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A New Type of Flexible Parallel Link Manipulator Actuated by Cable
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Abstract: The desipn project of the feedback source sappotting system foc five-tundred meter apernme spherical radio
telescope (FAST) is introduced. This project is a new type model of this flexible manipulator system. A 5-meter protofype has
been designed and constructed, the experimental results show that the new type of flexible parallel manipulator is feasible in

principle and effective in use.
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1 Introduction
FAST ( five-hunderd meter aperture spherical tele-
scope) is an advance engineering of the intemnational
large radio telescope plan. It will be built at a karst area
in Guizhou province of China, The scope of bandwidth
covers from meter wave, decimeter wave to centimeter
wave (0.3 ~8.8GHz)!"3
So far, the larpest spherical radio telescope in the
world is Arecibo reflector with 305-meter-diameter built
in 1970 s and located in Puerto Rico, USA. Due to the
technique limitation of that time, the feed control and
tracking system was implemented with mechanical
means, The weight of the feed structure suspended by
several long cables is over 300 tons. There exist three
shortages of Arecibo telescope: low positioning accura-
cy, single wave-band observation amd expensive cost!?
Considering the mechanical, electronic, optic and
conirol technologies together, a completely different de-

sigh scheme from Arecibo style could be proposed as
shown in Fig. 1. In this project, the 800-ton-weight
Arecibo feed system is thrown away and replaced by a
cabin of only about 20 tons and feeds are laid in the cab-
in. The cabin is suspended with six cables from six con-
crete towers on the hill. The six cables are driven by six
sets of servomechanism so that the scanning movement
of fead along design trajectory can be realized.

Considering the observation frequency up to 8.8GHz,
the difference of the feed’ s real position from theoretical
position under external load, for instamce, wind, can
not be over 4mim. It is difficult to achieve such high ac-
curacy with only cables. For the sake of this, a new
type of macro-micro adjustment system is proposed in
this article. The cabin actuated by six cables is called the
macro part. The micro part, which is mounted in the
cabin, is a Stewart platform. Nine feeds are fixed on the
movable plaform of Stewart platform.
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mechanism

Fig. 1 The systhetic design of FAST

During operation, the desired position and orientation
of the cabin and feed will be affected by the random
Ioads for example, wind. In corder to know the real posi-
tion and orientation of canbin and feed in time, a set of
laser automatic positicning system is employed, which
gives the real-time positions and orientations of cabin
and feeds. In this case, a high tracking accuracy of the
feed can be obtained. In addition, the high perfonnance-
cost ratio can also be realized, for only onme tenth of
Arecibo feed system’s cost is required to make this new
feed system.
2 The trajectory of feed

Considering the geographical position { North latitude
25 degree, East longitude 65degree) of Guizhou karst
area of China, the fixed coordinate system OXYZ is es-
tabilished ( shown in Fig. 2). The coordinate system
OXYZ is given where O is at the lowest point of the
main spherical reflector, Z-coondinate pointing at
zenith, X -coordinate toward north and ¥ -coordinate to-
ward west. For satisfying the need of astronomic obser-
vation, the trajectory of feed is deduced with respect to
the system OXYZ (as shown in Fig.2)!%;

x = g(cmacosﬂcosﬁﬂ’ - 5indsinb3°),
Yy = - EECOS&I\SI'DHv

Z = —Izi(cosﬂcosh'sinﬁf-" + 3inScosfS) + R.

(1)

In which, R is the radius of spherical reflector; & is the
declination of star being observed, H is the hour-angle.

Since the limit of zenith angle of antenna, the view

scope is constrained within { - 15°,65°). Consequently
the useful scale of hour angle H, for the given declina-
tion &, is determined by
| H | < | arccos[ (0. 845 — 0.466sind ) /cosd | |.
(2)
If# = 30° is concemed, the scale of hour angle be-
comes { — 45°, 45°). Whthin this scale, three typical
positions with 0°, — 45° and 45°are considered as I}, . D,
and D, respectively (shown is Fig.2). The coordinates
of the above three typical points are
Dy{-1355.9, 0.0, 15616.2)(cm),
D, (- 3023.61, 9526.82, 19192.86)(cm),
D,y(- 3023.61, - 9526.82, 19192.86) {cm)
respectively. Six fixed points are

A(0.0, - 25000.0, 25000.0){cm) ,

B(21650.64, 12500.0, 25000.0)(em),

C( - 21650. 64, 12500.0, 25000.0)(cm),

E(21650.6, - 12500.0, 25000.0)(cm),

F(0.0, 25000.0, 25000.0)(cm),

G{ - 21650.6, — 12500.0, 25000.0) (cm)
respectively. The real trajectory is the continmous curve
D, Dy and the darksome area is the accessible workspace
of cabin (shown in Fig.2(b}).

(2} The trajectory of feed  (b) The planform of the trajectory

Fig.2 The rajectory of feed with respect to the fixed
coordinate system

3 Deduction of the cable’s function and

cable’s tension
For a cable shown in Fig. 3, the function can be
mathematically deduced ast?,

y(x) = - keh($ + C5) + €y, (3)

where k = qﬂjisuwhoﬁzonm tension of cable at x;

q is the weight of unit length of cable. In formula (4),
two unknown constants €, and £ can be found from
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Cl - kCh(Cg) = O,
{ (4)

C - kch(% + Cy) = h,
Obviously, it is hyperbolic equation, which needs to
be solved by numerical method .

o ‘ - X

S A H

Fig. 3 A suspended cable of FAST

4 Inverse kinematics model of cable system

The basic idea of Stewart platform paralle] link manip-
ulator is used in the synthetic design of FAST. The dif-
ference between FAST and Stewart platform is to use ca-
bles as the paralle] links and to use winches as the acta-
tors. Viewing from this point, six-cable structure in
FAST system can be considered as a set of flexible par-
alle] manipulator with &DOF similar to Stewart plat-
form. So the adjustment system of FAST is to be under-
stood as a macro-micto manipulator system.

Based on the parallel manipulator theory, the so-
called inverse kinematics solution is to calculate the in-
puis from the known location and orientation of cutput.
The cabin is the output and six cables are inputs in
FAST. The inverse solution of the cabin is necessary to
implement computer-controlled motion of the cabin. We
have gained the tracking trajectory of feed from karst ge-
ographical position of Guizhou province of China in the
Section 2 of this paper. For the sake of simplicity, we
assume that the feed is located at the center of cabin and
the barycenter of cabin system lies at the middle axis
Q¢ .. From the electrical target requirement of feed,
the middle axis O {}; must be overlapped with radius of
the main reflector. The carrier-based coondinate system
0,X'Y'Z’ is estabilished on the cabin. The coordinate
plane X’0,;Y" lies in the bottom of cabin, Z’ axis point
to . Thus, the center of cabin 0, is located at the
tracking point and the orientation of cabin is determined
except for the rotational freedom with respect to Z* axis
(shown in Fig.4). The fixed coordinate system OXYZ

is as the same as shown in Fig.2.

So the position of the movable cabin can be expressed
by 02(.’5@1.)’02,202) with respect to the coordinate sys-
tem OXYZ and the rotation matrix 7. Now let us consid-
er how to determine the rotational freedom with respect
to Z’' axis.

Fig. 4 The carrier-based coordinate system and the
fixed coordinate system

Three cables connect at the top @, and the other three
cables commect at peoints A,,B; and C, respectively
(shown in Fig.4) . Because the cable must be in tension
and can not be slack, we utilize the iterative method to
search the rotational angle with respect to Z' axis. If the
motational angle with respect to Z’ is given, coordinates
of points A, , By and C with respect tn OXYZ can be ob-
tained . Considering the static equilibrium about the cabin
gives

DIF.=0,0.F, =0,2,F, =0,
ZMx = O’ ZMI = 01 ZM, = 0.

Because the cable’ s tension and cable’ s length are in
coupling, to solve equation (5), the length must be
solved from the suspended equation (3). There exist
twelve integral constants in six cables. These constants
can be expressed with the boundary conditions of A, B,
C,E,F,G,0,A;, By, C.

From the trajectroy equation (1) and the rotational
angle with respect to Z', coordinates of points @y, 04,
Ay, By and €, with respect to the fixed coordinate sys-
temn OXYZ can be obtained as follows,

{5)

x; x, 2
¥ | = y: + :P"oz . (6)
z 4 2,

2

where z;, y; and z; are the coordinates of one point of
cabin with respect to OXYZ. = ,y; and 2} are the coor-
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dinates of the same point with respect to the system
OgX'Y'Z’.xoz,yoz and zozareﬂlecoordinatesofp:iint
0, with respect to the system OXYZ. T is the rotation
matrix. The coordinate system 0, X'Y'Z’ is gained from
the coordinate system GXYZ as follows:

Step 1 Move the coordinate system OXYZ parallel to
the point 0;;

Step 2 Rotate at an angle ¥ with respect to X axis,
ket the new Y axis vertical to O 05;

Step 3 Rotate at an angle § with respect to the new
¥ axis (¥}, let the new X axis vertical to 0y Os;
Step 4 Thus the new Z axis ( Z’ ) points to 01, Oy;
then rotate at an angle $ with respect to Z' axis, gained
the system 0 X'Y'Z’ .

Based on the above rotation process, the matrix T is:
T = Ty(¥)Tp(8)Tp(¢) =

coce - (OS¢ 5
lswsecsb + CUS$p CwCh - SwSsp - sm]
SUSP - CWSOCH CWS9SP + SWCP  CWCH

(7
where the symbols S and € stand for cosine and sine of
an angle. ¥ and & are determined by coordinates of
poims 01(xol,'yol,20l) and Og(xo:,}'oz, Zgl) in the

following form;
2 2
v - arcctg[w/(ya‘ = Jfal) + (Z_al - 202) ], (8)
Iol - 102
2 2
g = arcctg['\/(xol = "02) + (Za] - 202) ] (9)
Yo, = Jo,

If the rotational angle # with respect to Z' were giv-
en, the rotation matrix T is known. Thus one can com-
pute x;, y; and z,. The angle ¢ will be determined by the
iterative method as follows:

Step 1 Given a rotational angle ¢, the rotational ma-
trix T and coordinates of A, B, and C, with respect to
the system 0, X'Y'Z’ could be obtained.

Step 2 Substitute them into formula (6}, one can
obtain the coordinates of these points with respect to the
system OXYZ .

Step 3 Uniting formula (5) ~ (7), one can solve a
set of tensions. If every tension is positive, the cabin is
in static equilibrium and stop. Otherwise let $ = ¢ +
d¢, solve (5) ~ (7) again until searching a set of posi-
tive tensions.

Thus the position and orientation of cabin and the ten-
sions of six cables at one trajectory point in static equi-
librium has been searched .

By the above method, the lengths and the tensions of
six cables are shown in Table 1 and Table 2 when the
center of cabin is located at typical points I, D,, Ih.

Table 1 Length of cable at D, D; and D,

Length of cable/ctn

8 Sp 3¢ g Sy 5
Dy 265679 2TM3T 154 27013 266402 MEXS.2
D, 39086 X529 104439 133939 168859 6.9
Dy, 16513.4 HN0.5 2X5.8 14554 M5 W6

Poing

Table 2 Tension of cable end point at Dy, D; and D

Tension of cable end point/kg

Point
F, FB FC Fe Fr Feg
Dy #5876 332 54488 1439 18038 112

D, Xl4.6 Z655.6 N6 171417 4683 KO 4
Dy 3333 24811 1026.6 11387 538 14962

On the basis of the required error of cabin, the trajec-
tory can be divided into many discrete points. Utilizing
the above iterative method one can get the length and
tension of every cable respectively corresponding to ev-
ery discrete point. The location and orientation of cabin
are controlled through pulling or releasing six cables by
servomechanisms .

5 Experiment on the flexible parallel ma-
nipulator actuated by cable

In order to verify the design idea and the key tech-
nologies of the new type of flexible paralle] manipulator,
a S5-meter experimental model has been designed and
constructed . The framework of the model is a six-legged
structure resting on six support points. The legs are
2.5-meter high. The cabin is sclected as a spherical ob-
ject, which is 40cm in diameter and 20cm in height.
The cabin' s weight is 6kg. The suspended cable is a
steel wire that is 1. 2mm in diameter. Cousidering this
system is a low speed follow-up system, six DC torque
motors are selected as servomotors. The pulse width
modulation (PWM) method is used to control the veloc-
ity of the servomotor. In order to obtain the accurate
control of the lengths of the cables, six angle encoders
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are located on the winches. The general frame of the 5-
meter mode] is shown in Fig.5.

Fig.5 The framework of the 5-meter experimental prototype

Considering that the flexible parallel manipulator is a
distributed system, the control system is designed as a
distributed control architecture including a PC computer
as the host cormputer and six microcomputers as the servo
control computers. The host computer accomplishes the
system management, the computation of the scan trajec-
tory, the kinematics planning of the cable and cabin sys-
tem, and 50 on. The microcomputers are double closed-
loop servo systems with position and velocity control,
which control the velocity and the position of the winch
given by the host computer.

In terms of the requirement of the astronomical obser-
varion, the feed support system works under two kinds
of modes: searching radic source and tracking radio
source. When the system is searching the radio source,
the chief task is quickly to position the cabin {about
S0cm/s), but the positioning accuracy is not required.
But the positioning accuracy will be the fimt-line re-
quirement when the system is tracking the radio source.
Under this condition, the velocity of the cabin ranges
from lem/s to 2em/s. Based on the distinct reguire-
ments of the two work modes, the double control strate-
gy of Fuzzy and Fuzzy-PID is employed in the flexible
parallel manipulator. The Fuzzy control method is used
in searching radic source and the Fuzzy-PID control

method is used in tracking radio source.

In the experiments, some irajectories are followed by
the cabin. The measurement results indicate that the po-
sition error of the cabin center is less than lcm and the
crientation emor of the cabin less than 0.5 degree. At
the same time the cabin is in a stable condition when the
cabin is positioned at the extreme position and orienta-
tion. There exist two reasons why the position precision
can not be improved. A reason is that the coniol system
is not a full closed-loop system including the cabin, in
other werds, the real-time measurement signal of the po-
sition and the orientation of the cabin is not feedback to
the host computer. Another reason is the low demarca-
tion precision of the total system. The funme experiment
will improve the position precisicn of the cabin by using
more accurate devices and making a full closed-loop
control system including the cabin.

6 Conclusion

This paper introduces a new type of flexible parallel
link manipulator employed in the design project of large
spherical radic telescope (FAST) . The cabin actuated by
six cables can be regarded as a flexible parallel mecha-
nism similar to Stewart platform. The inverse kinematics
model of cabin has been deduced. A 5m prototype has
been designed and constructed, the results show that this
new type of flexible parallel manipulator is feasible in
principle and effective in use.
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