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Abstract The workspace of a spatial 6-DOF electro-
hydraulic parallel manipulator is strongly coupled, due
to its multi-closed-loop kinematic structure and the
coupling complicates motion planning and control of
the parallel manipulator. This paper clearly analyses the
strong dynamic coupling property in the workspace of a
spatial 6-DOF parallel manipulator, using modal
decoupling frequency responses
characteristics analysis method. The dynamic model of a
spatial 6-DOF electro-hydraulic parallel manipulator is
expressed with the Kane method and hydromechanics
principles. The modal analysis method is used to
establish the map between strong coupling workspace
and decoupled modal space and the dynamic coupling
relationship and coupling strength between workspaces
are exactly revealed. The quantitative evaluation index
of dynamic coupling is presented. Moreover, the
relationship between dynamic coupling effects and
input is discussed through applying frequency
characteristics analysis. Experimental results show the
workspace of the parallel manipulator is strongly
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coupled and the coupling property is coincident with
theoretical results.
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1. Introduction

Parallel manipulators have been extensively investigated
due to their high force-to-weight, high stiffness, high
accuracy and widespread applications in various fields,
such as high fidelity simulators, space docking motion
systems and machine tools [1-4]. A spatial 6-DOF electro-
hydraulic parallel manipulator is often used as a spatial
multi-DOF motion and load system with a heavy payload
for its special loading capacity. Although a spatial electro-
hydraulic parallel manipulator has many excellent
characteristics, it has a key disadvantage that strong
dynamic coupling, resulting from the dynamics of the
parallel manipulator, has always existed in the workspace

Int J Adv Robotic Sy, 2013, Vol. 10, 104:2013


http://crossmark.crossref.org/dialog/?doi=10.5772%2F55028&domain=pdf&date_stamp=2017-05-15

of a manipulator. The dynamic coupling can result in the
interactive effects of performance between all six degrees-
of-freedom; in other words, the performance of each
channel can affect and restrict the performance of other
channels. The dynamic coupling effects of a spatial 6-DOF
electro-hydraulic ~ parallel ~ manipulator can  be
summarized in two aspects. One is that the 6-DOF
electric-hydraulic parallel manipulator is a six-input-six-
output system, but each channel is coupled with another
due to dynamic coupling, hence, it is very hard to realize
the independent controller design in each channel of
workspace or joint space. The other is the coupling error
related to the dynamic coupling effect. With respect to the
spatial 6-DOF electro-hydraulic parallel manipulator, the
entire control performance and potential is limited and
restricted by dynamic coupling. To develop a decoupled
structure or decoupled control technique for a electro-
hydraulic parallel manipulator, the analysis of dynamic
coupling is very important and significant.

Despite of the high potential of performances offered by a
parallel manipulator, it is yet to achieve the desired
success because of its high kinematic and dynamic
coupling [5]. In current design theories, decoupling the
functional requirements of a mechanical system has
become a basic design principle [6]. This design principle
is also applicable in robotics and it can provide significant
advantages in design, modelling, trajectory planning and
control [7]. In the last thirty years, impressive progress
has been made in studies on coupling in 6-DOF parallel
manipulators. Many researchers have proposed different
decoupling methods for parallel manipulators and
parallel kinematic structures. Hoffman [8] proposed a
unitary decoupling matrix to analyse a hydraulic driven
flight simulator motion system, a Stewart platform, in
combination with decentralized feedback. He showed
that the unitary matrix can be used in a state
transformation matrix, which decouples the 12th order
system into a 2nd system, each having the same structure
as the 1-DOF hydraulically driven mechanical systems.
Feng et al. [9] employed cross coupling error technology
to develop synchronized tracking control for parallel
manipulators. Innocenti et al. [10] proposed a 6-DOF
parallel manipulator with decoupled motion, in which
three links share a common ball joint so that the position
of the end-effector is only controlled by these three links.
Lallemand et al. [11] introduced a 6-DOF decoupled 2-
Delta PR with the external Delta robot responsible for the
translation of the end-effector and the internal Delta robot
for controlling the orientation of the end-effector through
one limb that allows only free translation but no rotation.
Shim et al. [12] reported a decoupled 3-PRPS 6-DOF
parallel manipulator with the two prismatic joints of each
limb representing the actuators. McInroy et al. [13] and Li
et al. [14] developed a control strategy for fault tolerant
precision hexapod pointing using a method that
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employed single-input-single-output (SISO) plants by the
combination of hexapod geometry, mechanical design
and sensor positioning with proper sensor to actuator
decoupling transformation. McInroy [15] developed two
decoupling algorithms by combining static input-output
transformations with a hexapod geometric design. Chen
et al. [16] presented a decoupling algorithm with fewer
constraints on the geometric and payload design using a
joint space mass-inertia matrix based on the constrained
least squares and the symmetric positive definite
estimation method. Zabalza et al. [17] proposed a 6-DOF
parallel manipulator, which decouples the 3-DOF planar
motion and the other 3- DOF spatial motion by using
three modified Scott’s mechanisms. Yang et al. [18]
proposed a 6-DOF 3-RPRS decoupled parallel
manipulator, in which the three planar motions and the
other three motions are independently controlled. Jin et
al. [19] studied the effects of constraint errors on parallel
manipulators with decoupled motion and proposed a
method to identify the constraint errors and evaluate the
effects of the errors on decoupling characteristics of the
parallel manipulator.

With the above-mentioned decoupling methods, the
lengths of the actuators of the decoupled parallel
manipulator seem to be controlled independently.
However, the system is, in fact, highly interactive.
Therefore, the resultants dynamics of the parallel
manipulator can still be highly nonlinear and highly
coupled. The force of one actuator will generally induce
reaction forces in all DOFs. Furthermore, the desired
motion of the system requires the coordinated motion of
all actuators.

The main aim of this paper is to provide theoretical
foundation in order to develop a method to solve the
dynamic coupling effects for a spatial 6-DOF parallel
manipulator, via clearly revealing the dynamic coupling
phenomenon, dynamic coupling relationship and the
dynamic coupling strength of a spatial 6-DOF electro-
hydraulic parallel manipulator with a novel coupling
analysis approach. The mathematical model of the
parallel manipulator is expressed under the Kane method
and the hydrodynamics principle. The spatial 6-DOF
parallel manipulator is treated as a vibration system and
the free vibration equation is established. With the
vibration equation, the modal analysis method is utilized
to clearly analyse the dynamic coupling characteristics of
a spatial 6-DOF parallel manipulator and the dynamic
coupling evaluation matrix is used to reflect the coupling
relationship and the coupling strength is defined. The
experiment is carried out to analyse the dynamic
coupling under the frequency responses characteristics
method. In Section 2, the dynamic model of a spatial 6-
DOF parallel manipulator is built. In Section 3, the
dynamic coupling is analysed in theory. In Section 4, the
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experiment results are given and discussed and the
conclusion is drawn in Section 5.

2. Dynamic model of parallel manipulator

The spatial 6-DOF electro-hydraulic parallel manipulator
is shown in Figure 1. Figure 2 explains the configuration.
li (i=1,...,6) is the actuator length, ai (i=1,...,6) is the upper
gimbal coordinates in the body coordinate system and bi
(i=1,...,6) is the lower gimbal coordinates in the base
coordinate system. The linear motions denote as surge
(q1), sway (g2) and heave (g3) along the X-Y-Z axis for the
base coordinate system. The angular motions labelled as
roll (g4), pitch (g5) and yaw (ge) are Euler angles of the
platform.

Base platfor

Fixed Base 2
a a
3
b
b o
4
ay P S
'y
Figure 2. Definition of configuration parameter of parallel
manipulator

The dynamics of the spatial 6-DOF parallel manipulator
have been investigated [20-21] and in this section the
dynamic model of the spatial 6-DOF parallel manipulator
is derived by using the Kane method.

The body frame is fixed to the movable platform and its
origin is the centre of mass of the movable platform. The
inertial frame is fixed to the earth and its origin is the
same as that of the body frame in the initial pose of the
parallel manipulator. The linear motions labelled as surge
(q1), sway (q2) and heave (g3) are along the X-Y-Z axis in
the inertial frame and the angular motions denoted as roll
(q4), pitch (g5) and yaw (ge) are Euler angles of the
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platform around the X-Y-Z axis, which is used to
parameterize the rotation matrix R:

€q5-Cqs €qe 59559y 59 Cqy Sqe Sqy +Cqe -SG5 -Cqy (1)
R=|sqq-cqs cqq-cqy+5qs-5qs-Sqy Sqg-Sqs-Cqy —Cqg 5qy
—5q5 Cq5 54y Cq5 - Cqy

where cq,sq represents cosq,sing,
upper joint coordinate ai in the body frame can be

respectively. The

transformed into that in the inertial frame via R and is
given as:

a'=Ra, +c i=12,...6 (2)

where ¢ is the coordinate of the origin of the body frame
in the inertial frame. The linear velocity of the upper joint
in the inertial frame is calculated by:

v, =Ra, +&=w"xRa;+¢=[1 RaR"[§=],d ()

where w" is the angular velocity of the movable platform
in the inertial frame. The angular velocity of leg w)
around the lower joint is expressed as:

@y =Ly x vy I T =T v )
where 1 is the unit leg vector and 1, is the leg length
vector in the inertial frame, formulated by:

l,=a"-b,=Ra,+c-b, i=1,2,...6 ()

where bi is the coordinate of the lower joint in the inertial
frame. By the derivative of (5) along the leg direction, the
linear velocity of the leg is described as:

I;=1; v, =1."(w"xRa; +¢) (6)

The unit leg vector 1 in the inertial frame is expressed
as:

1, =1, /111,11, =(Ra, +c—b,)/| IRa, + b, |, i=1,2,...,6 (7)
The matrix form of (6) for six legs can be given as:
L=Ja=|L," RAxL)"|q ®)

where qu is a Jacobian matrix between the generalized
velocity of the movable platform and the leg velocity, A is
the upper joint coordinate matrix, L, is the unit leg
direction matrix and qis the generalized velocity of the
movable platform. The relationship of w" and the Euler
angles is given by:

a)lL 1 0 —Sqs || 94
w'=|o" |=R-0” n(B)=R[0 cq, cqs5q, | qs]| ©)
a)aL 0 —sq, cqscqy || 9
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where w" is the angular velocity of the movable platform
in the body frame.

The linear velocity v_ of the centre of mass of the ith rod

aci

can be calculated with w;, and v,; and described as:
Vo = Vai ~ @ X (1) = ([-1,F ./l LIV, =JogaiVai (10)

where P, is a projected operator, r. is the distance
between the centre of mass of the rod and the upper joint
and ] aci,ai
velocity and the velocity of the centre of mass of the rod.

is the Jacobian matrix between the upper joint

The inertial force of the leg resulting from linear motions
is described as:

T T - T . _
]ai,q (Iaci,ai mavaci + ]bci,ai mbvbci) - Flvi (11)

where m. and my are the mass of the rod and cylinder of
the leg, vii is the velocity of the centre of mass of the
cylinder and J, .; is a Jacobian matrix.

Viei = Vo ailaigd (12)

In the inertial frame, the inertial force of the leg stemming
from rotation is formulated as:

]ai,qT]wi,aiT ((Iai )y + @y x (I; + 1wy ) =F,; (13

wherel ,,I,. are the inertia matrices of the rod and the
cylinder in the inertial frame, respectively.

The inertial force and the moment of the movable
platform can be given as:

mé=F, (14)

Ipc’o+w><Ipw:Mp (15)

where my is the mass of the movable platform, w is the
angular velocity of the movable platform in the inertial
frame and I is the inertia matrix of the movable platform
in the inertial frame.

The generalized active force of the parallel manipulator
can be expressed as:

Ji;' F,+G=F

active

(16)

whereE, is the leg output force and G is the gravity
term, given by:

T
Glq) = |:mpgT 01><3j| + Jai,qT(Jaci,aiTma +Jociai Mp)g (17)
By combining equations (1)-(17), the full dynamic

equation of the spatial 6-DOF parallel manipulator is
derived by using the Kane method:
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M(q)q +C(q,9)q +G(q) =I5 (QE, (18)

where M is the mass matrix and C is the centrifugal term:

T

a]aci,ai +

mpISXS

0 J aci,ai
0 I

6
+z Jai,qT ]bci,aiTmb]bci,ai+ Jai,?} (19)
i=1

]wi/aiT(Ia + 1) i i

M(q) {

p

Taciai M 406 0T aiq) /dt+
. J a;,qT { +

T T (20)
C(q,ﬁ):|:0353 AO :“*‘Z Jbei ai mbd(lbcl,allal,q)/dt

ol i=1

. {(Iai 1)) i g) [t + }
]ai,q Jwi,ai

]wi,ai]ai,ﬁq X (L + 1)) i ailai g

An electro-hydraulic system is the power mechanism of
the spatial 6-DOF parallel manipulator. It employs six
servo-valves and unsymmetrical actuators. The dynamics
of the hydraulic system are written as:

1 .
qLi =Cq "W+ Xvi\/p(ps —sign(x,;)py;) (21)
: (1+n*)-A,-L
=A -l +c p.+c. p.+————p. (22
dui 1 7 tcPLi ticPs 2(1 + nz)(l + HS)E PLi ( )
Apy; =E; +F (23)

where qq; is the load flow of the ith hydraulic actuator, w
is the area gradient, x; is the valve position of the ith
servovalve, p is the fluid density, p,is the supply

pressure, A1 is the effective acting area of the piston, Az is

the effective acting area of no rod chamber, ¢, ,c,. are

tic

the leakage coefficients, p;; is the load pressure of the ith
actuator, p;; = F% , E is the bulk modulus of the fluid,
1

ca is the flow coefficient, n is the ratio of the area,
n=A, / A, , Fu is the net actuator output force of the ith

leg and Fr is the friction in the ith actuator.
3. Dynamic coupling analysis

A spatial 6-DOF electro-hydraulic parallel manipulator
can be treated as a spatial six dimensional vibration
system with six hydraulic springs along the direction of
an actuator. The centrifugal term, gravity term and
friction can be neglected in free vibration differential
equations of the parallel manipulator. Therefore, the
dynamic equation (18) can be represented as:

M(Q)q =Ty5" (Q)F, (24)

where E, is the relative spring force corresponding to the
inertial pose:

E, =K,AlL, i=1,-6 (25)
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where K, is the stiffness of the ith hydraulic spring and
Al,is relative position of the ith hydraulic spring.
Equation (25) can be rewritten in matrix form:

E, = KAl (26)
where
E, :[Fsl Fsé]T,
Al=[Al, AT,
K, = diag[ K, Ky |-
Al =J.Aq (27)
where

Aq = [A(h Aq, Aq; Aq, Ags Aqel]T :
Then, equation (24) is written as:
M(q)q +];5 K|J;gAg =0 (28)
Defining;:
K, =] K] (29)

We can obtain the differential equation of free vibration

of the spatial 6-DOF electro-hydraulic parallel
manipulator, which is expressed as:
M(q)q+K,q=0 (30)

With (26), the vibration mode equation can be derived as:

(K~ M)x =0 (31)
where w, is the natural frequency and X is the vibration
amplitude, which is also the eigenvector of (31). Equation

(31) can be also rewritten as:
(S-4E)X=0 (32)

whereSis a coefficient matrix, S=M"K q,ﬂ:a)nz. By
using an eigenvalue decomposition algorithm, all
eigenvectors can be obtained and the modal matrix can be
derived.

D=[X; X, X | (33)
Obviously, the real modal matrix has orthogonal

characteristics. With mass matrix M and stiffness matrix
Kq , We can get:
O"MD =M (34)

o o
O'K @ =K, (35)
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where Ml is a diagonal modal matrix and Kq is a
diagonal modal stiffness matrix. Hence, the vibration
equation (30) can expressed as:

OMD'q+ PK D q=0 (36)
Defining;:
®'g=4 (37)

where ( is the modal coordinate. Then, equation (36) can
be rewritten as:

Mq+Kq=0 (38)

By using modal space transformation, the strong dynamic
coupling system of the spatial 6-DOF parallel
manipulator is decoupled into an uncoupled system
described in its modal space and the dynamic coupling
relationship of the workspace can be
formulated with transposed modal matrix ®".

explicitly

The modal matrix can be described as:

q)ll q)lé
L (39)

O] O]

61 66

If the number of the elements @, #0 in each row is more
than two, the DOFs corresponding to the number of non-
zero elements in each row are coupled. Further assuming
that @;,---, ®;(1<i<6)#0is the maximal elements of
each row.

Defining;:

X1 Xas @, D
Xe1 " Xeo D . Dg
@;; Dy

Therefore, the dynamic coupling evaluation matrix of
coupling relationship and coupling strength among DOFs
is established. If the number of the element Xi# 0 in each
row of x is more than two, the DOFs corresponding to
the number of non-zero elements in each row are
coupled. Excepting for Xi= 1, the stronger coupling
appears in the DOF z; =1and the DOF ‘ Zi #1.

max

X= (40)

4. Experiment and discussion

With a view to proving the proposed dynamic coupling
analysis method and confirming the presented coupling
evaluation index and further discussing the dynamic
coupling characteristics of the spatial 6-DOF parallel
manipulator, the experiment is carried out on a real
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parallel The
manipulator is shown in Figure 3.

manipulator.

experimental

parallel

Figure 3. Experimental electro-hydraulic parallel manipulator

Through using the proposed dynamic coupling approach,
the coupling evaluation matrix in its zero position of the
experimental parallel manipulator can be derived.

OF == Trr

-20

-40 =5

Surge-Amplitude (dB)

Heave-Amplitude (dB)

Pitch-Amplitude (dB)

10 10 10 10°
Frequency (Hz)

1 0 0 0 —02711 0]
00807 0 0 0 1 0
0 0o 1 0 0 o
Lo oo o0 1 o oW
0 -1 0 02677 0 0
| 0 0 0 0 0 1]

In terms of the coupling evaluation matrix (41) of the
parallel manipulator, the directions of surge and pitch are
coupled, as well as sway and roll directions in the zero-
position of the 6-DOF parallel manipulator, but there is
no coupling in heave and yaw directions.

In the zero-position of the spatial 6-DOF parallel
manipulator, 6 random signals are applied to the
experimental parallel manipulator. With the frequency
responses characteristics analysis method, the coupling
frequency response characteristics curves between one
input and all six outputs of the experimental parallel
manipulator are illustrated in Figure 4.

0

-20

-40

Sway-Amplitude (dB)

Roll-Amplitude (dB)

|

|

-
[N
[N
|
[
|

1

[N
IHH =
[N
LLLL

—— Rx-Rz ! |11
LUl

10" 10° 10 10°
Frequency (Hz)

Yaw-Amplitude (dB)

Frequency (Hz)

Figure 4. Experimental coupling characteristics in DOFs of the parallel manipulator
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As can be seen from Figure 4, the coupling exists in the
surge and pitch, sway and roll directions in the zero-
position of the parallel manipulator. The maximal
coupling also appears in surge and pitch, sway and roll
directions, which are coincident with the theoretical
results. Furthermore, the experimental results also show
that the coupling effects are related to the amplitude and
frequency of the inputs of the parallel manipulator. In the
low frequency region, the coupling effects are small. With
increasing frequency, the coupling effects become greater.
When the frequency is close to the natural frequency, the
coupling effects attain the maximum value. As the
frequency of movement increase, the coupling effects
decrease. For the same frequency, the influences of
coupling increase with the raising of the amplitude of the
inputs.

-10

S |

—o— X-Ry NoAltered |

-~ XRyAltered -+~
L

Amplitude (dB)

Amplitude (dB)

Frequency (Hz)

For the other pose, q;=0.2m, the evaluation matrix is

changed to:
1 0 0 0 —02656 0]
—-0.0805 0 0 0 -1 0
0 0 1 0 0 0
X= (42)
0 0.0769 0 1 0 0
0 -1 0 0.2609 0 0
0 0 0 0 0o 1]

According to the coupling evaluation matrix (42) of the
parallel manipulator, the coupling relationship is not
changed, but the coupling strength is altered for the
heave motion. The experiment results are demonstrated
in Figure 5.

4 Y-Rx Altered

Amplitude (dB)

T
I
1
|
I
I
I
ol Lol |
a1 LT i
° T R LN
P Lo I L
o Lo | AR
=] 1+ —e— Ry-XNoAltered | N
= -60 (i copomT
g- 11 —#— Rx-X Altered Ll i
Lo IR
< R RN R
R RN R
B0F - =+ At HHE = —— o A = — A~
R RN R
R RN R
R RN R
R RN R
_100 1 | 1 Lol LIl 1 Lol
-1 0 1 2
10 10 10 10

Frequency (Hz)

Figure 5. Experimental coupling characteristics in DOFs of the parallel manipulator

Comparisons illustrate that the experimental results are
coincident with the theoretical results and the coupling
relationship is not varied; only the coupling strength is
changed.

5. Conclusions

This paper investigates the dynamic coupling of a spatial
6-DOF electro-hydraulic parallel manipulator, with a
view to derive the theoretical foundation of developing
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an effective method to eliminate the effects of dynamic
coupling on a spatial 6-DOF electro-hydraulic parallel
manipulator. The evaluation matrix of the dynamic
coupling relationship and dynamic coupling strength
between six DOFs are gained via the modal decoupling
technique. The dynamic coupling characteristics are
clearly revealed in theory and experimentally with a
modal analysis method and a frequency response
characteristics analysis method. The surge direction is
coupled with pitch direction, the sway is coupled with
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roll and there is no coupling in both heave and yaw.
Furthermore, the dynamic coupling effect is small in low
frequency regions but can become greater with increasing
frequency. When the frequency is close to the natural
frequency, the coupling effects attain the maximum
value. As the frequency of movement increases, the
coupling effects decrease. Under the same frequency, the
influences of dynamic coupling increase with the raising
of the amplitude of inputs. Moreover, the defined
evaluation index of dynamic coupling of a spatial 6-DOF
parallel manipulator provides a guide to structure and
control design to remove the dynamic coupling effects.
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