Design and Control of a Novel 4-DOF's Parallel Robot H4

H.B. Choi*, O. Company**, F. Pierrot**, A. Konno*, T. Shibukawa***, and M. Uchiyama*
*Department of Aeronautics and Space Engineering, Tohoku University
Aoba-yama 01, Sendai 980-8579, Japan
“*LIRMM, 161, Rue Ada, 34392 Montpellier Cedex 5, France
“*Technical R & D Center, Toyoda Machine Works, Ltd.

Asahimachi 1-1, Kariya, Aichi 448-8652, Japan.
e-mail:{ojhee, konno, uchiyama}@space.mech.tohoku.ac.jp
{company, pierrot }@lirmm.fr
shibukawa@fsh.toyoda-kouki.co.jp

Abstract

This paper deals with the design and dynamic con-
trol simulation of a new type of 4-DOFs parallel mech-
anism providing 3 translations and 1 rotation for high-
speed handling and machining. This parallel mecha-
nism is named as Hj. A model-based dynamic control
scheme is developed to improve the accuracy of the tra-
jectory tracking. A simplified dynamic model is used
for the HJj robot to decrease the cost of computation.
A dynamic simulation is performed using ADAMS™.
In addition, the Adept motion is used as a benchmark
test to evaluate the effect of the dynamic control. The
simulation results show that the dynamic control dra-
matically improves the trajectory tracking accuracy.

1 Introduction

Recently, parallel robots have been studied enthu-
siastically because their capabilities are superior to
those of conventional serial robot in many aspects [1]—
[14]. The notable characteristics of the parallel mecha-
nism are high accuracy, high load capacity, high rigid-
ity, and quickness. The concept of using the paral-
lel mechanism as a spacial motion mechanism with
6-DOF's dates back to the paper by Gough [1]. Stew-
art proposed a 6-DOF's platform targeting its applica-
tion to a flight simulator [2]. Minsky proposed that
the parallel mechanism should be used as the motion
mechanism of manipulators [3]. Then, the use of in-
dustrial robots spread in the 1980s, and active studies
of robots were conducted. As a result, people paid at-
tention to the parallel mechanisms as the novel motion
mechanisms of robots, and several researchers specifi-
cally pointed out their advantages [4]-[6].

In the period from 1980s to present, many theoreti-

cal studies have been conducted, and new mechanisms
have been proposed. Clavel proposed a high-speed
parallel robot DELTA equipped with spatial 3-DOF's
[7]. Tt is used in industry for high speed handling
applications but its application is limited because its
degrees of freedom are too small to perform a compli-
cated task. In some case, a DELTA robot can have 6-
DOFs in total adding a serial-actuated 3-DOFs. This
kind of serial-parallel hybrid robot is not as efficient
as a fully-parallel robot. In contrast, Pierrot proposed
a 6-DOFs fully-parallel robot HEXA [9][10] which is
the expansion of the DELTA mechanism. However,
HEXA robot suffer from its high-price, small tilting
angle, and complexity.

There are a lot of applications in which 3-DOF's
are not enough and 6-DOFs are too much. For ex-
ample, 4-DOFs (3-DOFs for translation and 1-DOF
for rotation) are necessary and enough for pick-and-
place tasks. Nevertheless, only few attempts have so
far been made at 4-DOFs parallel robots. Pierrot pro-
posed 4-DOF's parallel mechanisms called H4 [12]—[14]
against such a background.

In this paper, we discuss a new 4-DOFs parallel
mechanism. The mechanism realizes a wide workspace
as well as high-speed. Since the name of H4 is generi-
cally used not for one mechanism but for some types of
mechanism [12], we name this new mechanism H4, too.
A dynamic simulation was done using ADAMS™ In
order to improve trajectory-tracking accuracy of the
H4 robot, a dynamic control scheme is developed, and
a simplified dynamic model of H4 structure which was
proposed by Pierrot [12] is used for the control. The
Adept motion was chosen as a benchmark test to eval-
uate its capability of fast motion. The results of the
benchmark test are presented.
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Figure 1: Kinematic structure of H4
2 A 4-DOFs parallel robot H4

The basic concept of H4 is described by a simple
architectural scheme illustrated in Figure 1 (a), where
joints are represented by rectangles and links between
those joints are represented by lines. Let P, R, U and S
represent prismatic, revolute, universal and spherical
joint, respectively. A quasi-equivalence exists between
U-U and (5-S)2 chains [12] so that (S-S)2 chain is
chosen for the prototype of H4. Figure 1 (b) shows
the prototype of H4.

2.1 Motors

The robot employs M-SSB014, NSK, which are direct-
driven type motors embodying encoders. The maxi-
mum torque, rated speed and weight are 14 [Nm], 3.75
[rps] and 6 [kg], respectively.

Figure 2: Arms

Figure 3: Rods

Figure 5: ball joint

2.2 Arms

The arms consist of 0.26 [m] long, square hollow pipes
made of 2 [mm] thick aluminum plate so that their
weight is as light as possible (Figure 2). The cross-
section is a 20 [mm] x 20 [mm] square. The moment
of inertia around the rotary axis is 2.34 x 1073 [kgm?®].
Each arm has an operating range of 130 [® ], which
is limited by mechanical stoppers made of synthetic
resin.

2.3 Rods

The rod consists of a 0.48 [m] long aluminum pipe
whose outside diameter is 8 [mm] and wall-thickness
is 1 [mm], making it as light as possible (Figure 3).
The calculated mass of the rod itself, the outer rings
of the two joints, and the rod as a whole are 28 [g], 20
[g], and 48 [g], respectively.



2.4 Travelling plate

The travelling plate are composed of two lateral bars
and one central bar. The possible motions of two
lateral bars and one central bar are translation, and
translation-rotation, respectively. The travelling plate
is made of aluminum plate making it as light as pos-
sible. TIts observed mass is 0.5 [kg]. The center of
central bar is machined so that an end-effector can be
mounted. Figure 4 represent the travelling plate of the
H4 prototype. Geometric description of the travelling
plate is illustrated in Figure 6

2.5 Ball joints

The arms and the rods, and the rods and the travelling
plate are joined with ball joints. Figure 5 illustrates
the ball joint. The ball joints obtained on the market
were reprocessed so that the movable ranges were in-
creased to 40 [° ] in order to expand the movable range
of the H4 robot. Especially, the ball joint proposed by
Kim [15] is made using epoxy bond without any spe-
cial techniques so that it is realized a comparatively
cheaper ball joint with a large swing angle.

3 Kinematics of the H4

3.1 Geometric description

The parameters L, M, A and h are the length of
the arm, the rod, the offset of the motor axis from
the center of the base, and the offset of each ball-joint
from the center of traveling plate, respectively. The
points A;, B; and C; in Figure 6 are the center of the
respective joints. The number ¢ = 1, 2, 3, 4 represents
each pair of kinematic chains. Let us define frames:

e Y a reference frame fixed on the base.
e Y. a frame fixed on the traveling plate.

e Y..: a reference frame fixed on the root of the
ith chain and defined with y,; = 2z, (1 = 1,2),
Zai = zp (1 = 3,4) and y,; parallel to the first
joint axis of the ith chain(i = 1, 2, 3, 4)

The parameters L, M, h, Q,, and @), used in this
simulation are, 0.26 [m], 0.48 [m], 0.06 [m] and 0.42
[m], respectively.

3.2 Inverse kinematics

As it is usual for most parallel robots, the inverse
kinematics of H4 is easily derived. The traveling plate
are composed of 3 parts (2 lateral bar and 1 central

Rotational
joint

Figure 6: Design parameters

bar, see Figure 6). The four points C;, C3, Cs, and
Cy forms a parallelogram.

Let {C;, “B; and “C; represent the homogeneous
coordinates of the points C; in ¥;, B; in ¥,; and C;
in X4, respectively. Then the coordinates of ‘C; can
be written as:

x + hEq; cosa
y+ hEysina + hEs;
z
1

bCz‘ _

where, (z, y, z) is the position of O; in ¥ and

En=Eu=1,
Eo =FEy» =1,

Ey=FE;3=-1,
B3 = By = —1.



The coordinates of “B; and “C; can be derived as:

Lcosb; wN

X 0 , X aig.

i, _ aiy, _ai by _pl

B; —Lsinf; |’ Ci="TyCi = L
1 1

where, T, and *T; represent the homogeneous trans-
fer matrices from X to ¥,; and 3¢ to X, respectively.

The kinematic closure of each elementary chain can
be written as:

o
|1B;Ci||* = M? (1)

Solving Equation (1), the motor angles 6; are given
by:

_ai ;+ ai; 2 4 ai)\2 _ /2
0; = 2tan™* ( i g ) , (2)

ai); + W;

where

W — L2_M2+ai'u12+ai)\12+aip12
o 2L '

3.3 Forward kinematics

In general, it is easy to solve the inverse kinematics
of a parallel robots analytically. On the other hand, it
is generally difficult to solve the forward kinematics of
a parallel robot analytically. The forward kinematics
of the H4 is the problem of computing the position and
orientation of the traveling plate from the motor an-
gles. To get a closed-form solution, we need to solve a
set of four nonlinear simultaneous equations. Closed-
form solution for the forward kinematics has not been
found yet. Therefore, we employ the Newton-Raphson
method to solve it, numerically [8].

4 Dynamics of the H4

A simplified dynamic model [9] is used to describe
the dynamics of H4. The simple model supposes that
a half of the rod mass is added to the arm and an-
other half is added to the traveling plate and that the
rod itself is massless and inertia-less. This assumption
greatly contributes to reduce the cost of dynamics cal-
culation. Dy and D are the points corresponding to
the two rotation joints on the traveling plate. Let
bj)ot, bj)D1 and bj)D2 represent the velocity vectors of
point Oy, Dy and D5 in Xy, respectively. The relation-
ship leads to:

"pp, =T1"bo, =T1J0,  "pp, =T2'py, = T2J6

3)

where,
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and x, y represent the unit vectors of x and y axes in
Yy, respectively. Assuming that the mass of bars of
parallelogram is neglected, the dynamic equation can
be written as:

T :(Iva + Im)a + JTMbc(Iu) —g— Fewt)
+(T1d) My (pey — g) + (T2d)" My(pez — 9)
(4)
T and F. ; are the actuator’s torque and the external
force acting on the traveling plate, respectively. I,
I,,, M. and My, are the inertia matrix of an actua-
tor, the inertia matrix of virtual arm, the mass matrix

of the central bar and the mass matrix of lateral bar,
respectively. They can be written as:

Im = diag[imot imot imot imot]a
My, = diag[mbc Mpe Mpe ibc];
My, = diag[my mu my 0],

where diag[e] represent a diagonal matrix, and the di-
agonal elements of respective diagonal matrices. i,0t,
ipe, Mpe and my; represent the inertia of motor, the
inertia of the central bar, the mass of the central bar
and the mass of the lateral bar, respectively.

Then, the dynamic equation can be rewritten as:

T =I(0)0 + h(0,0) (5)
where,
I(0) =(Iyq + Jm) + I " My + (T1J)" My (T, J)
+Tod) My (T2 J)
h(9,) = {JTMch +(T10)" My (T1J +T1J)
4 (T2 )T My (TJ + TQJ)} )
(@) + (T2d)"} Mg + J" My Fep

5 Control of the H4

A precise model of the H4 robot is constructed
by ADAMS™ Tt is a commercial software package



(b) The Adept motion

Figure 7: Conceptual design and Adept motion

for dynamic analysis of mechanical systems produced
by Mechanical Dynamics, Inc. The conceptual model
used in the simulation is shown in Figure 7 (a).

5.1 The Adept motion

The Adept motion is chosen here as a benchmark
test to evaluate the motion performance of the H4.
Figure 7 (b) illustrates an example of the Adept mo-
tion. The dotted curve in the figure represents the
trajectory. No restriction is placed on the curving of
corners. Figure 8 illustrate the control block diagrams
used in this simulation. This simulation targets the
attainment of the quickest motion. The start, stop
points and the height are (X,Z) = (—0.15, —0.52)
[m], (0.15, —0.52) [m] and d=0.025 [m], respectively.

Furthermore, a wait was inserted on both ends of
the trajectory in order to secure a static period as-
suming that the robot performs a pick-and-place op-
eration. The length of the wait was set to 0.02 [s]. In
the simulation, the control gains, K, K4 and K, were
set to 100 [s71], 2.5 and 11 [Nm/(rad/s)], respectively.

5.2 Control schemes

The motor drivers of the H4 provide the hard-
ware velocity servo, therefore the torques cannot be
directly commanded to the motor drivers. Therefore,
the torque command has to be converted into the ve-
locity command as follows. The P-velocity control of

Off-line ; On-line
-

Motor driver

Ri—| Dynamic H4 6

robot

model

Main computer

Figure 8: Dynamic control scheme

the motor driver is assumed to be
7 =Ky(0com — 0) (6)

where T denotes the motor torque vector, écom is the
velocity command vector and 0 is the current motor
angular velocity vector. To compare the performance
characteristic such as trajectory and control, the fol-
lowing control methods are applied.

5.2.1 PD control

In PD control, the velocity command vector ...,
is given by,

écom = Kp(ed - 0) + Kd(éd - 0), (7)

where, 8, denotes the desired motor angle vector, 0 is
the current motor angle vector.

5.2.2 PD with velocity feed-forward control

In PD with velocity feed-forward control, the veloc-
ity command vector 0., is calculated as:

écom =@)ff+Kp(9d—0)+Kd(éd—é), (8)

where, 0 ¢f is a feed-forward term to compensate the
sampling time delay, and it is given by:

015(t) = 0a(t + AT) 9)

5.2.3 Dynamic control

In the dynamic control, the velocity command vec-
tor O..m, is given by,

Ocom = K, '1a+ 055+ K,(04— 0) + Kq(8, — 0)
(10)
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Figure 10: PD control with velocity feed-forward

where 74 denotes the torque vector calculated from
the equation of motion using the target trajectory.
The time of 1 cycle was set to 0.84 [s] in the all above
simulation. To compare the control result, the time of
1 cycle was set to 0.49 [s] and the simulation was done
using dynamic control.

5.3 Simulation results

The simulation result for PD control, PD with ve-
locity feed-forward control, dynamic control and dy-
namic control with the shorten time of 1 cycle (0.49 [s])
are shown in Figure 9, Figure 10, Figure 11, and Fig-
ure 12, respectively. In each figure, (a), (b)OJ (c), and
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Figure 12: Dynamic control (cycle time 0.49 [s])

(d) represent the motor angle errors of the 67 and 65,
the travelling plate trajectory errors of z, and the de-
sired traveling plate trajectory with the current trav-
eling plate trajectory, respectively.

In the result of PD control, there is a consider-
able delay in position (Figure 9) but in the result
of PD with the velocity feed-forward control, the
trajectory-tracking accuracy is improved considerably
(Figure 10). In the result of dynamic control, the de-
lay in position cannot be seen (Figure 11). In addition,
when the time of 1 cycle is shortened, the trajectory-
tracking accuracy is not improved even if a dynamic
control is applied (Figure 12). Figure 13 show the mo-
tor torques at each simulation. When the 1 cycle time
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Figure 13: Motor torque

is set to 0.84 [s], the motors torque are in the range of
+5 [Nm]. But when the 1 cycle time is set to 0.49 [s],
the motors torque exceed the rating torque. There-
fore, if this motion was given to the real model, the
motor torque would be saturated. Consequently, it is
considered that the trajectory-tracking accuracy will
not be improved and the overshoot problem will occur
in the real H4.

6 Conclusion

In this paper, we presented the dynamic simula-
tion of H4 using ADAMS™ in order to show that the
dynamic control can improve the trajectory-tracking
accuracy. This simulation demonstrated that the H4
is promising as a high-speed robot mechanism. From
the simulation result, it is thought that the trajectory-
tracking accuracy of the prototype of H4 can be im-
proved using the dynamic control if the motor torque
is less than the maximum torque. The results also
show that the simplified dynamic model is effective in
order to improve the accuracy of trajectory control.
Moreover, the results show at the same time that the
PD control with velocity feed-forward also improves
the trajectory-tacking accuracy considerably.
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