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Abstract: The current work is on motion control of a hydraulically actuated manipulator with a view to handle offshore
payload transfer between moving frames. The manipulator has redundant actuation and also, a non-actuated degree of
freedom. The motion control has two targets: tool point control and compensation of the non-actuated degree of freedom.
The redundancy is handled by means of pseudo-inverse kinematics while optimizing a cost function, avoiding mechanical
joint limits. The compensation of the un-actuated degree of freedom employs LQR control, minimizing position and
velocity error while maintaining the tracking reference for the tool-point. The proposed control scheme is implemented
and experimentally validated in a practical system where the manipulator is mounted on a Stewart platform that allows
for the simulation of wave induced heave motion as a disturbance.
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1. INTRODUCTION Tool point control for a non-redundant manipulator is
done by calculation of the inverse kinematics. This gives
a solution for what position the joints must be in, based on
a given tool point. Inverse kinematic control for hydrauli-
cally or electrically actuated machines has been done by
[8] and [6]. Approaches for solving the joint position for
a given tool point position for a redundant manipulator
is proposed in [18] and [5]. As an advantage the redun-
dancy also gives the opportunities to optimize properties
for the manipulator by controlling the null space motion
of the manipulator. Work has been done to find optimiza-
tion functions that can increase performance by control-

In offshore applications there is a wide variety of tool
point control tasks related to heave compensation. This
is the case in offshore areas such as oil and gas, ship
transportation and in offshore wind power systems, where
disturbances from sea waves represent a significant chal-
lenge for any type of payload manipulation. Machines
that handle heavy objects, such as hanging loads, are
greatly affected by the ocean environment, and in order to
maintain an acceptable performance in as rough weather
as possible active heave compensation is widely used.

For hanging loads the main objective of the heave ling the null space motion. An approach by [16] has been
compensation is to control the velocity of the payload minimization of restoring moments in [1] where a redun-
mass center relatve to either an inertial or moving frame dant manipulator was used to compensate motion caused
depending on the nature of the source and target of the by waves found in the North Sea.
payload transfer. This will lead to an increased weather In this paper we put forward a method for tool point
window of operation anq reduced dynamic loading on control of a planar manipulator with redundant hydraulic
both structures and actuation system. actuation and a payload hanging from an unactuated rev-

Controlling the velocity relative to a frame can always olute joint. The method is implemented both numerically
be converted to a tool point control problem if both the and experimentally on a down-scaled version of a typical
source and the target frame are known relative to a com- loader crane. Similar work where a pendulum is stabi-
mon frame. Within offshore applications sensor systems, lized using Linear Quadratic Regulator (LQR) has been
typically referred to as M(otion)R(eference)U(nit)s, ca- done by [17] and [3].
pable of measuring the six degrees of freedom of an un-
constrained frame are therefore widely employed. Since 2. CONSIDERED SYSTEM

the payload transfer can be reduced to a tool point control
task the goal of the heave compensation will be to mini-
mize the deviation of the position and/or velocity of the
tool point relative to reference values.

The tool point can be a hook that a hanging load is
attached to, or it can be a gripper tool for transporting
objects but quite often the payload will be connected to

In this paper emphasis is on tracking i.e., tracking the
tool point path in the global coordinate system while min-
imizing the oscillation of the pendulum, see Fig. 1. The
position vector x is defined as the vector from point O to
point P measured in the local coordinate system:

the end point of the manipulator as a pendulum via an ngl)

non-actuated spherical, universal or revolute joint. X = e (L
P2
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Fig. 1 Manipulator with four links.

and its time derivative Z(t), see Fig. 1. The redundant
manipulator is installed on top of a Stewart platform as
shown in Fig. 1.

The redundant manipulator investigated in this paper
is a four-bar mechanism. It consists of three rotational
(g1, g2, q4) and one prismatic joint (g3) as shown in Fig.
2. Each joint except q4 is actuated by a hydraulic cylinder
controlled by a servo valve. The two actuated rotational
joint angles are measured using quadrature encoders, and
the prismatic joint is measured using a linear potentiome-
ter. The unactuated joint g4 connects the pendulum (link
4) with the telescopic link 3, see Fig. 2. The angle of the
fourth bar, g4 is measured using an inertial measurement
unit consisting of a gyroscope and an acceleromenter,
where the angle of the pendulum is measured in refer-
ence to the earth gravity. This gives an advantage when it
comes to stabilizing the pendulum since the stable point
is parallel to the gravitational field.

1 q£+)

Gravity

Fig. 2 Kinematic structure of the redundant manipulator
showing the joint variables and link lengths.

2.1 Kinematics

The structure of the investigated manipulator is shown
in Fig. 2, where L, and L4 are the link lengths and joint
position ¢s is a translation of the 3rd link relative to the
2nd link. The distance to the center of mass of the fourth
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link relative to the tool point P is denoted as L. The for-
ward kinematics of the considered manipulator describes
position vector eq. eq. (1) based on the joints position as
follows:

o) = Lycos(q) + (L2 + gs) cos(q1 — g2) @)
= Lysin(q1) + (L2 + ¢g3) sin(q1 — ¢2) 3)

(L)
T p2

For a manipulator containing n links the kinematics is
written as follows:

= f(a) “
=J(a)a ()

where x € R™(n > m) is the position coordinates of the
end-point with m degrees of freedom, and x is the end-
point velocity which is normally prescribed in tracking
and planned path operations. The vector q € R" is the
joint position and q is the joint velocity, J(q) € R™*™ is
the Jacobian matrix defined as:

of(a)

The Jacobian matrix of a redundant manipulator is
non-square and not invertible, hence the pseudo-inverse
of the Jacobian (J*) is used as in [12].

Jr=J3T337)1

X

X

(6)

(7

Using the pseudo-inverse Jacobian, the relation between
the joint and tool point velocities of the redundant manip-
ulator is written as follows:

q =J(q)x ®)
Computing the joint velocities according to eq. eq. (8)
corresponds to choosing the set of joint velocities that
minimizes %qTq while meeting the end-point velocity
constraint.

2.2 Weighting Matrix

The matrix W € R™*™ is a positive diagonal matrix
and contains a weighting of each of the joint velocities.

Wy 0 0
W = 0 Wy 0 &)
0 0 Ws

The weighting matrix W, see [7], is introduced so that
the redundancy is handled by minimizing %quq. This
makes it possible to take into account the velocity limits
of each joint. In this paper the following weighting is
used:

1

i Ui

W; = 1=1.3 (10)
where v¥ and vF are the upper and lower velocity lim-
its of each joint respectively. A joint with a low velocity
range will have a lower velocity reference during oper-
ation. Using the weighting matrix with pseudo-inverse
Jacobian in eq. eq. (8), the following expression is ob-
tained for the weighed pseudo-inverse Jacobian,

Iy =W gTaw-137T)-1 (11)



A more general solution of eq. eq. (8) is presented by
eq. eq. (12), where the weighted Pseudo-inverse Jacobian
is used, see for example [13].

aw = Jyx + (1 - I, qo (12)

where I € R™*™ is the identity matrix and qg € R"
is an arbitrary joint velocity vector. In eq. eq. (12) the
null space mapping is introduced. The term (I—J i,VJ )do
produces only a joint self-motion of the structure, but no
task space motion.

2.3 Null Space

A widely adopted approach is to solve the null space
redundancy by optimizing the scalar cost function h(q)
using the gradient projection method, choosing qg to be
the derivative of the cost function with regards to the
joints.
oh(q)

dq

The cost function eq. eq. (14) was introduced by [14]
and used in [11] and [15]. The main goal of the cost
function is to avoid mechanical joint saturation.

Ma) =42 (=)

_ oyl +ul
)

qo = (13)

(14)

15)

where yY and yl are the upper and lower position limits
for each joint respectively.

a;

2.4 Hydraulic System

The governing steady state equation for the hydraulic
actuated cylinder are described by egs. (16-18).

Qi =4 v (16)

Qi=Qnyi us- sign(Ap;) - /o2t a7
s — Miy 120

Ap; = {pp_ p Z-<0 } (18)

Ineq. eq. (16-18) 7 = 1...3 is the circuit index, see Fig.
3. Furthermore, p; is the constant supply pressure, () is
the volume flow and A is the piston area. The servo valve
is modeled as a sharp edged orifice based on nominal pa-
rameters, where the nominal volume flow Q) is mea-
sured at nominal pressure drop Apy across the orifice
with the valve fully opened. The spool travel —1 < u < 1
is the controlled variable of the valve. Based on the equa-
tions above it is possible to compute a spool position from
the cylinder velocities if the pressure drop is known, see
[2]. The hydraulic circuit in Fig. 3 shows the connection
of the servo valves and cylinders. Rearranging eq. (17)

A;v;

yields:
— Apn,i
T Qna 'V [Api]

This equation is used as a forward coupling term, D(p),
as shown in Fig. 4 such as:

u=D(p)v (20)

where u is the current signals for the servo valves and p
is the oil pressures.

19)

%
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Fig. 3 Hydraulic diagram of the manipulator. Note that
the pressure side is directly connected to the piston
side of every cylinder.

3. CONTROL SCHEME

The motion control for the redundant manipulator is
based on the pseudo-inverse Jacobian and the null-space
vector. There is one actuator controller for each joint,
and it uses the joint velocity reference to generate a cur-
rent signal to the servo valve. The controller generates a
joint velocity reference that is given to the actuator con-
troller shown in Fig. 4. The block C(q) is the transfor-
mation matrix that transforms the angular velocity into
linear cylinder velocity.

»D(p)

Servo
Valve | U

C(a) v

v €@

A

Fig. 4 Actuator velocity control structure.

3.0.1 Open and Closed Loop Velocity Control

There is an open loop controller that uses eq. (19)
as a feed forward coupling to calculate the opening of
the servo valve based on the velocity input reference and
the pressure measurements. This equation handles the
non-linearity of the valve and pressure levels described
in [2]. The block D(p) represents the feed-forward cou-
pling term shown in Fig. 4. A closed loop proportional-
integral-derivative gain is used to correct any error left
from the feed forward coupling term and shown as the
PID block.

3.0.2 Tracking Control

The tool-point tracking controller for the redundant
manipulator displayed in Fig. 5 shows the complete
structure of the tool position and velocity set-points to
the manipulator.
The fixed constants K, and Ky are gains for minimizing
both position and velocity errors. The matrix J I,V(q) is
the weighted pseudo inverse term in the first part of eq.
(12), while N(q) represents the Null Space Control, and
is the (I — JINJ)QO term of eq. (12). H(q) is the actua-
tor regulator and is described in Fig. 4. Blocks J(q) and
F(q) represent Jacobian matrix and forward kinematics,



Fig. 5 Manipulator tracking control structure.

respectively.

3.1 LQR Pendulum Oscillation Compensation

The fourth bar of the manipulator can be considered as
a hanging pendulum with no flexibility. The forces acting
on the pendulum are caused by gravity and the motion of
the point P. Using the free body diagram and the kinetic

Fig. 6 Free body diagram and kinetic diagram of fourth
link.

diagram of Fig. 6 we get the following relationship:

— by — megLesin(qs) = JoGa + meZcoLe sin(ga)

+meZc1Leocos(qe) (21)
Introducing the kinematics constraints:
Ec1 = #p1 + Lo cos(qa)da — Lo sin(ga)ds (22)
&co = Epo + Lo sin(ga)da + Le cos(qa)dy (23)

it is possible to set up an expression for the angular ac-
celeration as function of the tool point accelerations:

Q4:—j*w%+WWMLC$M%)+"M$MLC$M%)
P

+ mip1Locos(qq))  (24)
where b is a damping coefficient, Jo and Jp are the
mass moments of inertia of the pendulum with respect
to the points C and P, respectively. In the experiments
presented in this paper the motion of the Stewart plat-
form, see Fig. 1, is restricted to purely vertical motion
and therefore the correlation between global and local ac-
celerations of point P simplifies to:
_ ()
=Tpy

=il + (1)

(25)
(26)

Ip1

Zp2
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Linearizing the equation around the stable equilibrium
point g4 = 0 is represented in state space by:

X.0(t) = AxXes(t) + Biss(t) 7)
Xes(t) = [ a1 ds]" (28)
0 1
A: |: _m,chc _ b :| (29)
Jp Jp
B=[0 —mgle ]T (30)

where is5(t) = &pj is the external input and xg is the
state space vector.

In order to stabilize the swinging pendulum while
keeping the tool point at a relatively fixed position, LQR
control is used. The well-known Riccati equation is
solved to find the control gain matrix K(1 x 2) such as:

€29

The Riccati equation contains the matrix QQ and the
scalar R that are tuned with a view to get the best ac-
curacy based on performance and actuator limits. The
control effort from the oscillation compensation is sim-
ply integrated in the overall tracking controller of Fig. 5
by adding the integrated value of 7,5 to &, :

lss = *szs

Grep =@y + / igsdt (32)
. (TC) . .
where &, ;" is the reference velocity from the path plan-

ner (or operator-in-the-loop) associated with the tracking
controller. One advantage of the proposed controller is
the modular design. The PID-controller with velocity
feedforward is commonly used in offshore applications.
The fact that the LQR compensation controller can sim-
ply be added to the velocity reference is attractive from
an implementation point of view.

4. EXPERIMENTAL RESULTS

The overall control structure combining the tracking
control and the oscillation compensation has been imple-
mented in practice. The physical test setup is shown in
Fig. 7 and is desribed in more detail in [1]. Three differ-
ent scenarios A, B and C have been investigated.

4.1 Disturbance Compensation

In this scenario the target of the tracking control is a
fixed position for point P. In Fig. 8 the red line shows
the oscillation of the pendulum without compensation,
while the blue line shows the oscillation with compensa-
tion. The pendulum is dropped with zero initial velocity
at an angle of 45 degrees. The green line represents the
control signal and is the joint g4 horizontal velocity rep-
resented by the right axis in Fig. 8. The curves clearly
show that the uncompensated oscillation is subjected to
some friction/damping and, simultaneously, it is obvious
that the compensation actively brings the pendulum to its
stable position.



Fig. 7 The redundant hydraulic manipulator used for
experimental tests.
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Fig. 8 Free pendulum oscillations at joint q4 with and
without compensation.

4.2 Tracking a Straight Line Trajectory

The tracking performance of the end-effector was
evaluated experimentally by prescribing a straight line
trajectory. The two experiments 1 and 2 is done with a
different tracking trajectory. The reference position of the

end-effector starts at xg‘l )’init =
xgl)’ﬁnal = [1.4,0.7)Tm. In Figs. 9 and 10 the red lines
indicate prescribed coordinates and the blue lines indicate
the measured coordinates. The black line is the angle of
the pendulum and it is clear that the oscillation compen-
sation both reduces the peak value and the settling time
for the pendulum angle during the tracking of the straight
line.

[1,1]T m and moves to

4.3 Tracking Heave Compensation

In this scenario the Stewart platform is set in a sinu-
soidal vertical motion in order to introduce a heave dis-
turbance. The amplitude and frequency of the motion
is 0.15 m and 0.2 Hz respectively. The target of the
tracking control is to maintain a constant position in the
global coordinate system. Thereby, the local reference
becomes the inverted motion of the platform. The results
are shown in Fig. 11 and it is evident that the compen-
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Fig. 9 Tracking of end-effector without compensation in
experiment 1.
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Fig. 10 Tracking of end effector with compensation in

experiment 1.

sation is capable of removing any pendulum oscillations
even when subjected to continuous disturbance.

S. DISCUSSION AND CONCLUSIONS

In this paper a method for tool point control of a four
degree-of-freedom mechanical manipulator is presented
both theoretically and experimentally. The manipulator
and the associated tool point control are developed with
a view to be used in offshore applications for payload
transfer. Because of this the manipulator is designed with
some typical characteristics: hydraulic actuation, redun-
dant actuation and a free swinging payload. Similarly, the
control scheme has been developed to handle: avoidance
of saturation of the linear actuators, avoidance of satura-
tion of the servo valves, ability of the tool point of the ma-
nipulator to track a path and the ability of the manipulator
to dampen out oscillations in the non-actuated degree of
freedom even under continuous disturbance from wave
induced heave motion. The control scheme is unique
in the way that it addresses all of the above character-
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Fig. 11 Tracking of end effector with heave motion and
compensation.

istics of both the manipulator and the operational scenar-
ios. The control scheme has been implemented in prac-
tice and been shown to work as expected but has not been
subjected to any kind of optimization or fine tuning since
this is considered to lie outside the scope of the current
paper. In future work the control scheme is to be imple-
mented on a commercial vehicle loader crane with a view
to, eventually, apply the scheme in actual offshore condi-
tions.
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