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Abstract The paper relates to a motion planning algorithm for the egaport system of the Five-hundred-
meter Aperture Spherical radio Telescope (FAST). To enhéime stability of the feed support system, the
start/termination planning segments are adopted with eela@tion and deceleration section. The source
switching planning adopts a combination of a line segmedtfanal segment to realize stable control of
the feed support system. Besides, during the observaag@ttory, a transition segment which is not used
for observation data is planned with a required time. Thioaig example simulation, a smooth change is
realized via the motion planning algorithm and presentdadispaper.
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1 INTRODUCTION (Yao et al. 2014; Li & Yao 2014), so the A-B rotator in
the feed cabin is utilized to adjust the orientation of the
As displayed in Figure 1, the Five-hundred-meter Aperturdeed to the direction on the celestial source. Through the
Spherical radio Telescope (FAST), which is the largessimulation analysis of the six-cable driven parallel rglitot
single-dish radio telescope in the world (Nan 2006; Naris found that the influence of wind disturbance is obvious.
etal. 2011), was completed with its main structure instlle Therefore, a Stewart manipulator with six degrees of free-
on 2016 September 25, after which it entered the commisdom is adopted to reduce the influence of wind disturbance
sioning phase (Jiang et al. 2019; Qian et al. 2019; Lu et a{Shao et al. 2011, 2012), and further adjust the position and
2019). orientation of the feed receivers to acquire the radio digna
The main structures of FAST include the active reflec-with high accuracy (Yao et al. 2017).
tor and the feed receiving device. The basic idea of FAST To meet the requirements for astronomical observa-
is to reflect and collect radio waves through the active retion, the position, velocity and acceleration of the feggl-su
flector, which can be deformed from a spherical shape to port system should be planned, so as to ensure the stability
paraboloid with a 300 m aperture. Then, the feed receiversind efficiency of the observation. Most of the existing mo-
which are installed in the feed support system, collect altion planning methods rely on an astronomical coordinate
the radio waves at the focal point of the paraboloid reflecsystem, which cannot guarantee the motion stability of the
tor. Figure 2 demonstrates the three active control mechamechanisms in the Cartesian coordinate system. It may re-
nisms of the feed support system (Tang & Yao 2011): a sixsult in a large control error, which exceeds the accuracy
cable-driven parallel robot, an A-B rotator and a Stewartequirements of feed positioning, making the observation
parallel manipulator. The Stewart parallel manipulator isdata unavailable. Therefore, the motion planning algorith
divided into upper and lower platforms. All the feed re- for the feed support system of FAST needs to be improved,
ceivers are equipped on the lower platform of the Stewaréspecially at the start and end stages, as well as the accel-
manipulator. The A-B rotator and the Stewart manipula-eration and deceleration stages during observation.
tor are controlled in the feed cabin. The six-cable-driven  This paper introduces a new motion planning algorith-
parallel robot can maneuver the feed receivers to the com for the feed support system under the Cartesian coordi-
rect position, but the orientation of the feed receivers cannate system. Section 2 describes the feed support system
not by itself meet the requirement for receiving the signalsand its key parameters. In Section 3, the motion planning
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Fig.2 Feed support system. (a) Design of the feed support systeRABT; (b) Feed cabin; (c) Stewart manipulator.

algorithm of the feed support system is presented in dethe six-cable driven parallel manipulator is placed hamizo
tail. Section 4 provides a simulation and discussion of thdally. In this condition, theX -axis points to the east direc-

motion planning algorithm in this paper. tion and Y -axis points to the north direction. The origin
point of frameRap : Oap — XaYapZagp is located at

2 DESCRIPTION OF THE FEED SUPPORT the center of the A-B rotator. Initially, the A-B rotator is
SYSTEM placed horizontally. In this situation, th€-axis points to

As illustrated in Figure 3, the feed support system main_the east direction and thE-axis points to the north direc-

ly includes the six-cable-driven parallel robot, the A-B ro 1O T:e orr:gln point ?fr:‘ramé%.s : IOSf_ XSinZSS'S
tator, the Stewart manipulator and the multi-feed rotatindocate atthe center of the moving platiorm of the Stewart

mechanism. manipulator. In this condition, th& -axis points to the east

In Figure 3, related coordinates are defined as: The OQWectlon andY -axis points to the north direction. All co-

rigin point of an inertial framet : O — XYZ is located at ordinates ComP'y with the right hand rule. . .

the focus of the active reflectak -axis points to the east The coordinates of the.feeds under the inertial frame
direction, andY -axis points to the north direction. Three R : O — XYZ can be described as

cablg—cabin anghoring points sh-ape the moving .plan<.e of Precd = PaB + R - PAB_feed » 1)

the six-cable driven parallel manipulator. The origin goin

of moving frameR¢s : Oc — X Yo Zc is located at the  wherePy.q is the position vector of th& g under the
center of the moving plane. Initially, the moving plane of frame®. R¢ is the coordinate rotation matrix &t rel-
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Fig.3 Main mechanisms of the feed support system.
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Fig.4 Motion planning process of the feed support system.

ative toR. Ppp is the position vector of the feed center

under frameR . In this paper, Tilt-and-Torsion angle cpchc (—@) — sps (—¢) —chehs (—p) — spc(—d) csh
(Bonev 2002) is used to describe the coordinate-axis roRc = |s¢clc(—¢) + chs (=) —spcds (=) — chpc(—¢) spcb
tation matrixR¢, which can directly discriminate the az- —s¢e(—¢) s¢e(—¢) <0

®)
imuth and tilt angles. Three angles are defined: azimuth

o, tilt 6 and torsionu. These angles are easier to interpret
geometrically and allow simple computation and represen-
tation of the 3D orientation workspace. PAB—feed = RaAB - (FAB—s + ls—feed) (4)

ThePagp_f.cqa €an be described as

The rotation matrix is derived as follows whereR g is the coordinate rotation matrix 8f,g rela-
tive toR¢. rap_s is the position vector of th& g in frame
RAB- I's_teea IS the position vector of the feeds in frame

Rs.
Rc = Ra (0) Rz (w) = R: (¢) Ry (0) R (—¢) R= (w) In Equation (4),Rap should be decomposed infq
cpchc(w — ¢) — shs (w — ¢) —coels (w — ¢) — spc(w — @) chpsd| andfp in two rotational axes. According to the required
= | sgcbe (__S‘Z)cz“wcf:ff — @) —spchs (tq; 212 - ;‘;’C (w—¢) S‘fge azimuth angless ;s and tilt anglefs; of the A-B rotator,
@  therelationship between them satisfies
wherec (x) ands (x) correspond to theos (x) andsin (x),

respectively. Rap = R. (a) Ry (0A) Rz (08) Rz (@), (5)

For the six-cable-driven parallel robot, the torsiois Rap = R. (¢aB) Ry (0aB) Rs (0aB) R (waB) , (6)
designed to be zero, so, whereq is the angle between axisand axisY'.
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3.1 Start and Termination Planning Algorithm for the

P: Feed Support System
Po o
Q\\ P At In order to reduce disturbance of the system due to accel-
\\O’ e eration and deceleration of the mechanisms, start and ter-
;;S - mination segments are added to buffer the disturbance and

enhance the efficiency of the observatory trajectory.

According to the velocity and acceleration at the be-
ginning of the observatory trajecto®;P-, the planning
time and distance of the start planning trajectory can be
calculated based on the given maximum velocity limit and

From Equations (5}(6), ¢4 and@s can be derived as  acceleration limit of the feed support system. The coordi-

natesP; can be derived by the observatory trajectory on

sinfp = sina - cospap - sinfap — cosa -singap -sinfap,  the focal surface. So, time and coordinate value planning

(7) can be calculated for the six-cable-driven parallel robot,

the A-B rotator and the multi-beam rotation mechanism
separately. Then, based on Equations-(9), the related

(8) planning parameters of the six-cable-driven parallel tobo

From Equations (1)}(8), the position vectoiP,z, and the A-Brotator can be calculated.

Fig.5 A complete planning trajectory.

. COS(x - COSPAR - Sinfap — sina - singap - sinfap
sinfy = p— .
B

which is the control point of the cable-driven parallel rgbo Similarly, the termination planning of the feed support
can be derived as system can be completed in the same way.
PAB = Pteod — Re - PAB_feed - (9) 3.2 Source Switching Planning Algorithm for the
Feed Support System
3 ANEW MOTION PLANNING ALGORITHM Source switching means the feed needs to move from the
FOR THE FEED SUPPORT SYSTEM current positiorP, to the start positio; for the next ob-

servation task. The source switching planning can be de-
As displayed in Figure 4, the motion planning process of,omposed into four steps:

the feed support system includes the following: a) AscertainingP,: As shown in Figure 7, based on

a) According to the types of astronomical trajectoriesihe geometric parameters of FAST, the closest point on the
to be observed, the time parameters needed for motiogycq surface to the start positi can be found, which is
planning are calculated and sent to the astronomical trgsenoted a®,,. From the poinP, to the pointP,,, a straight
jectory planning unit. line segment is used for the source switching. From the

b) According to the required observational positionpoint P;, to the pointP;, the focal segment is applied for
and time for the feeds, the motion planning of the feedsource switching.
support system completes the start/termination planning, b) Calculating the source switching time: determine
the observation trajectory planning and the source switchhe source switching time for each stage of the feed support
ing planning. system, including the source switching time of the straight

c) Based on Equations (]9), the related planning line segmentT’s...1) and the focal segmefiT,c.al).
parameters of the six-cable-driven parallel robot and the 7, . The coordinate values of the inflection pomt
A-B rotator can be calculated. are given in Step a). Thus, the vec®;P, is obtained.

Therefore, a complete planning of the trajectories in-By setting up a maximum velocity and acceleration of the
cludes four parts which are depicted in Figure 5: Thesource switching trajectory, and utilizing the accelenati

source switching planning trajectory planning curve in Figure 6, th&,..; can be calculated.

PoP1 , the start planning trajectoi, P, the observa- Tiime: TheThine is chosen as the maximum time of the
tory planning trajectory;P; and the termination planning source switching time for the three mechanisms and the
trajectoryP;Ps. feed position of the feed support system on the straight line

As displayed in Figure 6, all the acceleration curvessegment. The three mechanisms include a six-cable-driven
adopted in this paper are first degree curves, so that thgarallel robot, the A-B rotator and the multi-feed rotatibn
velocity planning curves are quadratic. mechanism.
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Fig.6 Acceleration and velocity planning curves.
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Fig.7 A sketch map of the source switching trajectory.
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Fig.8 A sample observation trajectory along the right ascensiattion.

T cable—line IS the source switching time of the angle of
the cable-driven parallel robot on the straight line segimen
Tine = max (Tp—tine; Teable—lines TAB—line; Tmultifeed—line) - which can be calculated by the given maximum angular
acceleration and the angular velocity limit. That is to say,
. o considering the influence of the angle of the cable-driven
The four kinds of source switching times are CcFj‘lwl"ﬂ'parallel robot on the cable force, the stability of the feed

ed as fo"_o,WSTP‘““e 1S th? sogrce switching tlme O]_c the support system mechanism can be further ensured.
feed position on the straight line segment, which is cal-

culated by the coordinate values of the start p&ntand T AB_1ine IS the source switching time of the A-B ro-
the inflection poinP;, based on a given maximum velocity tator on the straight line segment. According to the angle
limit and the acceleration limit of the feed support systemswitching value of the A-B rotator and the maximum an-
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Fig.9 Motion planning process of the motion scan along the rigbéasion direction.

Pc.”~. p. 3.3 The Observatory Planning Algorithm for the Feed
S 12 5
Vin b Support System

The observation mode of FAST includes but is not limit-
ed to the tracking scan, drift scan, basketweave scan and
motion scan. During the observation trajectory, adding ac-
celeration and deceleration planning at the inflection fpoin
Fig.10 Parameters related tg in the Cartesian coordinate sys- jn the motion planning algorithm can ensure the motion
tem. stability and accuracy of the feed support system, which
will enhance the efficiency of the observation. This paper
describes the motion planning algorithm of the motion s-
gular acceleration and the angular velocity limit, the vehol can along the right ascension direction and the motion scan
switching time of the A-B rotator is obtain & . Thus, along the declination direction.
TaB-tine = TaB — Tfocal- Figure 8 depicts a sample observation trajectory of the

One of the feeds of FAST is the multi-feed receiverMotion scan along the right ascension direction in the as-
(19-beam 1.051.45GHz receiver). A rotational mecha- tronomical coordinate system and in the Cartesian coordi-
nism is installed with the multi-feed receiver to realize th Nate system, which includes an observation segment along
rotation motion according to the requirement for astronomthe declination direction (vertical line) and transiticgs

ical observation. Similarly, th& uiifeed_1ine Which is the ment along the right ascension direction (horizontal line)
source switching time of the multi-feed rotational mech-The inflection is formed at the junction of the observation
anism on the straight line segment can be calculated aSection and transition section. The data on the transition
segment are not useful, thus the transition segment can be
planned. For reducing the disturbance of the mechanism
¢) Completing the source switching planning: ot the inflection, an acceleration section and a deceleratio
According to the relationship between time and velocitysection can be added on the transition segment. Figure 9
(angular velocity) and acceleration (angular accelenfio jj,strates the motion planning process. The planned time
time and coordinate value planning can be performed fogy ihe transition segment s definedtaswhich is the most

the six-cable-driven parallel robot, the A-B rotator an€l th jhortant parameter in the observatory planning algorith-
multi-beam rotation mechanism separately. m.

pm pm

TAB—line-

d) Based on Equations (£)9), the related planning Figure 10 displays the parameters related,tn the
parameters of the six-cable-driven parallel robot and th€artesian coordinate system. The dotted line is the actual
A-B rotator can be calculated. route in timet,. V,, is the velocity at the end of the ob-
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Fig.11 A sample observation trajectory along the declinationafios.
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Fig.12 Motion planning process of the motion scan along the detidinalirection.

servation segment (also at beginning of the transition segn the right ascension direction in the Cartesian cooréinat
ment),p,, is the slope of observation curve apdis the  system.
slope of the transition segment. Based on the analysis of

the observation curvé/,,, p.., V. andl, can be described The maximum tolerance dp,, — p.| and the maxi-
as: mum acceleratiom,,,., can be regarded as the limiting
Vi = 0.008V, + 0.292Vjec + 10.19, (11) condition to calculate; by examining the acceleration
o = 0.079Vee — 0.0133 (12) curve which is shown in Figure 6.
V., = _0.71@ +10.68 (13) In Figure 11, a sample observation trajectory of the
to ’

motion scan along the declination direction in the astro-
nomical coordinate system and Cartesian coordinate sys-

Here the unit ofl,, is mms™'; V.. is the scanning tem includes the observation segment along the right as-
speed in the declination direction in the astronomical €oorcension direction (horizontal line) and transition segtmen
dinate system and its unitish—'; V. is the scanning speed along the declination direction (vertical line).

Iy = 0.5tV . (14)
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Tablel Parameters of the Feed Support System

Parameter Symbol Value
Radius of the reflector R 300 (m)
Focal ratio f 0.4621
Radius of the focal surface r 162.15 (m)
Zenith angle ZA 40 (°)
Maximum acceleration of the feeds on start/terminatioséotation planning Amax 10 (mms 2)
Maximum acceleration of the feeds on transition segment At —max 15 (mms 2)
Maximum source switching velocity of the feeds Vs —max 400 (mms!)
Maximum source switching acceleration of the feeds As_max 25 (mms2)

Vin—ine = 0.751Vige + 11.3. (16)

Here the unit ofl,, and V,,,_inv is mmst; Vi is
the scanning speed in the declination direction in the astro
nomical coordinate system and its unitisHs

So,

t3 =1g+t1 = 2Vm/Amax + 2Vm—inv/Amax . (17)

Then, the scanning speed in the declination direction
in the astronomical coordinate system and the Cartesian
coordinate system can be described as

Fig. 13 Related parameters of in the Cartesian coordinate system.
9 P y Vitee = 60/13, (18)

Vp = 0.008VZ,. + 0.292Vge + 10.19.  (19)
Therefore,

- (QASmaxtB + SVD) + \/(2ASmaxt3 + SVD)2 —4 (ASn)axt3)2
2Asmax )

to

Focal suurface Zenith angle

(20)

4 SIMULATION AND DISCUSSION

Fig. 14 A sketch map of the feed support system.

The main parameters of the feed support system are dis-

As exhibited in Figure 12, the process of motion plan-Played and listed in Figure 14 and Table 1.
ning for the motion scan along the declination direction ~ AS anexample, motion scan trajectories along the right
is proposed, which adopts two acceleration sections an@scension direction are planned as depicted in Figure 15.
two deceleration sections on the transition segment. The Then, the velocity and acceleration result of this tra-
planned time of the transition segment is definedt.as Jectory with start and termination planning is shown in
which is the most important parameter for the observatoryrigure 16.
planning algorithm. According to Figure 16, the motion planning algorith-

Figure 13 shows the related parameters ofthia the M ensures the moving velocity of the feed support system
Cartesian coordinate system. The dotted line part is the aéS consistent with the observation speed on the observation
tual route in the time.. V,, is the velocity at the end of segment. Meanwhile, the lower change rate of the veloci-
the observation segment (forward direction along right asty and the acceleration of the feed support system reduce
cension), and,,,_i,. is the velocity at the beginning of the the disturbance of the mechanisms, leading to a stabili-
next observation segment (reverse direction along right ady feed support system and a high observation efficiency.

cension). Based on analysis of the observation curve, thel€n, planning for the source switching can be completed
can be described as: based orPy, andP;, and the Figure 17 demonstrates the

one cable planning result of the six-cable driven parallel
Vi = —0.751Vee + 11.3, (15) manipulator, which is stable.
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