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Abstract— Five-hundred-meter aperture spherical radio tele-
scope (FAST) is a very famous large-scale scientific facility
with excellent performance for astronomical observation in the
world, but it currently fails to observe the center of the Milky
Way Galaxy due to the limited observation angle that is affected
by the heavy weight of the feed cabin. To improve this problem,
an upgraded feed mechanism (UFM) with a lighter cable struc-
ture is designed and employed to replace the existing heavy rigid
A-B rotator and Stewart platform in the feed cabin of FAST.
The structural dimension of the UFM is analyzed and optimized
under cable tension constraints to meet the requirements of
the observation angle. Then, a novel disturbance increment
method is proposed to analyze the anti-disturbance ability of
the UFM, where a gradually increased disturbance wrench
is applied to the UFM with the stiffness matrix iteratively
updated. Through the dimensional optimization and further
anti-disturbance analysis, the newly-designed UFM can indeed
meet the higher demand for astronomical observation with the
larger observation angle, which benefits from the lightweight
cable structure. Besides, the UFM also has the appreciable anti-
disturbance ability for long-term stable operation of FAST.

I. INTRODUCTION

Five-hundred-meter aperture spherical radio telescope
(FAST) is the largest and most sensitive single-aperture
radio telescope in the world. Based on the abilities of large
receiving area, accurate tracking, and multi-beam reception,
it has become a powerful tool in the field of medium-low
frequency radio astronomy, such as pulsar search, neutral
hydrogen observation, and dark matter detection, etc. [1]—

[4].

FAST is mainly composed of a main reflector, a six-cable-
driven mechanism (SCDM), and a feed cabin with multiple
feed receivers (see Figs. 1(a)(b)), where the SCDM is used
to control the feed cabin to track the electromagnetic waves
converged by the main reflector. The feed cabin consists of
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Fig. 1. (a) Six-cable-driven mechanism (SCDM) and the feed cabin. (b) Star
frame, A-B rotator, and Stewart platform in the feed cabin. (c) Schematic
diagram of the star frame and the UFM.
a star frame, an A-B rotator, and a Stewart platform [5].
The former one is a metal frame that is used to support
the heavy components, and the latter two are controlled to
further compensate for the remaining angle and tracking
errors, respectively. Then, under the two-level control, the
feed receivers installed on the Stewart platform can have
satisfactory tracking accuracy in receiving the waves [6].
At present, FAST is operating safely and efficiently with
more than 5300 hours of observations per year, but it fails
to observe the center of the Milky Way Galaxy, which is
limited by the observation angle (or the so-called tilt angle
in astronomy) [7], [8]. Currently, the maximum tilt angle of
FAST is only 40°. In order to observe the galactic center,
the maximum tilt angle of FAST should be extended to 50°.
However, since the heavy rigid structure of the A-B rotator
and Stewart platform make the feed cabin weigh up to 30-
ton [9], [10], the cable tensions of the SCDM almost reach
the safe threshold when the tilt angle is 40°. As a result,
for the current FAST, the tilt angle cannot be extended and
no additional feed receivers can be added due to the weight
limit. Although it is possible to increase the maximum tilt
angle in theory by rotating the A-B rotator, the heavy A-
B rotator can only achieve a rotation of 18° for ensuring
structural strength, and there is no more room for rotation.
Therefore, to meet the new observation requirements of
FAST, the following two conditions should be considered:
(1) The weight of the feed cabin should be reduced as much
as possible, e.g., from 30-ton [10] to 3-ton; (2) The tilt angle
must be increased from 40° to 50° for observing the galactic
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center. Under such a background, our team cooperates with
the team of FAST [11] and proposes an upgraded feed
mechanism (UFM) to replace the current A-B rotator and
Stewart platform, which is actually a reconfigurable cable-
driven parallel mechanism (see Fig. 1(c)). Due to the light
weight of cables, the UFM is expected to reduce the weight
of the feed cabin so as to meet the requirements of tilt angle.
Besides, UFM can be reconfigured for different observation
tasks to obtain better performance.

For the designed UFM, there are two fundamental but
critical problems that need to be handled urgently. One is
to analyze the influence of structural parameters on the tilt
angle and optimize these parameters to meet the observation
requirements within constraints, and the other is to analyze
the anti-disturbance ability of the UFM to demonstrate the
feasibility of the design. Actually, a weak anti-disturbance
ability of the UFM may make cable tensions exceed upper
bounds or create control problems [12], [13]. For the first
problem, a cable-driven mechanism with large rotational
capabilities was proposed and its rotational capability was
analyzed in [14], but the structural parameters are not opti-
mized. The effect of different structural parameters on the tilt
angle is worth discussing in the optimal design of the UFM,
which can provide guidance on the parameter selection. The
structural parameters of the FAST have been optimized in
[15], [16], but the used catenary cable model of FAST is not
suitable for the UFM due to different scales. For the second
problem, the disturbance wrenches of the UFM may be
seriously caused by winds or the outside SCDM. Generally,
experimental methods are used to analyze the influences of
disturbance wrenches on the position and orientation of the
cable-driven mechanism [17]. However, compared with the
traditional experimental verification method based on the
actual prototype, a complete numerical simulation algorithm
is also necessary, which can be used for the preliminary
analysis in the absence of a prototype. Currently, such an
algorithm is lacking.

Focus on the above two aspects, we analyze the influence
of structural parameters on the tilt angle and realize the di-
mensional optimization of the UFM with tension constraints.
Then, based on the optimized structure, the maximum value
of wrenches that the UFM can withstand is calculated, which
represents the evaluation of the anti-disturbance ability.
Firstly, the structure and working mode of the UFM are
introduced. Since the feed cabin moves in the workspace
at the low speed of 0 ~ 24 mm/s, its motion state can
be considered as the static equilibrium, so that the static
model of the UFM is established. Secondly, by considering
the influence of different structural parameters of the UFM
on the tilt angle, the parameters that play a major role is
chosen to optimize the structural dimension. On this basis,
the disturbance increment method is proposed to analyze
the anti-disturbance ability. A disturbance wrench that is
gradually increasing is applied to the moving platform with
the stiffness matrix updated accordingly. Then, combining
with the elasticity equation and cable tensions, the maximum
value of the disturbance wrench can be obtained. Through
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the above analysis, the results show that it is feasible and
reasonable to replace the current A-B rotator and stewart
platform in the feed cabin of FAST with the newly-designed
UFM, the larger tilt angle can be achieved and the apprecia-
ble anti-disturbance ability for long-term stable operation of
FAST can be also satisfied.

The rest of this paper is organized as follows. Section
II discusses the modeling of the UFM. In Section III, the
structural dimension are optimized by considering the tilt
angle. The anti-disturbance ability of the UFM is then
analyzed in Section IV and the full paper is finally concluded
in Section V.

II. MODELING

As shown in Fig. 2, the UFM mainly includes a 6-DOF
moving platform, 6 pulleys, 6 cables, 6 fixed cable anchors,
6 movable cable anchors, and 6 guide rails. The movable
anchors B; (¢ = 1, ...,6) can slide on the guide rail mounted
on the star frame and the cable anchor D; is fixed on the star
frame. Each cable is drawn from the anchor B;, wrapped
around the pulley, and then connected to the anchor D;.
Six cables are used to control the orientation of the moving
platform and the configuration of the UFM can be adjusted
by changing the positions of the movable cable anchor B;
on the guide rail for obtaining better performance, e.g. for
more balanced cable tensions.
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A. Working mode of the UFM

In Fig. 2, three coordinate frames are established. A global
coordinate frame G — %y 2 is fixed at the bottom center
of the reflector, a local coordinate frame S—x°y° 2° fixed on
star frame is established at the plane center of the reference
plane, and a local coordinate frame M — 2™y 2™ fixed on
the moving platform is established at the center of gravity
of the moving platform.

As shown in Fig. 3(a), when tracking a radio source,
both the main reflector and the feed cabin need to be po-
sitioned through coordinated motion. Electromagnetic waves
are gathered to the focus of the main reflector, and then
the feed cabin tracks the focus accurately to achieve high
precision reception. Due to the rotation of the Earth, the
incident angle of electromagnetic waves will change, and
the main reflector also needs to be adjusted for gathering the
electromagnetic waves, which will result in many different
focuses. All these focuses form a spherical focal surface with
the center of curvature O,. Note that the axis z located in
the moving platform must point to O,.

Since the feed cabin consists of the star frame and the
UFM, to achieve this pointing motion, it is necessary to rely
on the rotation of the star frame and the moving platform
of the UFM. T&T (Tilt-and-Torsion) angles [18], namely
azimuth, tilt, and torsion angles, are used to describe the
orientations in this paper. As shown in Fig. 3(a), under the
control of SCDM, the rotation angle of the star frame is the
tilt angle o, (angle between z°-axis and z“-axis), and at the
same time, under the control of the cables in the UFM, the
rotation angle of the moving platform with respect to the star
frame is the tilt angle ¢,, (angle between 2" -axis and z°-
axis). Since the UFM is fixed on the star frame, the total tilt
angle ¢ (angle between 2" -axis and 2“-axis) of the moving
platform is ¢ = ¢, + @s. With the priori experiences and
simulations of the FAST team, the relationship between the
s and ¢ is expressed as

[ 3p/8,0° < ¢ < 30°
s _{ —212/1600 +93¢ /80— 189/16,30" < ¢ < 90° °
(1
In the working mode of UFM, both the star frame and
the moving platform have no torsion, and as shown in Fig.
3(b) , the azimuth angle # (# € [0,360°)) is defined as
the angle between x°-axis and x%-axis, which is positive
in anticlockwise direction.

B. Modeling

To represent a rotation matrix, Quaternions are used with
a unit axis YK = [k, ky k:z]T and a rotation angle ¢y, hence
a unit quaternion is denoted as ¢ = [qo0 ¢1 G2 Q3]T, where
qo = cos G, q1 = kysin ¢, qo = kysin ¢, g3 = k. sin ¢,
and the rotation matrix can be written as

R (q0.q1,q2,93) =
@B+a—a—@ 2qee —q93)  2(q092 + ¢1g3)
2012+ @) @ -G+ B — @ 209293 — qoq1)

200193 — q0q2)  2(qoq1 + 42a3) GG — ¢ — @ + 43 )

When the star frame and the moving platform locate at
0 (see Fig. 3(b)), they have the same unit axis: IK =
[cos(0—n/2) sin(f—7/2) 0]T = [sin & —cos # 0]T, and have
different rotation angles: ¢, = @5 and @ = ¢, respectively.
Hence, the rotation matrices of the star frame and moving

platform in G — 2%y 2 are respectively expressed as
— cos fsin £= O) ,

IR — L Ps win fain Lo
R, —R(COb > sinfsin 5 5

9Rm:R(COS% sinfsin & — cosfsin £ 0).

3)

Since the star frame in FAST has a dimension of 7 m, the
cables in the UFM are relatively short which can be regarded
as straight and of negligible weight. In S — z5y2°, the
position vectors of cable anchors B; and D; are denoted as

sb; = [rcos (iw/3) rsin(ir/3) hg,]",

d; = [rcos (in/3) rsin(in/3) hpl”, 7

where hp, and hp are the height of B; and D; with respect
to the origin S of S — x5y2° (see Fig. 2), and r is the
distribution radius of B; and D;. Since the radius of the
pulley is small relative to the dimension of the moving
platform, the positions of the two adjacent pulleys can be
considered to be the same. Hence, the position vector " p;

in M — zMyM M of the pulley center P; is written as

1—1 27
p;= TpCOS(LTJf

i71J27T T
2 3 2

m ™ .
=+ ) rpsin|

(&)
where the symbol || represents round down and r, is the
distribution radius of the pulleys on the moving platform.

Thus, the position vector *p; in S — 2y 2% is expressed as

Sp, = *R,,"p, + °t, = ‘RIIR,,"p, + °t,,  (6)

where *t, = [0 0 z,]7 is the distance vector from the origin
of S —z5y%2% to the origin of M —2MyM M Since M —
aMyM M s Jocated directly below S — z%y%2%, zp 18 a
negative value.

Due to the presence of pulleys, there are two wrap angles
a; and (; between the cable and the pulley shown in Fig. 2.

By geometric relationships, «; and 3; are expressed as

, p——
0 = o = arcsin (r,/| FBP] ) +

Eama — e 7
[I”BD:||*+]|°* BP; ||~ ||°*DP;||? )
arccos )

s s
2|l BD4||II' BPi]|

Bi = B, = arcsin(r, /|| DP)||)+
SBDi||2+-*DPi2ISBPill2) v

2||" BD;||||" DP||

arccos

3 N ——
where *BP; = °b; — °p,, *DP, = *d;, — °p;, BD, =

%b; — °d;, and 1, is the radius of pulleys.
With measuring instruments, °t,, °b;, and °d; can be
obtained. Thus, the cable length L, is written as

Li:\/||SBPiH2 — r%+\/\|SDPi||2 —r24+ry(a;+5;:). 9)

The two tangent points of the cable and pulley are denoted
as T,,, and Tpg,, reapectively, and the distance vector from
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the two tangent points to P; are expressed as

—
SPT,, = [y cos (&) Agi, Ty €08 () Ay, =Ty sin (a)}T ,

SPT[;L, = [ru €08 (8) Aui, T €08 (8) Ay, T sin (8)] ",

(10)
SBP;(1) A\
where )\ = = i
VTBP.(1)24+7BP,(2)? !
S—)
BR(2) . with “BP (1) and *BP.(2) as
VTBP.(1)*+7BF,(2)
the first and second entries in *B ﬁ;, respectively.
Thus, the static equilibrium equation is expressed as
S Ti+mg=0 an
Z?=1(9R55Rm)mpi xT;=0

where g=[00 —g

17 with g = 9.8 m/s®, T; = IR u;T;
= —

s SBP;+°PT.,, SDP;+°PTg,
with Su,; = ,_>+ z , +‘ 8¢ Then, (11) can
[I°BP;+°PTa,;||  ||°DPi+°PTg,||
be further rewritten as
NT+W =0, (12)

where ) )
N — gR;ul ‘S’U,G

- (URs°R,,"py)x°u1 ... ORSR,,™Pg) X “ug |’

W = [mg? 0117, and T = [T} ... Ts]T. Then the tensions
of six cables can be calculated by

T=-N'WwW. (13)

III. OPTIMIZATION OF THE STRUCTURAL DIMENSIONS
A. The calculation of maximum tilt angle

Definition 1: ¢,,,, is the maximum tilt angle that the
UFM can reach at a specific azimuth angle 6, (6y €
[0°,360°]) in the tension bounds with a set of structural
parameters of the UFM.

Firstly, with (13), (4. can be obtained by the following
optimization problem, namely

Prmazr = Argmin —p (14)
st. T<T KT, ps < <90°6 =6y,
where T = [QE]T and T = [ﬁmT are the
minimum and maximum tension vectors with T; = 1000N
and T, = 10000N (i=1,..,6) as the minimum and maximum
tension of cable i, respectively. Since the moving platform
must rotate with respect to the star frame, ¢ must be greater
than ¢ in (1), and considering the overturning of the moving
platform, ¢ must be less than 90°.

In Table I, the structural parameters of the UFM, r,, 2,
hg;, hp, Tp, and r, with their upper and lower bounds are
shown. For the UFM, we first selected a set of structural
parameters as the preliminary dimensions: r, = 0.1 m,
Zzp = —2m, hg, = 0, hp = =072 m, 7, = 1.8 m,
r = 2.8 m. To simplify and facilitate the solving process,
the azimuth 6 is discretized with a resolution of 1°, and
based on these dimensions, from 6y = 0° to 360°, (14)
is repeatedly calculated to get 360 different ,,,, with the
particle swarm optimization algorithm. The results are shown
in Fig. 4, where the polar angle and the polar axis represent

TABLE I
STRUCTURAL PARAMETERS

Parameter Lower Upper
arameters bound (m) bound (m)
Pulley radius: 7y, 7y = 0.08 74 = 0.15
The third entry in *t;,: zp zp =-2.3 zZp =-14
Height of B;: hB,; hBi =-05 hBi =1
Height of D;: hp hp=-1 | hp=-07
Distribution radius of pulleys: 7, rp =15 Tp =225
Distribution radius of B;(D;):r r=25 T=35

120° 60°

0
Fig. 4. The values of ¢maz at different 6y (o € [0°,1°,2°,...360°)).

the azimuth angle 6 and @4, respectively. It can be seen
that the changes of 4, is strongly correlated with 6,
Definition 2: /., is the maximum tilt angle that the
UFM can reach at all azimuth angles in the tension bounds
with a set of structural parameters of the UFM.
To obtain @74, the optimization problem is given as
PMaz = arg 96[%}’1&00}111111

S (15)
st. T<TLT, @5 < < 90°.

Thus, @prq, 1s the minimum one of all the results in (14),
and @prq, 1S only 38.35° shown in Fig. 4, which far less
than 50°. In other words, the tilt angle of the UFM with
the preliminary dimensions can not reach 50°. Hence, the
structural dimension of the UFM should be optimized.

B. Optimization of the structural dimension

Before the optimization, analyzing the influence of these
parameters on @, can provide reference for dimension
optimization. The single variable principle is employed to
change the value of only one parameter at a time within
its bounds, leaving the other parameters unchanged. Then,
the relationship between s, and the changes of these
parameters are shown in Fig. 5. In Fig. 5(a), although the
increase of r,, contributes to the raising of ¢4, it cannot be
set too large due to the structural size of the moving platform.
From Figs. 5 (b)-(d), with the increase of hp, and hp, and
the decrease of z,, Ynrrq, becomes larger. In Figs. 5(e)-(f),
when r,, grows, a4, increases, while r is the opposite case.

Therefore, to improve sz, the five influence parameters
that play a major role, 2, hp,, hp, rp, and r, are chosen to
optimize structural dimensions by

min ( min —<p>
6=0°,1°,...,360° \ zp,hp, ,hp,r\rp,
stT <T LT, s < <90°
hp, < hp, < hp,, hp < hp < hp,
r<r<T oy <1y KT, 2 < 2p < 5,
r—r, =08 m,*d;(3) > *p,(3).

(16)
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Fig. 6.

To ensure sufficient motion range of the moving platform,
r —r, > 0.8 m, and to maintain a suspended configuration
of the UFM, °d;(3) > °p;(3). Since (16) is an nonlinear
optimization problem with a large number of parameters,
the particle swarm optimization algorithm is used to solve
it. Then, the result is @psq, = 50.8° with hp, = 1m, hp =
—0.7m, r = 2.5m, r, = 1.7m, 2z, = —2.3m, which indicates
that the UFM can meet observation requirements. With these
optimized structural parameters, the tensions of six cables in
the whole workspace with discrete values of 1° when 6 €
[0,360°], ¢ € [0,50°] are shown in Figs. 6(a)-(f). Note that
the unit of cable tension is the weight “mg” of the moving
platform, and the tensions are within bounds in the whole
workspace. Besides, the variation of tensions has no sharp
changes and spikes.

IV. THE ANALYSIS OF ANTI-DISTURBANCE ABILITY

During operation, the UFM may suffer from the distur-
bances from winds or the vibrations of the star frame caused
by the outside SCDM. Therefore, an important characteristic
of the UFM is that the appreciable anti-disturbance ability
for long-term stable operation can be achieved. Hence, in
this section, the maximum disturbance wrench that the UFM
can withstand is analyzed.

For given 6 and ¢, suppose that the moving platform is
static, then the cable length L; can be calculated in (9) and
the cable tension T; can be obtained by (13). By considering
the elasticity of cable 7, the elongation AL; can be got by

AL; = L; — Lig = LioT; /EA;, (17

where L;o is its original cable length, E is its elastic
modulus, and A; is its cross-sectional area. Then, (17) can
be further deduced to get

Lig = LiEA; /(T; + EA), (18)

Ty = EA(Li/Liy — 1). (19)

Definition 3: The pseudo-drag state, that is, when the static
moving platform is located at given 6 and ¢, the tension
T; < 0 due to the existence of disturbance, at this time the
state of the cable is pseudo-drag.

For the convenience of subsequent analysis, X =
[Stg 7T is used to represent the pose of the moving
platform with ¢ is represented by ZYX Euler angle. By the
previous optimization of (16), one gets *¢, = [0 0 —2.3]"m.
For given 6 and ¢, the corresponding ¢ can be calculated
by the rotation matrices in (3).

The disturbance force and moment acting on the

moving platform in S — z%y5z% are denoted as
Fep = [Few:bt Fégmt Fezzt}T’ My = [Mexzt Méyzt Mezzt]T’
respectively. In order to simulate the disturbance
force and moment from all directions, a unit
force and moment are respectively defined as
fewt = [sinficosa; sinfisina; cosfi]’ ,mes =

[sin B2 cos iy sin B sin s cos /BQ]T , where aj,a0 €
[0°,360°] and (1,832 € [0° 180°]. Hence, the disturbance
force and moment can be further written as

Fezt - HFethfe:ctaMezt = ||Mezt‘|mezta (20)

where || Fc:|| and || M ..+ || are the norm of F.,; and M ..,
respectively. Based on the priori knowledge of FAST, there
is a ratio N, between||F .|| and || M cp:

HMewt”:NrHFea:tw (21)

The total dist&;rbancc wrench is then denoted as AF =
|:F Z:vt M th:|

A. Disturbance increment method

The disturbance increment method is then adopted to
analyze the anti-disturbance ability of the UFM. The dis-
turbance wrench AF' is divided into n parts, and then the
unit disturbance wrench can be written as: 0F = AF/n.
When §F is applied to the moving platform, the generated
pose offset § X can be obtained as

§F = K(X)0X, (22)

where K (X)) is the stiffness matrix of the UFM. By appling
0F to the moving platform repeatedly for n times, the total
pose offset AX is AX = 22‘;1 0X. Hence, the effect
of the disturbance wrench AF' is simulated. The procedure
of the proposed disturbance increment method is given as
follows.

Step 1. Given 6 and ¢, the cable length L; and the cable
tension 7; can be obtained, and then the original cable length
Ly is calculated by (18); with (3), one gets the pose X; The
initial value of || F¢y|| is set and by picking random values
of a1, 9,1, and Bs; k different disturbance wrenches are
generated to form a wrench set.

Step 2. A wrench AF is extracted from the wrench set.

Step 3. Set j = 1 and the small disturbance wrench J F' =
AF /n is acted on the moving platform resulting in a pose
offset 6X = K 10F. Update the pose X ¢,y With X +0X
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Fig. 9. The maximum disturbance wrenches. (a) The disturbance forces.
(b) The disturbance moments. (c) The projection of Fig. 9(a) in xy plane.

and then update the cable length L; with the new pose X.
With L;, obtained in Step 1, the tension is calculated using
(19). If T; < 0, the maximum disturbance wrench that the
moving platform can withstand is j§F' and then the process
can be ended. Otherwise, if T; > 0, K(X ey) is further
calculated and j < j + 1.

Step 4. Repeat Step 3 n times. If the maximum distur-
bance wrench is not found, start over from Step 2 to Step
4 until all the & wrenches have been tested.

Step 5. Update the value of ||[Fep¢|| with ||[Fept|| =
|| Fext||+d (d is a constant) and start over from Step 2 until
the maximum disturbance wrench is found with 7T; < 0.

B. Simulations

In simulations, the above parameters are set as: the elastic
modulus E = 1.6 x 10! Pa, the cross-sectional area A; =
5.94 x 1075 m?, k = 150, N, = 0.2522 in (21), || Feut|| =
0.034mg, and d = 0.0017mg (in Step 5).

At ¢ = 30° the maximum disturbance wrench is cal-
culated with a resolution of 10° azimuth angle. The norms

of the maximum disturbance wrenches at different azimuth
angles is shown in Fig. 7(a) with its polar angle represents
#, and its polar axis is a norm of a maximum disturbance
wrench expressed by “mg”. At § = 30°,150°,270°, the three
peaks mean the relatively strong anti-disturbance ability. The
minimum norm of these wrenches is 0.079 mg, hence the
disturbance wrench that the UFM can withstand is relatively
large. When the moving platform is not affected by any
disturbance wrenches, tensions 7; at 6 € [0, 360°], ¢ = 30°,
are calculated, and then the minimum one among 7; at each
azimuth angle 6 is counted ( see Fig. 7(b)). From the peaks
of Fig. 7(a) and 7(b), the variation trend of wrench norms is
strongly correlated with that of the minimum tensions.

At ¢ = 50° the norms of the maximum disturbance
wrenches at different azimuth angles are shown in Fig. 8(a).
Compared Fig. 7(a) with Fig. 8(a), it is found that the anti-
disturbance ability of the UFM becomes weaker with the
increase of ¢. Even at ¢ = 50°, the anti-interference ability is
sufficient with the minimum norm 0.042 mg of the maximum
disturbance. The minimum one among 7; at each azimuth
angle 6 is counted in Fig. 7(b) when the moving platform is
not applied any disturbance wrenches. Similarly, the variation
trend of the wrench norms is the same as that of the minimum
tensions.

Corresponding to Fig. 8(a), the maximum disturbance
wrench (force and moment are expressed separately) at
each azimuth angle is counted and represented by a colored
segment shown in Fig. 9. The length and direction of a seg-
ment represent the magnitude and direction of a maximum
disturbance force (moment), respectively. The end of each
segment is marked with §. For example, § = 30° marked
with a red box indicates that the UFM is located at § = 30°.
In Fig. 9(a), the disturbance forces are mostly in the upward
direction while the moments have no obvious directionality
in Fig. 9(b). Note that the directions of disturbance forces
are related to the structure of the UFM in Fig. 9(c) .

V. CONCLUSION

In this paper, an upgraded feed mechanism (UFM) is
proposed to replace the existing rigid A-B rotator and Stewart
platform in the feed cabin of FAST, which can increase the
observation angle by reducing weight of the feed cabin. By
analyzing the influence of structural parameters on the tilt
angle, the main influence parameters are chosen to optimize
the dimension of the UFM, which then makes the maximum
tilt angle increase from the current 40° to the future 50°.
Besides, a novel disturbance increment method is used to
analyze the anti-disturbance ability of the UFM. Simulation
results indicate that the anti-interference ability becomes
weaker with the increase of the tilt angle, but at the maximum
tilt angle, the UFM still has the appreciable anti-disturbance
ability. Hence, the UFM can not only realize the weight
reduction, so as to expand the observation range of FAST,
but also achieve long-term stable operation performance. In
the future, we will build a real prototype of the UFM to
experimentally verify the effectiveness of the upgrade in
FAST.
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