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In this paper, the control of free-floating space manipulator systems with non-zero angular
momentum (NZAM), for both motions in the joint and Cartesian space, is studied.
Considering NZAM, dynamic models in the joint and Cartesian space are derived. It
is shown that the NZAM has a similar result to the effect of gravity in terrestrial fixed
base manipulators. Based on these similarities, the application of controllers similar to
the ones used for the compensation of gravity in terrestrial fixed base manipulators is
proposed here to compensate the effect of angular momentum. To confirm the asymptotic
stability of the closed-loop systems, some structural properties of the dynamic models
must be satisfied. It is shown that despite the presence of angular momentum, these
structural properties still apply. Thus, the proposed controllers can drive the system in
the desired position despite the presence of angular momentum. However, the NZAM
imposes constraints on the system workspace, where the end-effector can be driven
in the Cartesian space. Limitations are discussed and the application of the proposed
controllers is illustrated by examples.

Keywords: free-floating space manipulators, dynamics, non-zero angular momentum, joint-space control, Carte-
sian space control

INTRODUCTION

In the coming years, on orbit robotic systems will have a large impact in a wide variety of
operations encountered in space exploration. Their ability to execute tasks in environments, which
pose great dangers to human life minimizes the risk that astronauts face and increases mission
productivity. Space robotic manipulators include a spacecraft (base) with one or more robotic
manipulators mounted on it, see Figure 1A. Examples of such systems are the ETS-7 (Oda, 1999),
the Orbital-Express (Ogilvie et al., 2008), and more recently, the DEOS (Reintsema et al., 2010).
The spacecraft can be transferred and oriented arbitrarily in space using thrusters and reaction
wheels controlled by the attitude determination and control system (ADCS). The desired end-
effector position and orientation is achieved by controlling the joint motors via the manipulator
control system. Each of these control systems operates independently. However, due to dynamic
coupling, the motion of the end-effector affects the motion of the spacecraft and vice versa.

Abbreviations: ADCS, attitude determination and control system; CM, center of mass; DOF, degrees-of-freedom; DS, dynamic
singularities; FESMS, free-floating space manipulator systems; GJM, generalized Jacobian matrix; NMPC, non-linear model
predictive control; NZAM, non-zero angular momentum; PDC-AMC, PD control with angular momentum compensation;
RHS, right-hand side; TJC-AMC, transpose Jacobian control with angular momentum compensation.
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FIGURE 1 | (A) A space manipulator system, (B) the spatial free-floating space manipulator systems and definition of its parameters.

~
e'\ System CM

% Body CM

Thus, in the case the end-effector is desired to execute a specific
motion, it is preferable to turn-off the ADCS since the inde-
pendent control of the spacecraft can cause undesirable distur-
bances to the end-effector motion. Then, the system operates in a
free-floating mode during which the uncontrolled motion of the
spacecraft arises as a result of the dynamic coupling between the
spacecraft and the manipulator.

The lack of a fixed base, on which the manipulator is mounted,
poses several challenges to the operation and control of free-
floating space manipulator systems (FESMS). Two types of motion
control are considered. The first, called spacecraft-referenced end-
point motion control, is the mode of control where the end-
effector is commanded to move to a location fixed to its own
spacecraft. An example is the case where the manipulator is driven
to its stewed position. The second, called inertially referenced
end-point motion control, is the mode of control where the end-
effector is commanded to move with respect to inertial space
(Papadopoulos and Dubowsky, 1991a).

Although zero initial system angular momentum is desired
before the motion of an FFSMS, due to small collisions with the
environment or due to on-off attitude controller inaccuracies,
significant amounts of angular momentum tend to accumulate.
In general, these accumulated amounts of angular momentum
can be absorbed using either thruster jets or momentum control
devices (e.g., reaction/momentum wheels, control momentum
gyroscopes). However, thrusters by their nature use expend-
able propellants, limiting system life. Momentum control devices
require only electrical power that can be supplied by solar arrays.
However, these devices tend to saturate and ultimately, also
require use of thrusters for despinning. Thus, the control of an
FFSMS, under the presence of angular momentum, and without
the use of additional actuators is important and is studied here.

Masutani et al. (1989) have addressed a point-to-point control
of the end-effector of an FFSMS with zero angular momentum.
They proposed a sensory feedback scheme based on an artifi-
cial potential defined in the sensor coordinate frame. Xu and
Shum (1991) derived the equations of motion of FFSMS with
zero angular momentum in joint and inertial space, applying
the Langragian methodology. Based on the dynamic model, a
simple linear control scheme was presented for the point-to-point
control problem and a globally stable control law was proposed

for trajectory tracking applications. Umetani and Yoshida (1989)
introduced the free-floating system generalized Jacobian matrix
(GJM) and developed a resolved rate and acceleration control
method based on it. Caccavale and Siciliano (2001) employed the
GJM in solving the inverse kinematics of a free-floating space
manipulator. Papadopoulos and Dubowsky (1991a), based on
the similarities of the structure of the kinematics and dynamics
between fixed base and FFSMS with zero angular momentum,
showed that almost any terrestrial fixed base control algorithm can
be applied to FESMS with zero angular momentum, considering
some additional conditions. The same researchers, proposed a
complete coordinated control method, based on the transposed
Jacobian, which can achieve both position and orientation of the
end-effector and the spacecraft of an FESMS with zero initial
angular momentum (Papadopoulos and Dubowsky, 1991b).

More recently, Rybus et al. (2015) analyzed a control scheme
based on the fixed base Jacobian inverse with the addition of the
spacecraft velocity, in order to reduce the complexity caused by
the use of the GJM. A non-linear model predictive control method
was proposed taking into account the free-floating nature of the
system. The results were compared to the ones obtained with
the GJM-based controller (Rybus et al., 2017). To synthesize the
spacecraft ADCS and the manipulator controller of a space robot,
a fixed-structure Hoo synthesis has been proposed in Dubanchet
etal. (2015).

All the previous research was based on the assumption that the
system is at rest initially, i.e., the initial momentum of FFSMS
is 0. Mathematically speaking, an FFSMS with initial angular
momentum is an affine system with a drift term. This term
is caused by the angular momentum and complicates the path
planning and control of such systems. To date, a limited number
of studies have dealt with this issue. Matsuno and Saito (2001)
have proposed an attitude control law, considering a planar two-
link space robot with initial angular momentum, i.e., a typical
example of a 3-state and 2-input affine system with a drift term.
Although the controller takes the system to the desired location,
the system drifts away due to the non-zero angular momentum
(NZAM). Yamada et al. (1995) have presented a path planning
scheme for a single arm of an FFSMS, which is equipped with
momentum wheels. This method utilizes the angular momentum
of the base, without causing its nutation, which occurs unless
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the final attitude of the base is the same as the initial one. More
recently, a trajectory optimization method for systems with non-
conserved linear and angular momentum has been proposed
(Rybus et al., 2016). Nanos and Papadopoulos (2011) have pro-
posed an approach that identifies workspace areas and required
joint motions so that the end-effector can remain fixed despite
the NZAM. The same authors have proposed a methodology to
avoid the path-dependent dynamic singularities (DS), defined in
Papadopoulos and Dubowsky (1993), by carefully choosing the
FFSMS initial configuration (Nanos and Papadopoulos, 2012).
More recently, they extended this methodology to FFSMS with
NZAM (Nanos and Papadopoulos, 2015).

In this paper, the control of FFSMS with NZAM, for motions
both in the joint and Cartesian space, is studied. First, the dynamic
models in joint and Cartesian space, for FESMS with NZAM,
are derived. It is shown that the NZAM has an effect similar
to that of gravity on terrestrial fixed base manipulators. Thus,
to compensate for the effect of the NZAM, the application of
controllers similar to the ones used for gravity compensation in
terrestrial fixed base manipulators is proposed. To confirm the
asymptotic stability of the proposed controllers, some structural
properties of the dynamic models must be satisfied. It is shown
that despite the presence of NZAM, these structural properties
are still valid. Thus, the proposed controllers can drive the system
in the desired position despite the presence of NZAM. However,
the NZAM imposes constraints on the Cartesian position where
the end-effector can be driven. Limitations are discussed and the
application of the proposed controllers is illustrated by examples.

DYNAMICS OF FREE-FLOATING SPACE
MANIPULATORS

On orbit systems operate in a free-fall environment where during
operations the gravitational effects are not absent. However, for
motions with time duration shorter than one orbit period, the
gravitational torques, as well as the air drag and magnetic torques,
are expected to be much smaller with respect to the joint actuator
torques, inertia torques, and centrifugal/Coriolis torques (From
et al., 2014; Flores-Abad and Crespo, 2015). Thus, most often no
external forces act on an FFSMS and, therefore, the motion of
the system is governed by the momentum conservation; the effect
of the gravity is left out of the equations of motion of FFSMS
(Papadopoulos and Dubowsky, 1991a).

In this section, the differential kinematics and the equations of
motion of a rigid FEFSMS with NZAM are briefly developed. The
dynamics of FFSMS under the presence of angular momentum
have been studied in Nanos and Papadopoulos (2011). Here, the
equations of motions are written in a form suitable for control
purposes.

According to the current practice in space, on orbit robotic
systems have revolute joints in an open chain configuration.
In a free-floating system with a N degrees-of-freedom (DOF)
manipulator, there will be N+ 6 DOF in total including the DOF
of the spacecraft. Here, free-floating systems with a single non-
redundant manipulator (N < 6) are considered. In this case, the
additional DOF, required for obstacle or singularities avoidance,
are obtained by the free motion of the spacecraft. The use of non-
redundant manipulators simplifies the mechanical design of such

systems and results in a smaller mass system. The system center of
mass (CM) does not accelerate, and the system linear momentum
is constant. With the further assumption of zero initial linear
momentum, the system CM remains fixed in inertial space, and
the origin, O, can be chosen to be the system CM, see Figure 1B.

Angular Momentum and Differential

Kinematics
First, the conservation of angular momentum and the differential
kinematics of an FFSMS in the presence of angular momentum
are briefly presented.

The angular momentum hcy expressed in the inertial frame is
constant and is given by:

hem = Ro(e, 1) ("D(q) *wo 4 *Dg(q) q) = const. (1)

where ®wo is the spacecraft angular velocity, expressed in the
spacecraft Oth frame and the N x 1 column-vectors q, q repre-
sent manipulator joint angles and rates, respectively. The matrix
Ro(e,n) is the rotation matrix between the spacecraft Oth frame
and the inertial frame, expressed as a function of the spacecraft
Euler parameters €, 7. The 3 x 3 matrix °D is the inertia matrix
of the entire system as seen from the system CM, expressed in
the spacecraft Oth frame, and as such it is a positive definite
symmetric matrix and thus always invertible. The 3 x N matrix
9Dy corresponds to the inertia of the system’s moving parts. Both
matrices are functions of q, and given in detail in Papadopoulos
and Dubowsky (1991a), see Appendix A.

The end-effector linear velocity fg and angular velocity wg are
given by:

ie = Ro(e, ”)(0]11(‘1)0(”0 + 0]12(‘1)‘1) (2)
wg = Ro(g, n) (0000 + 0]22(‘1)’:1) 3)

where the matrices °J11, °J12, and °J; are Jacobian-type matrices
of appropriate dimensions, functions of q, and given in detail in
Appendix B.

Using the angular momentum conservation, given by Eq. 1, the

spacecraft angular velocity *wo can be substituted in Egs 2 and 3.

T

Then, the vector vg = [i‘E (;)E]T is given by Nanos (2015):

VE = Lf,ﬂ = E(e,n)(*J4(0)q + *JuRo (e, n)hcu)  (4)

where the 6 X 6 matrix E(e,n) is given by:

Ro(s, 1’1)

033
5
0555 (5)

E(e,n) =
o) = | i
where 0, % , is the m X n zero matrix.

Note that in case the end-effector attitude is expressed with the
Euler angles 0, the following equation can be used:

wg = S(0g)0k (6)

where S(0g) is a 3 X 3 matrix.
The 6 x N matrix 0]q(q) in Eq. 4 is the GJM expressed
in the spacecraft frame (Umetani and Yoshida, 1989). This
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matrix is a function of the manipulator configuration q and is
given by:

0 _ 0]12(‘1) _0]11(‘1)01)_1(‘1)01) (q)
Ja(a) —[ "a(a) - °D~'(@)°Dq(a) } @

The influence of the angular momentum on the end-
effector linear and angular velocity is given by the drift term
E(e, n)°J, Rg (€, n)hew in Eq. 4, where:

Despite the drift term, Eq. 4 can be inverted to result in config-
uration rates q as a function of end end-effector velocity and the
drift term:

q = Iq_l(qv g, n)VE - Iq_l(qv g, n)lh(qv €, I’l)hCM 9)

where

Jo(q,8,n) = E(e, n)°T4(q) (10)

and
]h(q7 €, ”) = E(sa ”)olh(q)Rg(& T’l) (11)

The derivation of Eq. 9 requires the GJM to be invertible
during the motion of the end-effector. Whether this will hap-
pen, depends on the path taken by the end-effector. In case the
GJM for some path taken becomes singular, the system manip-
ulator becomes singular (Papadopoulos and Dubowsky, 1993)
and the end-effector cannot follow the desired path (see Section
“Constraints”). However, in Nanos and Papadopoulos (2015), a
methodology to avoid such singularities, by carefully choosing the
FFSMS initial configuration, has been developed. Thus, Eq. 9 can
be used to derive the joint angles required so that the end-effector
follows a desired path, described by the end-effector velocity vg.

Next, the dynamics of an FFSMS under the presence of NZAM,
expressed in the joint and Cartesian space, is studied.

Dynamics in the Joint Space

In the case of FFSMS with zero angular momentum and negligible
gravitational forces and other disturbances, it is known that the
reduced equations of motion are (Papadopoulos and Dubowsky,
1991a):

H(q)§+C(q,9)g = (12)

where the N x 1 vector ©=[t1,Tz,...,Tv]" is the manipulator
torque vector where T; is the torque applied on the ith joint. The
matrix H is an N X N symmetric and positive definite matrix
called the reduced system inertial matrix and defined in Appendix
A, and the N x N matrix C(q, q) contains the non-linear Coriolis
and centrifugal terms for a spatial FFSMS with zero angular
momentum and can be written in several forms. One of these
forms is the following:

_10(q"°Dg D' *Dy)  9(°Degd) _ 19(q" *Daa)
2 oq oq 2 0q
_ 9(Dg °D °Dyq)
dq

C

(13)

where the N X N matrix Dgq(q) is given in Appendix A.

It has been shown that the reduced equations of motion of a
spatial FESMS with NZAM are given by Nanos and Papadopoulos
(2011):

H(q)q+ ch(eanthM7qa q) =T (14)

where the vector ¢, contains the non-linear Coriolis and cen-
trifugal terms and is a function of the non-zero system angular
momentum, hcy. Comparing Eq. 12 to Eq. 14, one can see that
they differ by the dependence of Eq. 14 on the spacecraft’s attitude,
described by the Euler parameters &, n.

It is preferable to write Eq. 14 in a more explicit form so that it
is better suited to control algorithm design. It can be shown that
(Nanos, 2015):

H(q)q +C” (E, n,q,q, hCM)q + gh(ev n,q,q, hCM) =t (15
where the N X N matrix C* is given by:
C*(S, n,q,q, hCM) = C(qv q) + Ch(€7n7q7 hCM) (16)

where the N x N matrix Cy, is the additional term caused by the
presence of the system’s NZAM and is given by:

_ 9(°Dq D™ 'Rghem)  A(h{uRe"D ! °Dy)

G oq 0q

(17)

The N x 1 vector g, is caused by the presence of angular
momentum, too. It does not vanish for zero joint rates q and is
given by:

1 9(h{uRo°D'R])
= — —hCM
2 0q
—°D; °D7'["D ! (Rghew — “Dyq)] " Roheu

&h

(18)

where the symbol (-)*, called cross-product operator, denotes the
construction of a skew-symmetric matrix from the elements of the
vector (-) (Hughes, 1986).

Note that the additional terms Cj, and gp, caused by the pres-
ence of initial angular momentum, are functions of the spacecraft
attitude described by the Euler parameters €, n. Thus, in the
spatial case, the system’s reduced equations of motion depend on
the spacecraft’s attitude. The spacecraft attitude can be computed
using the equations (Nanos and Papadopoulos, 2015):

(1/2)[€X + nI3]0w0
—(1/2)e" %09

(19)
(20)

€

n

where I3 is the 3 x 3 identity matrix.
Replacing the spacecraft angular velocity *wo using the angular
momentum conservation, Eqs 19 and 20 result finally in:

¢ = (1/2)[” + nI3]°D ™" (Rg (e, n)hem — “Dqq)
n=—(1/2)e" D7 (Ry (e, n)hcm — "Dgq)

(21)
(22)

It can be shown that for planar FESMS, Cy, and g are inde-
pendent of the spacecraft attitude and, therefore, the reduced

Frontiers in Robotics and Al | www.frontiersin.org

June 2017 | Volume 4 | Article 26


http://www.frontiersin.org/Robotics_and_AI
http://www.frontiersin.org
http://www.frontiersin.org/Robotics_and_AI/archive

Nanos and Papadopoulos

FFSMS with Angular Momentum Control

equations of motion are functions only of the q, qand qand given
by Nanos and Papadopoulos (2011):

T =H(q)q+ C"(q, 9, hem)q + 8,(q, hem) (23)

where the scalar hcy denotes the length of the system’s angular
momentum vector which, in planar motions, is always perpendic-
ular to the plane of motion.

The matrix C* is given by Eq. 16, but in this case, the matrix Cy,
is given by:

o9(D~'Dy) _ 9(D”'Dy)

h = 24
Ch(q, hem) = hem N a4 (24)
and the vector g, is:
1, 9D
(9, how) = Jhow =5 (25)

Considering the equations of motion for an FFSMS with
NZAM, see Eq. 15 or Eq. 23 for planar FFSMS, we conclude that
the term gp, exhibits similar characteristics to those of the gravity
terms in fixed base manipulators (Siciliano et al., 2009), if the
gravity vector is substituted for gj,.

Dynamics in the Cartesian Space

The equations of motion in the joint space, given by Eq. 15, are
transformed here to the Cartesian space. Differentiating Eq. 4, the
linear and angular acceleration of the end-effector is obtained as:

VE = Iq(qasvn)q+jq(q7€an)éI+jh(qa€7n)hCM (26)

Assuming that the GJM ] is invertible, the Eq. 26 can be solved
for the joint acceleration:

q=77"Ve —Jqg T4 — I Tnhom (27)

The substitution of Eqs 9 and 27 in Eq. 15, results in the
equations of motion in the Cartesian space (Nanos, 2015):

Hyvg + Cive+ 8, =u (28)
where
u=J." (29)
and
—Tygy—1
Hx =], HJ, (30)
oMES MET(CED £ ) A 9) ol (31)

g =Jg gt (W Jy T —HIg U —C g Tn)hem (32)

In this case, the term gy, which is due to the presence of angular
momentum, also exhibits similar characteristics to those of the
gravity terms in fixed base manipulators.

Based on the similarities of the angular momentum terms to the
gravity terms in the equations of motion, both in joint and Carte-
sian space, controllers similar to those used for the compensation
of gravity in terrestrial fixed base manipulators are proposed here,
to compensate for the effect of the NZAM. Next, some useful
properties, in the joint and Cartesian spaces, are studied.

Useful Properties of the Dynamic Models

In fixed base robots and FFSMS with zero angular momentum, the
stability of the closed-loop systems, both in joint and Cartesian
space, is studied using the property:

q'(H-2C)q=0 (33)

where the vector Cq is derived from the equations of motion in
the joint space.

The above property for fixed base robots and FFSMS with zero
angular momentum can be validated using the energy conserva-
tion principle, as shown in Xu and Shum (1991) and Siciliano et al.
(2009). Next, the validation of similar properties for FESMS under
the presence of NZAM, for both motions in joint and Cartesian
space, is studied.

Joint Space
Here, the satisfaction of the following property under the presence
of angular momentum is examined, i.e., Nanos (2015).

q'(H-2C)4=0 (34)
where the matrix C*, given by Eq. 16, contains due to the NZAM
the matrix Cp, given by Eqs 17 and 24 for spatial and planar FESMS,
respectively.

In the absence of angular momentum, C;, = 0 and Eq. 34 results
in Eq. 33. Next, it is examined if Eq. 34 holds despite the presence
of the term Cy. Considering Eq. 16, it can be shown that:

q"(H-2C")q=q"(H—-2C)q —29"Chq (35)

Equation 34 is satisfied if both terms of the right-hand side
(RHS) of Eq. 35 are 0. The first term of the RHS of Eq. 35 is 0
for any possible choice of the matrix C(q, q), since it results from

the principle of the energy conservation (Xu and Shum, 1991).
Examining the second term of the RHS of Eq. 35, we note that

Ch = Da/dq — a" /dq (36)
where
a= "Dy D" 'Rohcm
since D1 =D~ T,
Using the matrix form given by Eq. 36, it can be shown that Cy
is skew-symmetric and the property

(37)

wTCh(s, n,q,hcm)w =0 (38)

holds for any choice of the vector w. Setting w = q in Eq. 38, the
following expression is obtained:

q"Cu(e,n,q,hcm)q = 0 (39)

Therefore, both terms of the RHS of Eq. 35 are 0, and the
property described by Eq. 34 holds despite the presence of angular
momentum.

Note that Eq. 34 does not imply that the matrix N* = H — 2C*
is skew-symmetric. However, since H(q) is symmetric, it can be
shown, similar to the case of fixed base manipulators, that if
the elements ¢;; of the matrix C(q, q) are obtained from the first
type Cristoffel symbols (Siciliano et al., 2009), then the matrix
N* = H — 2C* is skew-symmetric. This property can be used
in the design of adaptive controllers. However, the design of such
controllers is beyond the scope of this paper.

Frontiers in Robotics and Al | www.frontiersin.org

June 2017 | Volume 4 | Article 26


http://www.frontiersin.org/Robotics_and_AI
http://www.frontiersin.org
http://www.frontiersin.org/Robotics_and_AI/archive

Nanos and Papadopoulos

FFSMS with Angular Momentum Control

Cartesian Space
Here, the following property of the dynamic model expressed in
the Cartesian space, is proved (Nanos, 2015):

VE(Hx —2C)ve =0

(40)
where, the matrix Cy, given by Eq. 31, also contains the matrix C¥,
which is due to the NZAM.

Note that C; can be written as:

Ci=C+J Gy
where the matrix

Ce=Jg Oy =11 ! (42)
corresponds to the FFSMS with zero angular momentum.
Therefore, the term of the left part of Eq. 40 can be written as:

vi(Hx — 2C5)ve = vg(Hx — 2Cx)ve — 2viJg  Culg 've  (43)

The property described by Eq. 40 is valid only if both terms
of the RHS of Eq. 43 are 0. The first term corresponds to FFSMS
with zero angular momentum and, as shown in Appendix C, it is
equal to 0.

Moreover, as it was shown above, Cy, is skew-symmetric and,
therefore, Eq. 38 holds for any choice of the vector w. Setting
w= ]JIVE in Eq. 38, results in:

vilg (Chlg Ve =0 (44)

Therefore, despite the presence of angular momentum, Eq. 40
still applies. Both Eqs 34 and 40 are used next to confirm the
asymptotic stability of the developed controllers in the joint and
Cartesian spaces, respectively.

CONTROL IN THE PRESENCE OF
ANGULAR MOMENTUM

In the previous section, we developed the equations of motion
of an FFSMS with NZAM. Assuming that the system parameters
are known, these equations are used in the design of model-based
controllers in the joint and Cartesian spaces.

Control in the Joint Space

Here, the task is the achievement of a desired final manipulator
configuration qq (point-to-point control) or the achievement of a
desired final manipulator configuration via a time-varying joint
trajectory qq(t) (tracking) considering FFSMS with NZAM.

Point-to-Point Control

In the case of FFSMS with zero angular momentum, the joint space
point-to-point control can be achieved by a PD controller of the
form:

T = Kpe — Kgq (45)

where Kp,, Kq are the gain matrices of the controller and e defines
the joint error:

e=qy—q (46)

where qq is the desired manipulator configuration.

Using the controller, given by Eq. 45, on a planar FFSMS with
NZAM, described by Eq. 23, it can be shown that for a constant
desired trajectory (44 = qq = 0), the error dynamics is given,

H(q)é + (C"(q, q, hew) + Ka)ée + Kpe = g,(q, 4, hem)  (47)

Thus, this control law results in a constant steady state (é =
€ = 0) error e, given by:

€ss = Kp_lgh(qss, hCM) (48)

However, for spatial FESMS, the error dynamics is given by:

H(q)é+ (C*(e,n,q,q,hem) + Ka)e+ Kpe = g, (e, 7,9, q, hem)
(49)
Since the RHS of Eq. 49 is a function of the spacecraft attitude,
described by the Euler parameters €, n, which vary with time, it
is concluded that the system cannot reach a steady state, in this
case. Next, it is shown that although there is no steady state, the
final error is bounded. The terms of the RHS of Eq. 49, which
include the joint angles q are bounded since they are trigonometric
functions. Moreover, the Euler Parameters ¢, n are also bounded
since they satisfy the constraint:

2 2
e +n

=1 (50)

Finally, for a bounded angular momentum hcy and stable
system, the joint rates q are bounded.

Thus, all the terms in the RHS of Eq. 49 are bounded. Therefore,
selecting the gains Kp, Kq positive definite and sufficiently large,
the error will be bounded by a small value, which decreases
as the system angular momentum hcy decreases and K, Kq
increase.

It is interesting to study in more details the nature of these
errors. In the planar case, the constant non-zero steady state error
is due to the centrifugal forces generated at the steady state by the
NZAM. If the controller could achieve zero steady state error (i.e.,
ess = 0,q,, = 0) then, according to Eq. 45, the torques applied
to the manipulator joints would be 0, too. However at the steady
state, due to the system NZAM, the system will rotate around its
CM with a constant angular velocity 6y , given by Eq. 1:

80,5 = D' (qg,)hcm = const. (51)

This rotation will cause centrifugal torques given by Eq. 25,

which using Eq. 51 results in:

_ (10007
gh,ss(qssahCM) - (2 aq

Dz(qss)> 9(2)’55 = const.

(52)
To compensate the above constant centrifugal torques, constant
non-zero joint torques are required which, according to Eq. 45, can
only be developed by a constant non-zero steady-state error.
However, for spatial FFSMS, the spacecraft angular velocity
%wo,ss at the steady state, will not be constant since:

9=9s

Y wo,ss = OD_I(qss)RoT(s, n)hcm # const. (53)
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This motion at the steady state will cause centrifugal torques,
given by Eq. 18:

) 1 0T — 0 0
gh,ss( (’)0’357qss) = S Fs — Dq(qss)OD l(qss) w(;fSSOD(qss) ®0,ss

2
(54)
where F is a constant N X 1 vector, given by:
o ODfl
Owg,ssoDT(qss) (T(q)) ‘q:q OD(qss)owo)SS
Fs = : (55)
o ()D—l
owOT,ssoDT(qss)%‘ OD(qss)Owoyss
9=,

Since the system angular velocity ®wo,s is not constant, the
centrifugal torques, given by Eq. 54, are not constant, too. To
compensate these time-varying centrifugal torques appearing at
the steady state, time-varying joint torques are required which,
according to Eq. 45, can only be developed by a time-varying final
error.

Next, a control law is developed aiming at addressing the
point-to-point control problem, under the presence of angu-
lar momentum. This controller is called here PD control with
angular momentum compensation (PDC-AMC) (Nanos, 2015),
in analogy to the PD Control with Gravity Compensation, as
applied to terrestrial fixed base manipulators (Siciliano et al,
2009).

In Section “Dynamics of Free-floating Space Manipulators,” it
was shown that the term gy in the reduced equations of motion
exhibits similar characteristics to those of the gravity term in
fixed base manipulators. This term does not vanish when the
manipulator joint velocities q are 0 and results in a steady-state
configuration error.

To eliminate this error, and with inspiration from PD con-
trollers with gravity compensation for fixed base manipulators,
a new controller, called here PDC-AMC, is developed (Nanos,
2015):

T =Kpe — Kyq + g, (56)

where the term g is given by Eqs 18 and 25 for spatial and
planar FFSMS, respectively. The gain matrices K;, Kq of the the
controller, presented in Eq. 56, are diagonal and positive definite.
Although there is no formal method of selecting these gain matri-
ces, their diagonal elements can be chosen, considering that the
values of the diagonal elements of the system inertia matrix H are
much larger than the rest and neglecting the non-linear terms. In
this case, the equations of motion of the closed-loop system are
approximated by N second order-decoupled equations. Therefore,
if the diagonal elements hj; of the system inertia matrix H are
obtained at a nominal manipulator configuration, then the values
of the corresponding diagonal elements of the PD gains can be
selected as:

Ky, = wphi (57)

i

Kd, = 2§u),,hii (58)

where ¢ and w, are the desired damping ratio and natural fre-
quency of the closed-loop system, respectively.

To ensure the asymptotic stability of the closed-loop system, the
following Lyapunov function is introduced (Nanos, 2015):

. 1 o1
V(g €) = Sq" H(Q)g + S Kpe (59)

2
The inertia matrix H(q) is always positive definite. So, for
positive definite matrix Kp, the following equations hold:

V(q,e) >0 (60)

and

V(0,0) =0 (61)

Considering the equations of motion, i.e., Eq. 15, and con-
stant desired trajectory (i.e., q; = 0), the time derivative of the
Lyapunov function is:

<. . 1.7, % - .T
Vqe) =54 (H-2C)q+q (v —g —Kpe)  (62)

Using the property given by Eq. 34 and applying the PDC-
AMCG, Eq. 56, with a positive definite gain matrix Kg, the following
inequality results:

V(g,e) = —q'Kgg < 0 (63)

Equation 63 does not ensure the asymptotic stability of the
origin (q,e) = (0,0), since V = 0 only when q = 0 regardless
the joint error e. Then, we show that V = 0 only when q = 0 and
e =0. Suppose that the manipulator stops (q = 0,4 = 0) ata
manipulator configuration where e # 0. Applying the PDC-AMC
in Eq. 15 and considering that ¢ = 0 [e.g., (V = 0)], results in:

§=H"'(qQKpe

Since the matrices H(q) and K,, are positive definite, Eq. 64
results in q # 0 when e # 0. Therefore, the manipulator stops
only when e = 0. Thus, V = 0 only when ¢ = 0 and e = 0. Then,
according to the La Salle theorem, the origin (q,e) = (0,0) is
asymptotically stable (Slotine and Li, 1991).

The implementation of the PDC-AMC requires the knowledge
of the system angular momentum. In the case of the control of a
spatial FESMS, in addition to the feedback of the joint angles q
and the joint rates q, the measurement and feedback of spacecraft
attitude is also required. The spacecraft attitude can be measured
by an attitude sensor (e.g., star tracker, IMU) or can be computed
using the measurements of joint angles and rates. Figure 2A
shows the application of the PDC-AMC on a spatial FFSMS
using the computed spacecraft attitude as feedback according to
Egs 21 and 22.

However, the application of the PDC-AMC on planar FFSMS
requires only the measurement and the feedback of the joint angles
q and the joint rates q, see Figure 2B.

Due to the presence of angular momentum on the FESMS, to
maintain the manipulator joints at the desired angles at steady
state, the controller must apply time-varying joint torques,

(64)

= gh(hcmv g, n, qss) (65)

These torques, in case of planar FFSMS are constant, since they
are independent from the spacecraft attitude:

t = g, (heu, q) (66)
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FIGURE 2 | (A) The PD control with angular momentum compensation (PDC-AMC) applied on a spatial free-floating space manipulator system (FFSMS). The
computed spacecraft attitude should be also used as feedback. (B) The PDC-AMC applied on a planar FFSMS. Only the joint angles and rates are used as feedback.

Tracking Control

We study tasks where, instead of point-to-point motions, the
tracking of a desired joint trajectory is required. The desired joint
trajectory is described by the functions qa(t), 44(f), and q4(¢).
The application of the following model-based controller, which
contains both the terms C*, gy, caused by the angular momentum,
on the system equations of motion, see Eq. 15.

T=H(q)(4q + Kp(qq — ) + Ka(4s — @) + C"q+g, (67)
results in the following error dynamics:

é+Kgé+ Kpe =0 (68)
where the selection of appropriate positive definite gain matrices
K;, Kq ensures the stability of the dynamics and zero steady state
joint error in desired time.

The abovementioned controller uses all the system dynamics
(ie., the terms H, C*, and gu) so that the joint errors will be
0 after desired time. However, the full implementation of Eq.
67 may be constrained by the available computing power in
space that in general lags the one on earth. As an alternative, we
propose the use of the PDC-AMC, which requires the feedback
of only a part of the system dynamics, i.e., the term g, given
by Eqs 18 and 25 for spatial and planar FESMS, respectively,
with appropriate PD gains. In this case, the error dynamics is
given by:

Hé + (C" + Kq)e + Kpe = Hq,y + (C* + Ka)qy (69)

The stability of PD with gravity compensation controller for
trajectory tracking problems and fixed base manipulators has
been studied in Wang et al. (1996) and Wen and Kreutz-Delgado
(1992). It has been shown that the position tracking error con-
verges to a closed ball, which size can be arbitrary small by
increasing the controller gains. Since fixed base manipulators and
FFSMS with NZAM exhibit the same properties of the dynamic
model (Eq. 34), the analysis proposed in Wang et al. (1996) and
Wen and Kreutz-Delgado (1992) can be extended to the stability
of the PDC-AMC in trajectory tracking applications. Note that,
increasing the gains, the torques become smaller due to the fact
that larger gains give “tighter” performance, and hence smaller
tracking errors (Lewis et al., 2004). However, due to the presence
of signal noise, the use of large gains is limited in practice since
it may result in poor response. Therefore, gains must be selected
accordingly.

Control in the Cartesian Space

Many tasks required in on-orbit servicing activities are carried
out in the Cartesian space where the end-effector is driven to
a desired location xgq = [rg’d OEd] (point-to-point control) or
it is commanded to follow a Cartesian trajectory xgq(f) =
[rg.a(t) OF4(t)] (tracking control), where rg 4 and O q are the
desired end-effector position and the desired end-effector attitude
expressed by the Euler angles, respectively.

Point-to-Point Control
In the case of FFSMS with zero angular momentum and consid-
ering invertible GJM, the point-to-point control can be achieved
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by a control law of the form (Papadopoulos and Dubowsky,
1991b):

T= JE(erx — Kqvg) (70)

where Kj, Kq are the gain matrices of the controller and ey is the

Cartesian error:
e — Ted| |[IE
7 |0 O

However, considering an invertible GJM and a desired end-
effector set-point (Vg = vga = 0), the application of the above
controller to an FFSMS with NZAM results in the following error
dynamics for a planar and a spatial FESMS, respectively:

(71)

Hyéx + (Cf + JqKa)éx + JiKpex = g,(60, 9,4, hem)  (72)

and
Hyéy + (C5 + JgKa)éx + JiKpex = g.(e,7,9,4,hem)  (73)

For NZAM, the term gy is non-zero. Therefore, both Eqs 72
and 73 will result in a time varying Cartesian error ey that can be
reduced by increasing the control gains, but cannot be eliminated.
This is due to the fact that Eq. 70 is of PD type and gy is a non-
zero system disturbance. Similar to the case of joint control, the
nature of the time-varying errors can be explained considering
that the time-varying joint torques required to compensate the
time-varying centrifugal torques can only be developed by a time-
varying non-zero error, according to Eq. 70. Therefore, the above
controller is not suitable for eliminating errors in the presence of
NZAM.

Next, we study set point and tracking Cartesian space con-
trollers for eliminating the corresponding end-effector errors in
the presence of angular momentum.

First, the design of a control law tackling the point-to-point
control problem, under the presence of angular momentum, is
studied. This controller is called here transposed Jacobian con-
trol with angular momentum compensation (TJC-AMC) (Nanos,
2015).

Exploiting the dynamic model, given by Eq. 28, a control law
is developed to drive the end-effector to a desired Cartesian point
despite the NZAM. The following Lyapunov function is selected
so that the control law u to be developed ensures the end-effector
asymptotic stability (Nanos, 2015):

1 p L
V(ve, ex) = EVEHXVE + 28 Kpex (74)
The inertia matrix Hy is positive definite iff the matrix Jq is
invertible. In this case, if one selects a positive definite matrix Kp,
the following is true:

V(vE, ex) > 0 (75)
and
V(0,0) =0 (76)
The time derivative of the Lyapunov function is:
: 1 1. . .
V(ve, ex) = EV};HXVE + viHyVg + eIerx (77)

where the term HxVg can be substituted using Eq. 28 resulting in:
. 1 1, .
V(ve, ex) = vE(u —g, — Kpey) + EVE(HX —2C)ve  (78)

where we considered that &, = —Vg, since Xg,q = const, and K, is
symmetric (Kp = Kj).

As shown in Section “Dynamics of Free-Floating Space Manip-
ulators,” see Eq. 40, the second term of the RHS of the Eq. 78 is 0.
Therefore, the selection of the following input:

u = Kpex — Kgve + g, (79)
with positive definite gain matrix Kg, results in:
V(vE, ex) = —viKqve <0 (80)

Equation 80 does not guarantee the asymptotic stability of the
origin (Vg, ex) = (0,0), since V=0 only when vg = 0 regardless
the joint error e. Then, we show that V = 0 only when vg = 0 and
ex = 0. Suppose that the end-effector stops (vg = 0,vg = 0) at
a manipulator configuration where ex # 0. Applying the control
law, given by Eq. 79, in Eq. 28 and considering that v =0 [e.g.,

(V = 0)], results in:

ve = Hy 'Kpex (81)
When GJM is invertible, the matrices Hy and K, are positive
definite, and Eq. 81 results in Vg # 0 when ex # 0. Therefore,
the end-effector stops only when ex = 0. Thus, V = 0 only when
ve =0 and ex =0, and according to the La Salle theorem, the
origin (vg, ex) = (0,0) is asymptotically stable.
Therefore, using Eqs 29 and 79, the required joint torques are
obtained by TJC-AMC (Nanos, 2015):
T T
T =Jq(Kpex — Kave) +Jg8, (82)
The gain matrices Kp, Kq of the controller can be chosen as
diagonal matrices with diagonal elements given by Eqs 57 and 58
considering now as h;; the diagonal element of the matrix Hy.
Since the angular momentum of the FFSMS is non-zero, to
maintain the end-effector at the desired location, the controller
must apply non-zero joint torques,
T= gh(€7 n,q, hCM) (83)
Note that in the case of zero initial angular momentum, the
term gy vanishes and the controller given by Eq. 82 takes the
controller’s form given by Eq. 70.

Tracking Control

Similar to the case of joint space control, to track a desired end-
effector trajectory described by the functions xg q(t), vg,a(t), and
Vi, (1), the application of the following model-based controller:

v =J (Hx(Vea + Kaéx + Kpex) + Cive +g)  (84)
results in the following error dynamics:
éx + Kgéx + Kpex = 0 (85)

Frontiers in Robotics and Al | www.frontiersin.org

June 2017 | Volume 4 | Article 26


http://www.frontiersin.org/Robotics_and_AI
http://www.frontiersin.org
http://www.frontiersin.org/Robotics_and_AI/archive

Nanos and Papadopoulos

FFSMS with Angular Momentum Control

A B
3 DPDW (ArcaA) 2 _ 3 ! : [CIPDW (ArcaA
[TPoW (Area B) _rE_2 i I S |'.E SPDW (Arca B)
2»|:|p1w ol e : o
System CM le2
1} 1
g g
w0 -0
> >
anipulator plipulaton
-1t 1t
2 Spacecraft 210 Spacecraft
30 2 - i i <3 i i
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
xg(m) xg(m)
FIGURE 3 | (A) The location of the end-effector at the path-dependent workspace (PDW) area may result in dynamic singularities (DS). (B) The end-effector location
at the path-independent workspace (PIW) results in DS avoidance.

where the selection of appropriate positive definite gain matrices
K, Kq ensures the stability of the dynamics and zero steady state
Cartesian error in desired time.

As explained earlier, in the case of limited computing power,
this control law can be substituted by the TJC-AMC given by Eq.
82, as it requires less computations, with the drawback of higher
gains. In this case, the error dynamics is given by:

Hxéx + (C: + Kd)éx + erx - Hx‘.’E,d + (C;: + Kd)VE,d (86)

The stability of the TJC-AMC with large gains can be shown
with a similar analysis proposed in Wang et al. (1996) and Wen and
Kreutz-Delgado (1992), since, as have been shown, the same prop-
erties of dynamic model are valid both for fixed base manipulators
and FFSMS with NZAM.

Note that the development of the proposed controllers (i.e.,
PDC-AMC and TJC-AMC) assumes the exact knowledge of the
system kinematic and inertial parameters. Similar to the fixed base
manipulators, the presence of dynamic uncertainties results in
additional non-zero terms in the RHS of the error dynamics, given
by Eqs 69 and 86. The presence of these terms causes undesirable
non-zero errors. However, their effect decreases as the controller
gains become higher, see Wang et al. (1996).

CONSTRAINTS

To compensate the effect of NZAM, the application of controllers
similar to ones used for compensation of gravity in the terrestrial
fixed base manipulators is proposed. In contrast to fixed base
manipulators and as shown in Section “Control in the Presence
of Angular Momentum,” the implementation of these controllers
requires also the knowledge of spacecraft attitude.

Moreover, since the use of these control laws, in the Cartesian
space, requires the use of the transpose and the inverse of the
GJM, this matrix must be invertible during the motion of the
end-effector so that no DS are encountered (Papadopoulos and
Dubowsky, 1993). It is known that a DS may occur when the
end-effector is in the path-dependent workspace (PDW) area

(Papadopoulos and Dubowsky, 1993). As shown in Figure 3A, in
this area, the end-effector velocities fg,1, fg,2 caused by the joint
ratesq = [q1 0] and q = [0 2], respectively, and the base
reaction may have the same direction. In this case, the end-effector
velocity rg, as the vector sum of these velocities, will have the
same direction regardless the joint rates and the end-effector can
move only along this direction. However, if the end-effector is
in the path-independent workspace (PIW) area, Figure 3B, the
velocity rg can have any desired direction, depending on the joint
rates, and no DS occur. Thus, to avoid any failure of the TJC-
AMC, the end-effector must be in the PIW during its motion.
Else, the initial spacecraft attitude and manipulator configuration
should be selected to avoid DS (Nanos and Papadopoulos, 2015).
The abovementioned constraints must be considered regardless
of the existence of NZAM (Papadopoulos and Dubowsky, 1991a).
However, the initial configuration range, required to avoid a DS,
depends on the amount of the accumulated angular momentum.

The presence of NZAM imposes an additional constraint. It is
well known that in the absence of angular momentum, the end-
effector can remain fixed at a point of the reachable workspace,
since, in this case, all the system configuration variables remain
fixed, too. However, the existence of angular momentum results
to a system’s motion according to the conservation of the angular
momentum. This may result in DS and cause the end-effector to
be displaced from its desired location. It can be shown that the
workspace area, where the end-effector can remain indefinitely
executing a task under the presence of NZAM is the same with
the PIW area. This observation results from the kinematic and
dynamic constraints of the system (Nanos and Papadopoulos,
2011). Thus, to avoid any possible failure of the TJC-AMC, the
initial and the final desired location of the end-effector must be in
the PIW area.

DISCUSSION

The above analysis showed that in the case of the control of
FFSMS with NZAM, the application of controllers, which ignore
the system initial angular momentum (e.g., PD control law) results
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in final non-zero errors both in joint and Cartesian space. In
this paper, we exploited the dynamics of FEFSMS with NZAM in
order to design controllers, which tackle this problem. In the joint
space, the proposed PDC-AMC can drive the system manipulator
configuration to the desired one despite the presence of NZAM.
For applications in the Cartesian space, the TJC-AMC is proposed
in order to drive the end-effector to a desired location without
drift it away contrary to other control laws (Matsuno and Saito,
2001). In the next section, these results are illustrated by examples.

EXAMPLES

Example 1

To illustrate the PDC-AMC, given by Eq. 56, first the planar
FFSMS in Figure 4 with parameters in Table 1 is employed. The
initial angular momentum of the robot is hcy =15Nms. It is
desired to drive the manipulator from the initial configuration
(q1in> g2,in) = (10°, 20°) to the desired final configuration (g fin,
92,6in) = (50°, 100°).

First, the PD controller, given by Eq. 45, which does not take
into account the presence of the initial angular momentum of the
FFSMS, is applied to the system. The controller gains are selected
using the Eqs 57 and 58 and they are equal to K, = diag(17.9, 2.3)
and Kq = diag(59.7, 7.6). We assume that the spacecraft attitude
at the moment where the control input is applied, is 69, = 0°.
As shown in Figure 5A, the joint angles are not driven to the
desired values since qi,is =49.67° and q,is = 97.83°. A constant
steady-state error exists. This error becomes more evident when
the system accumulated angular momentum is increased or when
the manipulator inertia parameters are comparable with the ones
of the spacecraft (e.g., during a capturing operation). To tackle
this problem, the PDC-AMC with the same gains is applied, next.
Figure 5C shows the response of the joint angles. It is shown that
the desired joint angles are achieved. The torques applied on the
joints for both controllers are shown in Figures 5B,D. Due to the
NZAM, non-zero torques are required (i.e., T1,ss = 0.105 Nm and
Ta,6s = 0.0866 Nm) so that the manipulator maintains at the final
configuration. Figure 6 shows snapshots of the resulting motion

robot is hem = [68 66 65]T Nms. It is desired to drive the system
manipulator from the initial configuration qin = [10°30°40°]" to
the final desired configuration qgn = [60°70°90°]". At the time of
the controller application, the spacecraft attitude is given by the

initial Euler parameters [¢f, n]' =[0.1 0.5 0.3 0.8062]".

The control law given by Eq. 45 is applied first. The controller
gains are diagonal matrices with elements obtained by Eqs 57 and
58 and given by K, = diag(63.7, 187.1, 31.9) and K4 = diag(212.3,
623.5, 106.2). The implementation of this controller results in
time-varying final errors in manipulator configuration, as shown
in Figure 7A. Figure 7B shows the required torques applied by the
controller.

Next, the application of the PDC-AMC, with the same gains,
is proposed. As shown in Figure 7C, the PDC-AMC drives the
manipulator to the desired configuration with zero steady-state
errors. Due to the NZAM, time-varying torques required at the
steady state in order to maintain the desired configuration, see
Figure 7D.

Example 2

In this example, the TJC-AMC, given by Eq. 82, is applied to
the planar space manipulator system in Figure 4 with parame-
ters in Table 1. The initial angular momentum of the robot is
hey =15 Nms. It is desired to drive the end-effector from point
A(1.0, 1.5) m to points B(—0.8, 1.8) m or C (—2.0, 2.0) m despite
the presence of NZAM.

To demonstrate the problem of ignoring the system angular
momentum, the control law, given by Eq. 70, is applied first. The
controller gains are selected applying Eqs 57 and 58, considering
this time as h;; the diagonal elements of the matrix Hy, and they
are equal to K, = diag(16.1, 368.1) and Kq = diag(80.5, 1,840.7).
We assume that the spacecraft attitude at the moment where the
control input is applied, is 6g,in = 60°. In this case, the manipulator
configuration, which corresponds to the initial point A(1.0, 1.5) m

TABLE 1 | Parameters of the system shown in Figure 4.

of the system. Due to the NZAM, the spacecraft attitude continues ~ BodY I (m) ri (m) m; (kg) I (kgm?)
to change. ' o , 0 05 05 400 66.67
Next, the spatial FFSMS shown in Figure 1 with parameters 4 10 10 40 13.33
in Table 2 is employed. The initial angular momentum of the 2 0.5 0.5 30 2.50
A Manipulator B

System CM

Spacecraft

FIGURE 4 | A planar free-floating space manipulator system with two revolute joints. (A) Definition of the inertia parameters and (B) definition of the system variables.
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FIGURE 6 | The motion of the planar free-floating space manipulator system
results from the implementation of the PD control with angular momentum
compensation.

is g1 =—37.3° and ¢» =130.2°. It is desired to drive the end-
effector to point B(—0.8, 1.8) m. To avoid the application of large
required torques at the beginning of the motion, a trapezoid
velocity profile is applied as a reference input in the closed-loop

TABLE 2 | Parameters of the system shown in Figure 1.

Body fi(m) ri(m) mikg) Ixlkgm?) Iy (kgm?) I, (kgm?)
0 - [0,0,05" 2,000 1,500 1,500 1,500

1 0 0 0 0 0 0

2 1.0 1.0 100 0.1 33.38 33.38

3 1.0 1.0 100 0.1 33.38 33.38

system. Figure 8 A shows the response of the end-effector position.
It is shown that the system angular momentum results in a time-
varying final error in end-effector position. The required torques
are shown in Figure 8B.

Next, the TJC-AMC with the same control gains is applied.
As shown in Figure 8C, the end-effector arrives at the desired
final position with zero steady-state errors despite the NZAM.
However, due to this, non-zero torques are required so that the
end-effector stays at the desired position. The torques applied on
the joints are shown in Figure 8D. Figure 9 shows snapshots of
the resulting motion of the system.

Next, the case where the end-effector is driven to point C in
the PDW area is studied; see Figure 10. As mentioned in Section
“Discussion,” DS avoidance, which results in a successful end-
effector approach to point C, depends on the initial spacecraft
attitude. A method to compute the appropriate initial spacecraft
attitudes to avoid a DS can be found in Nanos and Papadopoulos
(2015). In case the spacecraft initial attitude is 6o, = 270°, the
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controller fails at point D, see Figure 10A. In the neighborhood
of the singular point D, the determinant of GJM is closed to
0 resulting in too large required joint torques even for small
end-effector displacements, as shown in Figure 11.

Then, the case of spacecraft initial attitude equal to 6o, = 10°
is examined. In this case, the TJC-AMC drives the end-effector
to the desired point C. Figure 10B shows the snapshots of the
motion and Figures 12A,B the end-effector trajectory and the
joint torques. The end-effector remains fixed, at point C while
both manipulator and spacecraft move due to the NZAM. How-
ever, since point C belongs to the PDW area, the manipulator
may become singular later in time resulting in a failure of the
TJC-AMC, see Figures 12C,D.

X (m)

FIGURE 9 | The motion of the space manipulator results from a successful
application of the transposed Jacobian control with angular momentum
compensation. The end-effector path lies in the path-independent workspace
(PIW) area.

Example 3

Here, the TJC-AMC, given by Eq. 82, is applied to trajectory
tracking applications both for planar and spatial FFSMS. First,
the end-effector of the planar FFSMS, shown in Figure 4 with
parameters in Table 1, is desired to follow a straight line path from
point A(1.5, 0.0) m to point B(—0.8, 1.8) m in time ;= 100s. The
initial angular momentum of the system is icy = 15 Nmss.

As mentioned above, in order to achieve trajectory tracking,
high controller gains are required. These gains are selected, using
Eqs 57 and 58 and considering that the closed loop frequency must
be bigger that the frequency of the desired trajectory. In this appli-
cation, the controller gains are selected equal to K, = diag(1,285,
81,203) and Ky = diag(257, 16,241). The desired end-effector path
crosses the PDW area and, therefore, a DS may appear during
its motion. However, since the end-effector desired trajectory is
given, one can exploit the methodology presented in Nanos and
Papadopoulos (2015) to find the initial spacecraft attitude in order
to avoid any possible DS. Applying this method, one can find that
an initial feasible spacecraft attitude is 8¢,i» =200°. The desired
trajectory is given by:

yu(t) = Kxp(t) + L (87)

where one can set

xg(t) = Xin + (Xan — Xin)s() (88)
where Xin, Xf, correspond to the initial and final position of the
end-effector and s(¢) is the arc length parameterization of the path,
given by:

s(t) = ao + art + axt® + ast’ 4+ ast* + ast’, 0 < t <ty (89)

with s(0) = 0, s(tn) = 1, and §(0) = 5(0) = 5(t) = 5(t) = 0.
Figure 13A shows the response of the end-effector position

compared with the desired end-effector trajectories and snapshots

of corresponding motion the planar FESMS. It is shown that the

a3 2 -1

0
Xg(m)

successful application of the TUC-AMC.

FIGURE 10 | (A) The motion of the space manipulator results from a failed application of the transposed Jacobian control with angular momentum compensation
(TJC-AMC). At the point D of the path-dependent workspace (PDW) area, the manipulator becomes singular. (B) The motion of the space manipulator results from a

Position

0
Xg(m)
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FIGURE 12 | (A) The trajectories of the end-effector position, and (B) the required joint torques for the FFSM motion shown in Figure 10B. (C) The trajectories of the
end-effector position, and (D) the required joint torques for the FFSM motion shown in Figure 10B including the time where the end-effector position maintains at

end-effector follows the desired path. Figure 13A shows also the
torques required for this end-effector motion.

Then, the TJC-AMC is applied to the spatial FFSMS of Figure 1
in order to drive its end-effector from point A = (0.2781, 0.6875,
0.3) m to point B=1(0.3969, 0.35, 0.6) m and then remains there.
The end-effector motion is constrained on a spherical surface with

radius R=0.8 m. The initial angular momentum of the spatial
FFSMS is hcw = [68 66 65]" Nmss.

It can be shown that the desired end-effector path lies in the
PIW and, therefore, the desired motion is feasible with any initial
spacecraft attitude. In this example, the initial spacecraft attitude
is given by [e" n]T=[0.4 0.1 0.5 0.7616]".
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joint torques, and snapshots of the system motion, (B) spatial FFSMS: the trajectories of the end-effector position compared with the desired ones and the required
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The parametric equations of the desired path are:

xg(t) = Rsin(¢(1)) cos((t)) (90)

yE(t) = Rsin(¢(t)) sin(6(t)) (91)

ze(t) = Reos(g(1)) (92)
For simplicity, we assume that ¢(t) = 6(t) where

@(t) = @in + 5(£)(¢fin — Pin) (93)

where @in, ¢gin correspond to the initial and final angle ¢ and s(t)
is given by Eq. 89.
Then, the desired end-effector velocity is given by:

) . . T.
tg,a(t) = R(@an—@in) [c0s(20(1)) sin(2¢(1)) —sin(e(t))] 5(¢)
(94)
To achieve trajectory tracking, high controller gains are
required. The controller gains are selected using Eqs 57 and

58, equal to Kp = diag(6,000, 1,008, 6,805) and K4 = diag(2,400,
403, 2,722). Figure 13B shows the response of the end-effector
position compared with the desired end-effector trajectories and
the required joint torques. It is shown that the end-effector follows
the desired path.

CONCLUSION

In this paper, the control of FFSMS with NZAM, for motions
both in the joint and Cartesian space, was studied. First, the
dynamic models in the joint and Cartesian space, for FESMS
with NZAM, were derived. It was shown that the NZAM has
a similar result to the effect of the gravity in terrestrial fixed
base manipulators. Thus, to compensate the effect of the NZAM,
the application of controllers inspired by the ones used for the
compensation of the gravity in terrestrial fixed base manip-
ulators was proposed. To confirm the asymptotic stability of
the proposed controllers, a number of structural properties of
the dynamic models must be satisfied. It was shown that despite
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the presence of NZAM, these structural properties are still
valid. Thus, the proposed controllers can drive the system
to the desired position despite the presence of NZAM. How-
ever, the NZAM imposes constraints on the Cartesian position
where the end-effector can be driven. Limitations were discussed
and the application of the proposed controllers was illustrated by
examples.
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APPENDIX A

The reduced inertia matrix H(q) and the inertia-type matrices D,
Dy, and *Dgq are given by:

H(q) = ‘Dgq — °Dq D '’D (A1)
N
‘D=> "D, (A2)
j=0
N
Dy => D}’F; (A3)
=1
N N
Dy = > > K 'Dy’Fy (A4)
j=1 i=1
where,
N
ODj = ZoDij (A5)
i=0
and
—M{(Olj* O — °lj*°ri*} i<j
N
Dy = { L+ > me{ Cvi - Ovi)1 — vV} i=j  (A6)
k=0
—M{% - )1 — k) i>j

where 1 is the unit dyadic, m; is the mass of the body k, and M is
the total system mass. Also,

OFk = [ORllll] OR22u2 ..... (A7)
where 0is a 3 x (N — k) zero element matrix, 'u; the unit column
vector in frame i parallel to the revolute axis through joint 7, and
OR; the rotation matrix between the ith frame and the spacecraft’s
Oth frame.

The barycentic vectors vy, rj, and I in Eq. A6 are given by:

ry i<k
Vik=<¢¢ i=k (A8)
' i>k
where
G =—c (A9)
r=r—g¢ (A10)
11* = li — G (All)

where r; is the vector from body i CM to the (i 4 1) joint and I; is
the vector from body i CM to the i joint and

¢ = Lipi +ri(1 — pig1) (A12)
where
0 i=0
Wi = i‘;% i=1,..,N (A13)
J; i=N+1

The inertia matrices of the planar FESMS, shown in Figure 4,
are:

H(q) =
du +2di +dpn — (OD%[:DZ)Z diz +dp — W
d12+d22—w dzz—k%z
(A14)
°D =°Dy +°D; + °D, (A15)
Dy = [°D1 +°D, D] (A16)
0 din+2di+dp dio+dn
Dyq = Al17
a [ diz + dxn dp ] ( )
where
2
‘D= d;j (j=0,1,2) (A18)
i=0
and
doo = I + mo(rm + mz)ré/M (A19)
dio = moro(li(m1 + mz) 4+ rimy) cos(q1)/M = do1  (A20)
dyo = momatoly COS(ql + qz)/M =dp, (A21)
dya=1 + (I’}’lomﬂ% =+ mlmzr% =+ H’l()ﬂ’lz(ll + 7‘1)2)/M (A22)
d21 = H’le(ﬂ’l]ﬁ + mo(h + 1’1)) COS(qz)/M = d12 (A23)
dp =1L + mZ(M() + ml)lg/M (A24)
APPENDIX B
The °J11, J12, °J22 terms are given by:
N
i X
T == ["Ri'ving] (B1)
i=1
N
i X
Tp=— Z [°Ri'ving]” °Fi (B2)
i=1
%7, = °Fx (B3)
where . .
Ving = 'ViN + dinrN (B4)
where 3N is a Kronecker delta and E stands for the

end-effector. .
The barycentic vectors, 'vin g, of the planar FFSMS of Figure 4
are

"Von,e = [OL O]T (B5)
ving = [B O]T (B6)
vane = [y O]T (B7)
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where
o = moro/M (B8)
B = (moly + ri(mo + my))/M (B9)
y=r+ (mo+ m)h/M (B10)

where the parameters rj, [; are defined in Figure 4A.
The barycentic vectors, 'ving, of the spatial FFSMS shown in
Figure 1 are given by

OVON,E = [le ay OLZ}T (B11)
ywe=[ 0 o (B12)
vwe=[y 0 0] (B13)
vine=[8 0 0] (B14)

where
o = motox/M (B15)
o = moroy/M (B16)
oz = moro;/M (B17)
B = (moly + ri(mo + my))/M (B18)
v = ((mo + m)b + r2(mo + my + mz)) /M (B19)
S =13+ (mo+ my + my)ls/M (B20)

The °J11, %J12, and °J2, terms for the planar FESMS, shown in
Figure 4, are given by:

0 —Bs1 — ysi2
= B21
]11 |:0(+BCI +y612:| ( )
and
0 —le — VYS12  —YS12
= B22
iz { Ber + yen Y12 } (B22)
and
To=[1 1] (B23)
where s;; = sin(qi+g;), cij = cos(qi+¢j), si = sin g, ¢i = cos qi,
ij=1,2.

The °J11, °J12, and %J2; terms for the spatial FESMS, shown in
Figure 1, are given by:

T =
0 a; +ys2 +3s3  —(ay +s1(yea + dc23))
— (az + ys2 + 8s23) 0 ax + c1(yer + 3¢23)
ay + s1(yea + 8c23) —(ax + c1(yex + 8c23)) 0

(B24)

and
—si(ye2 +8c23)  —ci(ys2 +8s23)  —Bciss
0]12 = | a(yca+38c3) —si(ys2+3s3) —dsis23| (B25)
0 yea + 8cs dc23
0 sin(qi) sin(q1)
%, = [0 —cos(qi) —cos(qi) (B26)
1 0 0
APPENDIX C
Here, the proof of the property
vi (Hx — 2Cx)vg = 0 (C1)

for FFSMS with zero angular momentum, is presented.

As mentioned above, the term Cx corresponds to systems with
zero angular momentum, which their equations of motion in
Cartesian space yield by setting C; = Cx and g, = 0 in Eq. 28
and are given by:

Hx(q, &, n)ve + Cx(q,q,&,n,&,71)vg = u (C2)

In this case, the increase in the system’s kinetic energy is due
to the energy provided by the joint actuators. Therefore, the time

derivative of the system’s kinetic energy (power) is balanced by the
power generated by the actuators. Thus:

T .1
— = C3
i I (C3)
where the system kinetic energy T, for an FFSMS with zero angular
momentum, is given by:

1 1

T= SV Hyvg (C4)

Using Eq. 9 with zero initial angular momentum (i.e., hcm = 0)
and Eq. 29, in Eq. C3, yields

dT 1 T T

T (Jg vE) ]un = Vgu (C5)

Taking into account the symmetry of Hx, the time derivative of
the kinetic energy, given by the Eq. C4, is written as:

T 1 .
% = EVEHXVE + VE;HX\'IE (Ce6)

Solving Eq. C2 for the term HxVg and substituting it in Eq. C6
results in: T o1
T
A Y
ar = 2%
Then, the comparison of Eq. C5 with Eq. C7 results in Eq. C1.

2C)ve + viu (C7)
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