using v, in the
derivation of the Coriolis and centripetal matrices and the damping terms.

The relationship between the wrench acting on the vehicle 7 and the con-
trol input of the thrusters wy is highly non-linear. However, it is common to
approximate this with a linear relation

T = Buy (44)

where B € R6*Pu is a known constant matrix, uy is the p,-dimensional vector
of control inputs and p,, is the number of thrusters, rudders, sterns, etc.

We can rewrite the dynamics using general coordinates 7, eliminating the
body frame coordinates v from the equations. We then get

M (n)ij + C(n. )i + D(n,0)ip +a(n) = 7 (45)
where
J7 () (46)
J7 () (47)
7=J"" (), (48)
N =4J"n) (49)
J7 () (50)
Note that the Equations (45-50) are only valid when J~!(n) is non-singular,
ie., for 0 # +7.

To formulate the Lagrange equations in a body-fixed coordinate frame di-
rectly we need to circumvent the fact the fot vdt has no physical meaning. We

16
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do this by rewriting the Langrange equations using quasi-coordinates. Write

v = [u v w}T and vy = [p q T]T and similarly for 7. Then the dynamics
can be written as [35]

d (0T . 0T
& ((9_1/1> +V26_V1 =T1 (51)

d<87) . 0T 0T

— | — Dy —o U —
6V2 6V2 6V1

T = T2. (52)

We note that the dynamic equations are independent of the position vector 7
and the gravitational forces are thus not included in the dynamics. We thus
need to augment the equations with (39) to get a complete description of the
state space. Once again this introduces a singularity in the equations.

3.2. State of the Art AUV-Manipulator Dynamics
The dynamics of an AUV-manipulator system is given by [10]

M(q)¢ + C(q,¢)¢ + D(q,¢)¢ + n(q, Rop) = 7 (54)

where ¢ = [n' qT}T, ¢=[r qT]T, M(q) € R(E+)x(6+n) §g the iner-
tia matrix including added mass, C(q,¢) € R(E+)*(6+n) ig the Coriolis and
centripetal matrix and D(q,() € R(6+7)x(647) s the matrix representing the
dissipative forces. 7 is the vector of forces and moments working on the mech-

anism and is given by
TV B 0
=[M=18 1 (55)
T T

T. . . . .
where u = [Uv uq} is the control input. The velocity transformation matrix
is given by

Rp(©®) 0 0
JE=1] 0 Te(®) O0f. (56)
0 0 I

8.8. The Proposed Approach

In this section we show how to derive the AUV-manipulator dynamics with-
out the presence of singularities. The inertia matrix of the AUV is derived in
two steps. First, Mpp is found from (13). Then the added mass M4 = M} >0
is found from the hydrodynamic properties and we get M = Mprp + M4. We
can now use M instead of Mpgp to derive the Coriolis and centripetal matrix
[29] which gives us C' = Crp + C4. As the configuration space of an AUV can
be described by the matrix Lie group SE(3) we get (following the mathematics
of Equations (19-25)) the Coriolis matrix

17
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n 2ad/, 0
oM 1 (M(q)v)v
CQv)=) ——d—75|a VY T |44
1 Y 2 g_q [MVV MJV} gb g_q [MqV qu] qu
(57)
The dynamic equations can now be written as
M(Q)i +C(Q,v)v+ D(v)v +n(Q) =T. (58)

Here, v = [(Vobb)T QT] T where Vobb is the velocity state of the AUV and ¢ the ve-
locity state of the manipulator, and @ = {gos, ¢} where gop € SE(3) determines
the configuration space of the AUV (non-Euclidean) and ¢ the configuration
space of the manipulator (Euclidean). We note that the singularity in (53) is
eliminated and the state space (Q,v) is valid globally. D(v) and n(Q) are found
in the same way as for the conventional approach. Specifically, n(Q) is found
by (18). In the following we make some brief remarks on implementing the
dynamic equations in a software environment.

3.3.1. Computing the Partial derivatives of M(qi,...,qn)
The partial derivatives of the inertia matrix with respect to ¢, ...,q, are
computed by

OM(q1,....qn) I| o™ Ad,, T . 0Ad,
g, N ; JiT [ Oqr w1 Adg,, + Adgib I; Bq:lb} [I JZ}
n T oJ;
+ Z aTJ TO T AqT Ao Ii A 1% aJ]
Ji Ji T i |
Pl rn Adgib I; Adg,, o Adgib I; Adg,, Ji + J; Adgib I; Adg,, Far

(59)

3.3.2. Computing the Partial derivatives of Adg,;

The main computational burden is on the computation of the partial deriva-
tives of M with respect to ¢ for which we need the partial derivatives of the
adjoint matrices, also with respect to g. To compute these one can use a rela-
tively simple relation. If we express the velocity of joint k as V((kk:ll))k = Xiqgx
for constant X}, then the following holds:

Proposition 3.1. The partial derivatives of the adjoint matriz is given by

0Ad,. . Adgi(k—l) adx, Adg(k—l)j Jori<k<yj,
B 9id — Adgi(k—l) adx, Adg(k—l)j Jorj <k <i,
qk 0 otherwise.
18
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Proof: To prove this, we start by writing out the spatial velocity of frame Wy
with respect to W, _1) when ¢ <k < j:

. 01—
(k=1 1 99k-1)k
Xkqr = V(k—l)k = Ik-DkI -1k — T 5,

o Ik(k—1)4k

where X := [Xow X } If we compare the first and the last terms, we get

0
OR -1k N
— 2 = X Rk 1)k 60
i " (60)
-1k
" = Xupe_1 1k + Xo. 61
e P(k—1)k (61)

We can use this relation in the expression for the partial derivative of Adg, _,,,:

ARk . . ARk
dAdy,_,,, _ l% %R(kfl()a]j:‘p(kfl)k %]
(k—1)k
aq 0 Oqx
_ [Xw Xu] [R(k—l)k ﬁ(k—l)kR(k—l)k]
0 X, 0 Rk—1)k
= adx, Adg(k—l)k : (62)
It is now straight forward to show that
0 Ady,, ~Ad,, 0Adg,_,, Ad,,
A D Oy, !
= Adgi(k—l) aka Adg(k—l)k Adgkj
= Adgi(k—l) adx, Adg(k—l)j : (63)
The proof is similar for j < k < i. The details are found in Appendix A.
3.8.3. Computing the Jacobian and its Partial Derivatives
The Jacobian J; of link 7 is given by
Jz(q) = [Xl Adgbl X2 Adgb2 X3 e Adgb(ifl) Xl 0 e 0} . (64)

When the partial derivatives of the adjoint map are found we can also use these
to find the partial derivatives of the Jacobian, i.e.,

0J;

Ad 9Adg, ) 9 Ad
Oqx

= [O(k+1)><6 2 Pt X1 —pe Xpp o ——i X O(G—i)XG]

(65)
For the special case when the twist of each joint cannot be represented as a
constant vector the computation is somewhat more involved. The proposed
framework does, however, allow for joints with non-constant twists. This is
shown in Appendix B.
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3.3.4. Implementation
We first define the vector

Atioon
V)2 b
(M(q)v)y = q = [Mvy Mjy] [ng] . (66)
(M(q)v)m
This gives the adjoint part of the second part of (57) as
ad(m(g)v)v (67)
0 —(M(q)v)s  (M(q)v)s 0 —(M(q)v)s  (M(q)v)2
(M(q)v)e 0 —(M(q)v)a  (M(q)v)s 0 —(M(q)v)y
~(M(@)s  (M{q)v)s 0 —(M(gw)s (M) 0
0 0 0 0 —(M(q)v)s  (M(q)v)s
0 0 0 (M(q)v)s 0 —(M(q)v)4
0 0 0 —(M(q)v)s  (M(q)v)a 0

The lower part of the matrix in the second term in (57) is calculated in the
following way

T %47
T 0b
g \[Mvv Moy |18 (68)
roM(gv)r  9M(gv)2 .. 2(M(9)v)s
dq1 9q1, aq1,
oM(9)  dM(9ws . AM(g)ve
_ dqa 0q2 g2
OM()v)1 M (g)v)2 . 9(M(9)v)e
L Iqn 9qn Oqn
6+n OMq; 6+n OMs; 6+n OMg;
Zz ; 6‘1 1(q) s Zz ; 82 @, v; e ZZ ! 66 (9) ;
26+n aMh(q) 26+n 6]\{[21(11) o 26+n Bl\igl(q)
| Zvi=1 Tag Vi 2ui=1 T ag Vi i=1 ~9g; Vi
6+n aMll(q) 6+n 6A{21(q) 6+’n. 81&{&;((}) .
DIral “aq, Vi Dt g, Vi T > dq, Vi
T %
0b
% [Myv My : (69)
6+n 9 M, m 1(‘1) 6+n oM, m l(q) 6+n oM m+n l(q)
ZGJrn OM(mi1yila) 26+n 6A4(M+2)1(Q) . ZGJrn OM(minyi(a)
_ i=1 dqa Ui i=1 992 Vi i=1 902 i
6+n 3M(m+1)l(q) 6+n 6A4(M+2)1(Q) 6+n OM(minyi(q)
dita oqn Vi >t dan EENED DA Dan Vi

and is thus also given by the partial derivative of the inertia matrix. We thus
a]gq(vq) once and use the result in the

only need to compute the partial derivative

both in the first and second part of (57). This approach can be used to obtain
the dynamic equations for an arbitrary n-link mechanism mounted on an AUV.
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4. Spacecraft-Manipulator Systems

Spacecraft-manipulator systems are different from conventional earth-based
manipulators in that they are placed in a free fall environment and that the
base is not fixed (free-floating). In general there are three different cases that
must be considered [2]. Firstly, if we have reaction jets available and use these
to keep the spacecraft stationary we obtain a fixed spacecraft model which very
much resembles the conventional fixed-based model. Secondly, if no actuation
is used for the spacecraft we have a free-floating spacecraft with reduced fuel
consumption at the expense of dynamic coupling between the spacecraft and the
manipulator and a reduced workspace model. Finally, if the attitude, but not
the position, of the spacecraft is actively controlled, we have a constrained space-
craft. We note that for free-floating spacecraft the center of mass (CM) of the
spacecraft-manipulator system does not accelerate. However, when reaction jets
or momentum wheels are used for control or other external forces are present,
the center of mass is not constant in the orbit-fixed reference frame. The main
challenge in modeling spacecraft-manipulator systems is that the base-fixed co-
ordinate frame cannot simply be fixed in the orbit-fixed frame. There are two
main approaches to deal with a floating base; the virtual manipulator approach
[36] or the barycentric vector approach [37].

4.1. State of the Art Spacecraft Dynamics

The attitude of a spacecraft is normally described by the Euler parame-
ters, or unit quaternion. This is motivated by their properties as a nonsingular
representation. We note that this is not the minimal representation, nor gen-
eralized coordinates, and thus not suited for the Lagrangian approach. Also,
when transforming back to Euler angles from the unit quaternion representation
a singularity is present for § = 7.

Any positive rotation ¢ about a fixed unit vector n can be represented by
the four-tuple

Q- m , (70)

where 7 € R is known as the scalar part and ¢ € R? as the vector part. Q(z,n)
is written in terms of v and n by

n:cos(%), e:sin(%)n. (71)
The kinematic differential equations can now be given by
) 1
n= _iengb (72)
.1 0
é= 5(17]17 + &)wyp (73)

where wgb is the angular velocity of the body frame with respect to the orbit
frame and I, is the spacecraft inertia matrix. The attitude dynamics are given
by [3]

Lol + O Tywly, = 7. (74)
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4.2. State of the Art Spacecraft-Manipulator Dynamics

The equations of motion of a spacecraft-manipulator system can be written
as [1]
M(Q)o+C(Q,v)v = T. (75)
Here, v = [r] (w3)" qT}T where 7¢ is the position of the center of mass of
the vehicle, wy), the angular velocity of the vehicle and g is the joint position of
the manipulator.
Alternatively we can use the center of mass of the whole system to repre-

cm
linear velocity of the center of mass of the vehicle-manipulator system. This is

decoupled from the angular velocity w(, and the inertia matrix of a free-flying
spacecraft-manipulator system can be written as [2]

. . . 1T L
sent the translational motion. Then v = [rT (W) T qT] where 7, is the

ml 0 0
M=|0 M. M], (76)
0 My, Mgy,

where m is the total mass of the system. The Euler angle rates Ou relate to
0
wpp by

éob = T@Ob (@Ob)wgb. (77)
Again Tg,, (Oop) is singular at isolated points. The control torques are given by
T = [TUT T T;— ]T where 7, is the spacecraft forces generated by thrusters, 7,

is the spacecraft moments generated by thrusters, momentum gyros or reaction
wheels, and 7, is the manipulator torques.

Other models are also available depending on the actuators available to
control the spacecraft. In the case where 7,,7, # 0 (free-flying space robots)
the center of mass of the system is not constant, but described by the variable

rem of Equation (75) if we let v = [l (w§,)" q'T}T. If no external forces
act on the system and the spacecraft is not actuated with thrusters, the center
of mass does not accelerate, i.e., the system linear momentum is constant and
Tem, = 0. This can be used to simplify the equations to an n-dimensional system
with inertia matrix M, = My, — quM;quTw and we get the reduced system

by eliminating w [2, 37
M (Q)§ + Cr(Q,v)d = 7. (78)
The attitude of the spacecraft is then found from
w= MM (79)

The dynamic coupling between the manipulator and the spacecraft compli-
cates the modeling and control of such systems. One way to deal with this
is to derive a fixed-based manipulator with the same kinematic and dynamic
properties as the free-floating spacecraft-manipulator system. The dynamically
equivalent manipulator (DEM) [6, 7] is a fixed-base manipulator with the base
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fixed in the center of mass of the space manipulator. Here, space manipulator
refers to both the satellite and the manipulator. When no external forces are
present, the center of mass does not move and the end-effector of this manipu-
lator is thus given in the inertial frame. It can be shown that a given sequence
of actuator torques acting on the DEM will produce the same joint trajectories
for the space manipulator as for the DEM.

The dynamic equations of the free-floating space manipulator can be derived
from from Lagrange’s equations. We assume that all the joints are stiff and a
free fall environment. The Lagrangian of the space manipulator is then given
by the kinetic energy only, i.e.,

n+1
T .= Z [ pl m;p; + w TRoi 1 Rolwl (80)

for both the spacecraft and the links, which is different from Equation (12) in
that the inertia matrix depends on the configuration of both the spacecraft and
the joints. m; is the total mass of link ¢ and p; is the distance from the center
of mass of the system to the center of mass of link 3.

Similarly, we can define a fixed-based manipulator with a spherical first joint
and kinetic energy

n+1
1 1
7= Y [Solmio + S RO, 1)
1=1

where v; is the velocity of link ¢ with respect to the base. It can be shown that
the kinematic and dynamic parameters of the space manipulator can be mapped
to the DEM by [6, 7]

2
n+1
(Zk 1mk) .
m; =m; ,i=2...n+1,
P 1mk2k 1mk

I'=1,i=1...n+1,
lel
Wl —n+1 __
Dok Mk

Zk Zk mg .

W, =R; n-l& + L; n-l& ,t=2...n+1,
D ket Mk Dok Mk

101:01

li = L <Zk1m’“> i=2...n+1, (82)
Zk 1 Mk

where the vector W; connecting joint ¢ with joint ¢ + 1 of the DEM is given by
R; and L; of the space manipulator where R; is the vector connecting the center
of mass of link ¢ and joint 4 + 1 and L; is the vector connecting joint ¢ with the
center of mass of link 7. [ is the vector connecting joint ¢ and the center of
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mass of joint ¢ in the DEM. We refer to Liang et al. [6] and Parlaktuna and
Ozkan [7] for details.

4.3. The Proposed Approach - SE(3)

As for the AUV, the configuration space of a spacecraft can be described by
the matrix Lie group SFE(3) with respect to an orbit-fixed frame. The dynamic
equations can be written as

B S e
Mgv Mgq q Cqv Cyq q Tq
where
cQm =y M, ] el L, A
V) = k5 | o7 V. T V.
— Oqx, g—q ([Mvv M(;rv} [ gb]) g—q ([Mqv MqQ] |: gb])
(84)

This can be used both for actuated and unactuated spacecraft.
For free-floating spacecraft we have 7y = 0 and we can simplify the dynamics
substantially by re-writing the mass matrix as

M, = Myq — Mgy My v My, . (85)
The Coriolis matrix is then found by

oM, .
o Gr — =—(M,v) (86)

Cr(Q,v) =)
k=1

with M, given as in (85) and the dynamics are described by
MG+ Clq =y (87)
When ¢ and ¢ are known, the base velocity vector can be found by

Myv V3, + Cvy VY, = —(M;rvq' + Cvqq). (88)
This can be done either by projecting go» onto the allowed configuration space
SE(3) [38] or by using structure-preserving integration methods [39]. As these
equations are based on the singularity-free dynamics (83) these are also singularity-

free with the state variables Q = {g € SE(3),q € R"} and v = [(V{})" q'T]T €
R6+n

4.4. The Proposed Approach: The Dynamically Equivalent Manipulator - SO(3)

In this section we reformulate the dynamic equations of a space manipulator
and its dynamically equivalent manipulator using the proposed framework. This
removes the singularities in the representation, but is otherwise similar. Assume
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no spacecraft actuation, i.e., 7., = 0. Then the kinetic energy of link i of the
space manipulator is given by

1 7
=5 (Vo) Ve,
1 -
= 5 ((VhTHT +dTu(@)T) Ady,, 1 Ady,, (HVG, + Ji(a)d)
1 .
=3 ((wip) )THT + 4" Ji(q T) AdT- I; Ady,, (Hwgy, + Ji(q)q)
1 . w? 1
=5 )T T to) [ = Jomanae (89)
q| 2
where
HTAA! I;Ad,, H HTAd! I,Ad,, J;
M’i = ib gib gib
(@) {JT Ad‘q LAd,, H JT Ad"q I; Ady,, J; (90)

and the inertia matrix is given by substituting this into (13) and H given as in
(28). The configuration space is then given by @ = {Rop, ¢}-

Similarly, we can define a fixed-based manipulator with a spherical first
joint, also with configuration space SO(3). The corresponding inertia matrices
are then given by

Mi(q) ==

3

(91)

HTAd) I!Ady, H  HTAd] I/ Ady J}
Ilb Jib T gllb , Jib ,
(JnT Adg IiAdg, H  (J])' Adg, I Adg, J;

where I] and the kinematic relations used to compute Rj,; and J/ are found from

(82). Thus, we have Vobb = ‘70,5 as required. The spacecraft inertia matrix is
given by

J. 0 0
L=1]0 J, 0 (92)
0 0 J.

which also represents the inertial properties of the spherical base link. The
Coriolis matrix then becomes (following the mathematics of (27-31))

Z oM 3)

k=

0

[8) (o wom )

where (M'(q)v)y; is the vector of the first three entries of the vector M'(q)v
(corresponding to Vb = wOb) The specific computations of the inertia and
Coriolis matrices are performed in the same way as for the AUV (see Section
3.3) except from the partial derivatives of the inertia matrices which now depend
on the selection matrix H. This is shown in Section 4.4.1.

—2(M'(q))y
% ([M'w (]

N~
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The dynamic equations can now be written as
M'(q)0 +C'"(Q,v)v = T. (94)

Here, v = [(wgb)T q'T]T where wgb is the velocity state of the passive spher-
ical base joint of the DEM (and thus also the spacecraft) and ¢ the veloc-
ity state of the manipulator of the DEM (and the space manipulator), and
Q = {Rop,q} where Ry, € SO(3) determines the configuration of the spher-
ical joint/spacecraft and ¢ the configuration of the manipulators of the DEM
and space manipulator. We note that the singularity that normally arises when
using the Euler angles is eliminated and the state space (Q,v) is valid globally.

Most importantly, we can now use this fixed-base DEM for simulation and
control of the space manipulator. Similar to the conventional approach, the
DEM described by (94) have the same kinetic and dynamic properties as the
space manipulator and if the same actuator torques 7(t) = 7/(t), V¢ are applied
on both the DEM and the space manipulator, this will produce the same joint
trajectory q(t) = ¢'(t) for ¥Vt € [to, 00| if q(to) = ¢'(to)-

4.4.1. Computing the Partial derivatives of M(qi,...,qn)
The partial derivatives of the inertia matrix with respect to ¢i,...,q, are
computed by

OM(qr, .. qn) <& i
5 (4] 2 12800 )

oqi Pt f Iqx 9qk
+ Z T (_)rme T T " Adgib ) Adgib 2'% ]
S | Ber Ady, i Ady, H Gt Ady, T Ady,, J; + T Adg,, I Ady,, 5.+
(95)

which only differs from (59) in that the identity matrix I is substituted by H and
HT in the first part and we multiply by H and H' to get the right dimensions
in the second part.

5. Ground Vehicle-Manipulator Systems

We now consider a ground vehicle with no non-holonomic constraints. The
configuration space can be described by the matrix Lie group SE(2). The
velocity state is thus fully determined by only three variables and we choose H
so that

Vobb =H ‘7Obb (96)
with -
1 0 0 0 0 O
H=10 1 0 0 0 0 (97)
0O 00 0 01
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For Euclidean joints Equation (19) simplifies to
Vo, = ov- (98)

S is thus given by the identity matrix, the partial derivatives of S vanish and

we get

S oMy

Cvv(Qv) =) - (99)
k=1
The inertia matrix
m 0 0
I={0 m O (100)
0o 0 J,

then determines the dynamic equations.
If non-holonomic constraints are present, such as for wheeled mechanisms,
we get the selection matrix

OT

1

1 0 0 0 O
B=1o 00 0 0 (101)
and velocity state V= [7]. The dynamics are then found by substituting H

and V} into the formalism presented in Section 2.

6. A Simple Example

Consider the general structure of the equations for a mechanism with one
joint with joint variable ¢; mounted on a vehicle with configuration space SFE(3).
We can write its inertia matrix as follows

I, +Ad] I, Ad Ad! I Ad,,, X, }

M — 1b 9g1b 9g1b 9g1v 102
(a1) [X{ Adfw I Adg, XTAdT T Adg, X, (102)

Its partial derivative with respect to g is a single matrix

oM (q1) I| 167 ag, aAd,
50 = a7 [Dom i Ady,, +Ad, n 25 ] [T 1] (103)

with 9

% = —g1 X190 = —g1pX1. (104)

Note that the Jacobian matrix is constant and hence no partial derivatives are
taken.
Consider as an example the robot in Figure 2 with a single prismatic joint.

We can write the Jacobian as J; = [0 1 0 0 O 0} i and the inertia matrix
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Yy

Y

Figure 2: One-link robot with a prismatic joint attached to a non-inertial base with configu-

ration space SE(3).

as
[ M, 0 0 0 ml
0 M, 0 —ml 0
0 0 M,y maqp 0
M(q) = 0 —ml mq  Jpx +mi*+mg 0
ml 0 0 0 Jty +mi?
—maqy 0 0 0 —mlqy
| 0 m 0 —ml 0

—maq 0
0 m
0 0
0 —ml
—mlq 0
Jt,z + mQ% O
0 m
(105)

where My =my, +m and J; , = Jp 5 + J, etc. Assume we are interested in the
dynamics of the prismatic joint. This is given by the last row of the inertia and
Coriolis matrix. The Coriolis matrix is given by (26) where the first part is zero

and the second part gives

C(Qv V()bbv q) =

* Xk ¥ K X
O % ¥ X % ¥

o x % % % %

m
2 Wz

The last row here is given by multiplying the Mg—qgf‘) € R™<7

(106)
with the vector

T . . . .
v = [(VO%)T ql] . Using these expressions, we can write the dynamics of the
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prismatic joint due to the motion of the vehicle as

Vb Vb
[MqV MQQ] [ gb} + [CqV CqTq] [ gb} =T

mgy + muv, — mlw, + 5wsz — 5wwvz
—%Uzww — mqlwi — %(UI + lwy)w, — mqlwf =T (107)
G140y — lwg + (Vg + lwy)w, — vwy — qlwi — qlwf -7 (108)
m

Similarly, if we consider a single rigid body in SE(3) the inertia matrix
becomes (dropping the subscript b)

m

(109)

cocoocoo
cocooco 3 o
cocoo3I oo
coS~Nooco
ocS~Nocococo
Socococoo

and when computing the Coriolis matrix we note that the first part of (26) is
zero and the second part is given by ad(TMU) and the Coriolis matrix is thus given
by

0 —Jw,  Jywy 0 0 0
szz 0 _mem 0 0 0
| mywy Jpws 0 0 0 0
Cla) = 0 —mv,  muy 0 —Jw.  Jywy (110)
muv, 0 —MUy Jow, 0 —Jpwy
—muy Muy 0 —Jywy  Jpwy 0

which we recognize as Kirchhoff’s equations. Kirchhoff’s equations are, however,
valid for systems with only kinetic energy.

There are many ways for computing the Coriolis matrix for rigid bodies.
One commonly found formulation is ship modeling is

0 M + Mysvs
Clg)=—-| — = Cunmen (111)
Myyvy + Migvs  Maivy + Maovs

and the dynamics are given by (39) and (40). The expression in (111) can also
be reformulated to the form of (110). We note that using this approach we end
up with the transformation in (39) which singularity prone.
7. Conclusions

In this paper the dynamic equations of vehicle-manipulator systems are de-

rived based on Lagrange’s equations. The main contribution is to close the
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gap between manipulator dynamics which are normally derived based on the
Lagrangian approach and vehicle dynamics which are normally derived using
other approaches in order to avoid singularities. The proposed framework al-
lows us to derive the dynamics of vehicles with a Lie group topology using a
minimal, singularity-free representation based on Lagrange’s equations which
naturally extends to include also the manipulator dynamics. The globally valid
vehicle-manipulator dynamics are thus derived for the first time using the pro-
posed framework. Several examples of how to derive the dynamics for different
vehicles, such as spacecraft, AUVs, and ground vehicles are shown to illustrate
the simple analytical form of the final equations.
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Appendix A. Partial Derivatives of Ad, - By Direct Computation

The partial derivative of Ad,,, with respect to g, when i < k£ < j can be
written as

dAdy,, OAdgy 1y,
8— = Ji(k—1) 87 Ikj
Gk QK
- . OR (k1)K P(k 1) R Rik—1)k .
_ [Rige—1)  Pige—)Rige—1)| | —o@n (k=1)k T Dk 1)k78qk Ry PrjRuij
0 Ri(k—1) 0 ORk—1)k 0 Ry;
- 9qy,
r OR(y_
L T Ryg1) Uk oy Ry + Rygn) - R(k i+
_ i(k—1) " 9qp J R o 8 1k (k=1)k
= i(kfl)p(kfl)kTRk] + Di(k— 1)RL<k 1)713@‘
ORk—1)k
L 0 z(kfl) Oqn ) Rkj

Ri(kﬂ)XwR(kﬂ)}eﬁijkj + Rie—1) (Xwp—1)1) + Xo)Rgp—1y;+

Ri(kfl)XwR(kfl)kRkj “ L
Ri(k—1)P(k—1)k X B(k—1)k Brj + Pi(k—1) Ri(k—1) X B(k—1)k B

L 0 Ri—1y XwR—1)x Rij

Rie—1) X R(u_1); { ARi(k—l)XwR(k—l)kﬁijkj +ARz'(k71)(pr(k—l)k)R(kfl)j'J‘ }
= Ri(k—1) XvR(k—1); + Bi(e—1)P(h—1)e X0 B(k—1); + Pi(k—1) Ri(k—1) Xw B(k—1);

L 0 Rir—1)XoR—1);

Rig—1)XwRk—1); Rih—1)XoRu—1); + Ri(kfl)Xwﬁ(kflA)jR(k—l)j + Bigh—1) Rih—1) Xw R(—1);
I 0 Rik-1) XwR(k—1);

Rik—1Xw Ry Xo + ﬁi(k—})Ri(kfl)Xw
0

[Rw—l)j ﬁ<k—1)jR<k—1>j}
Rih—1yXw 0

] Rk—1);

~ [Rie—1y ﬁi(k—l)Ri(kfl)} {Xw Xv} {RU@fl)j ﬁ<k71)jR<k71)j}
0

| Ri(k—1) 0 Xo 0 R(k—1);
= Adg,,_,, adx, Adg, (A.1)
where we have used that o
ab = (ab) + ba, (A.2)
and o
Pe—1); = (R(k—1)kPrj) + D(k—1)k- (A.3)

The proof when j < k < i follows the same approach.
Appendix B. Partial Derivatives of the Mass Matrix for Joints with
Non-Constant Twist

For a non-constant twist X, we get the following expression for the partial
derivatives of the inertia matrix

IM(q1,.. ., 4n) & '
OM(q1, - qn) = <[§IT] [a “doin I, Ady,, +Ad] T agj:”} [H Ji])

Oqr i=k
n T
. Z O scrm ) HT AdJ, T; Ady,, 52
P L LiAdg, H S5 Adg T Ad, J +J7 Ady, I Ady,, 52
(B.1)
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where the only difference from the constant twist expression (95) is that
the summing starts from k& and not k£ + 1 in the last term and that the partial
derivatives of the Jacobian are given by

g;] [O Adgb(k—l) %Xk(qk) a_(Zk(Adgbk)XkJrl"' %(Adgb(i—l))Xi(qi) 0 ]

i:
qk

For non-constant twists only
(B.2)
We still have that gx = gx + ¢ and thus for a constant g we get ¢, = gf)k SO
that the transformation from local to global coordinates for the manipulator is
still given by ¢ = S(q, ¢)¢ with S(g, ¢) = I. Thus the expression for the Coriolis

matrix does not change.
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