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Abstract This paper presents a new measurement system based orafimegnethod that can provide
all-weather dependability and higher precision for the sneament of FAST's feed support system. The
measurement system consists of three types of measuritgneepts, and a processing software with the
core data fusion algorithm. The Strapdown Inertial Nav@asystem (SINS) can autonomously measure
the position, speed and attitude of the carrier. Its owntsbating is that the measurement data diverge
rapidly over time. SINS must combine the Global Position8ygtem (GPS) and the Total Station (TS)
to obtain high-precision measurement data. The Kalmamifijealgorithm is adopted for the integration
measurement system, which is an optimal algorithm to egtittee measurement errors. A series of tests
are carried out to evaluate the performance. For the feenh,cdte maximum RMS of the position is
14.56 mm, the maximum RMS of the attitude is 0.09%bese values are less than 15 mm and @dthe
precision for measuring the feed cabin. For the Stewart pudatior, the maximum RMS of the position
is 2.99 mm, the maximum RMS of the attitude is 0.09Biese values are less than 3mm and¢ @4 the
precision for measuring the Stewart manipulator. As a teghe new measurement meets the requirement
of measurement precision for FAST’s feed support system.
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1 INTRODUCTION and attitude of the feed cabin are measured and compared
with the theoretical planning value. The difference value
The Five-hundred-meter Aperture Spherical radiojs provided to the control mechanism of six parallel cables
Telescope (FAST) is the world's largest single dish andgs control information. To accurately locate the feeds, the
the most sensitive radio telescope, which is located ifeal-time position and attitude of Stewart manipulatorcthee

Guizhou PI’OVince, China. The construction was Comp|ete§b be measured to provide a basis for adjusting the Stewart
in September 2016. After 3 years of commissioning workmanipulator.

the telescope is now ready for open running. . o .
. . - According to the sensitivity requirements of the tele-
The orientation of the telescope receiver is controlled h i  the tel N
by the feed support system. As shown in Figliréhe tele- SCOpe, e pointing accuracy of In€ [E1escope Feceiveris re

scope’s feeds are mounted in a 30-ton feed cabin ata heigﬂg'red to be 18, the control accuracy of the feed cabin is

. mm. The measurement accuracy of the feed-cabin’s po-
of about 140 meters and with a movement range of about.. . . . .
sition is 15 mm, the measurement accuracy of its attitude is

206 meters. The feed cabin is suspended and driven by Sl)i)
. . e about 0.2, the measurement accuracy of the Stewart ma-
parallel cables. To realize high-accurate positioningneft . ) e
nipulator’s position is 3mm, and the measurement accura-

feeds, a fine-adjusting mechanism including an AB rotator . . . on
and a Stewart manipulator is inserted between feeds and of ts attitude is about 0I(Jiang et al. 201p

the cabin body to compensate for the vibration and devi-  In the early stage of FAST's commissioning, the mea-
ation caused by large-span cables. The real-time positiosurement scheme of the feed support system adopted to-
tal station. The angle accuracy of total station can reach

* Corresponding author 0.5, the position accuracy of short-range can reach less
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than 0.5 mm. However, total station has the disadvantages
of uncertain time delay and it is sensitive to the weather
conditions. Weather such as rain, fog and light intensity
can cause the total station to fail to find the target and the
measurement accuracy also decreases significantly. This
decrease affects the control accuracy of the feed support
system and results in the pointing deviation of the tele-
scope feeds. When the deviation is too large, the telescope
fails to observe.

To extend the effective observation time of FAST, the
measurement scheme of the feed support system should
meet the all-weather requirement. However, the total s-
tation cannot meet this demand and so the measuremen-
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Table 1 SINS Performance

Index name gyro value acc value
Scale factor repeatability 20 ppm 100 ppm
Scale factor nonlinearity 20 ppm 100 ppm
Measurement range +400° s~ 1 +50¢9
Stability of zero offset 0.01h—'(1s)  100ug
Repeatability of zero offset  0.01h~!(1s)  100ug
Random walk 0.001h—1/2 N/A

Table 2 GPS Receiver Performance

Index name Value
Plane static accuracy +6mm
Altitude static accuracy +8.5mm

Combined postprocessing accuracy+5 mm+1ppm
20Hz

Data update frequency

t scheme has been upgraded to the integration measure-
ment. The new measurement scheme includes a strapdown
inertial navigation system (SINS), global positioning-sys

Table 3 TS Performance

tem (GPS) and total station (TS). SINS provides position, rdelx name (:/leue
. . . . ngle error .
speed and attitude data without external information, but Position error  0.5mm-+1 ppm
SINS can only guarantee short-term accuracy. However, Time delay 10ms
SINS works independently for a long time, the measure- Measure range  1.5m-3500m

Measure time 2.4 s (one time)

ment data diverge rapidly and the measurement accuracy
decreases significantlyfn 2014. The current RealTime

Kinematic (RTK) GPS can achieve centimetre-level po-tem;' rellab|I|ty: Two Ioc;il re]}erence sta:]lons are .|r.1I$1'dI
sition accuracy with a local reference station. It is weII-O_n the mountain near the telescope, whose posmon_coor—
flinates are known accurately. RTK was used to obtain the
center position of the feed cabin. Two high-precision s-
GPS has shortcomings such as satellite signal loss, Wholg_apdown mertllal navigation system dgwces are installed
in the feed cabin: one for the feed cabin measurement and

cycle ambiguity, and signal multipath effect. The integrat her for th o
ed SINS/GPS can make up these shortcomings and provi&lée _Ot er or_ the Stewart mar_npu ator measurement. SINS_
(agwce consists of a three-axis gyroscope, and a three-axis

all-weather and high-accurate measurement data about p o . L
sition and attitude. The measurement of the feed cabin usggcelerometer. Six high-precision tqtal station mstrntﬂ?
integrated GPS/SINS. The position measurement accura /€ placed on the measurement .-SFatIOI’]S through FAST S re-
of the Stewart manipulator is 3mm. Only TS can meet thig ecting surfaC(_a, to measure po_smon of the_Steyvart manip-
high demand, consequently the Stewart manipulator use'fga'[or by the distance intersection method in Fig2(s).
integrated TS/SINS. The integration algorithm utilizes a o

Kalman filter, which has became a standard data fusion ag-1 Hardware Specifications

proach in GPS/SINS integration system. A Kalman filter is,-l-0 ensure high-precision position and attitude measure-

also used for the integrated TS/SINS on the Stewart Manent, the integration measurement system uses high-
nipulator.

known that multiple GPS antennas can be used to dete
mine the attitude Qrassidis & Markley 1997 However,

precision measurement devices such as SINS, GPS receiv-
er and TS. The error distribution of each device is shown
2 DESCRIPTION OF INTEGRATION in Tablesl to 3.
MEASUREMENT SCHEME

_ o 2.2 Measurement Process
The tracking speed of the feed cabin is 22mm',s

and the maximum speed of the changing source iFhe process of the measurement system is shown in
400 mm s'.The maximum inclination of the feed cabin Figure3. The integration measurement system starts, TS
is 15°, and the maximum inclination of the Stewart manip-initializes to find the measurement targets and receives
ulator is 30. As shown in Figur@(a), on the outer frame the real-time data from the weather station. GPS receiver-
of the feed cabin, six choke antennas are installed at equalsearch for the available satellite signals and establish a
intervals to receive satellite signals, among which three a communication link with the local reference stations. SINS
BeiDou receivers and the other three are Leica receiveconducts initial alignment to determine the initial attiéu

s. They are used as mutual backups to improve the sysf the measured object; i.e., yaw, pitch and roll. Then the
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(a) (b)

the choke
antenna

(a) (b)
Fig. 2 lllustration of the hardware in the integration measuretnsgatem.

SINS updates the attitude, speed and position, and finaB CALCULATION METHOD OF INTEGRATED
ly Kalman filter is used for information integration to ob- MEASUREMENT

tain the high-accurate measurement results. Because the

feed support system moves at a low speed, the yaw err%r
calculated by SINS is large, and a multiple GPS antennas’
scheme is adopted to determine the yaw of the feed cabin.
Both the A-B axis and the Stewart manipulator are rigidThe initial alignment of SINS is a process of determin-
bodies, consequently the yaw of the Stewart manipulatoing the reference navigation coordinate frame. SINS is just
can be derived by extrapolating attitude of the GPS/SINS, startup. The orientation of the feed-cabin body coordi-
integration system.When TS cannot use, the position angate frame-frame), relative to each axis of the reference
attitude of the Stewart manipulator are calculated with thenavigation coordinate framex{frame), is completely un-
feed cabin’s measurement information and the moving valknown or not accurate enough. Therefore, it cannot en-
ue of A-B axis and six bars in the feed cabin. The A-B axister the navigation state immediately. The coarse alignment
and six bars are controlled by the optical encoder multiturimethod can determine the angle betwédrame and.’-
absolute, this encoder’s attitude accuracy is less thdf) 0.4frame with two vectors such a8 andw?.. When the feed

its position accuracy is less than 1 mm. This precision cagupport system is stationary or moving at a constant speed,
meet the requirement, such as attitude accuracy isshd  the gyros measure the similar earth rotation rate, the ac-
position accuracy is 3 mm, for measuring the Stewart macelerometers measure the local gravitational acceleratio
nipulator. (Gu et al. 2008

1 SINS Initial Alignment
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Measurement System Start

y

yaw)

attitude)

attitude)
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Initialization Alignment target
RTK solution SINS1 update SINS2 update Distance
[position, velocity, [position, velocity, {position, velocity, intersection

(position, velocity)

4 V 4

Kalman filterl A-B rotator and Kalman filter2

Stewart manipulator

moving information J/

Feed cabin’s position Stewart manipulator's

and attitude

position and attitude

Fig.3 Process of the integration measurement system.

The attitude matrixC;, which relates the body can be calculated as follows:
frame ¢-frame) to the computational navigation frané-(

frame), could be calculated by the following equation: CZ’ =Cy} (wi)sz) . (4)
—1 T
n’ (gn)i (gb) T The velocity-updating can be described as follows:
= | @)’ @) | W
(gn x wﬁi) (gb X wi')e) rn n rb n n n n
Vv :Cb-f 7(2wie+wen)xv +g. (5)
‘:jﬁ')b ~ wi')e ) (2)
=g, The position-updating can be calculated as follows:
whereg™ is the gravity vector im frame, f* is specific
force vector from accelerometers outpuf. is the earth =V —wl, <t (6)

rotation rate resolved in frame,&}, is angular rate vector
from gyro output. where superscript refers to then-frame, superscripb

After coarse alignment, a fine alignment follows. Thisrefers to theé-frame.C}' is attitude matrixC'Z is attitude
calculates the misalignment angle) (oetweenn/-frame  rate matrixw?, is the angular rate vector éfframe with
andn-frame. The attitude matrin@,j“ is modified by¢ to  respect tow.-frame projected i-frame,w?, is the angular
get a more accurate attitude matfiy : rate vector of:-frame with respect to earth frameframe)

cr=cn Cz?/ = [+ (6x)] Cz?/ ' 3) projected inn-frame._\_/” is velogiiy_vecto_r,_V" is velocity
rate vectory™ is position vectori™ is position rate vector.

By simultaneous Equationgt)(to (6), the attitude,
velocity and position of the carrier can be calculated.
The updating algorithm of SINS consists of position- However, the SINS has inherent defects such as divergence
updating, velocity-updating and attitude-updating. The a of navigation accuracy over time and poor long-term sta-
titude -updating is the core, and its precision plays a decibility. To solve this problem, the measurement system aids
sive role in the accuracy of the SINS. The attitude-updatinghe GPS and TS devices.

3.2 SINS Numerical Update
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3.3 Kalman Filter Substitute the angular rate of b-frame!, into

] . . ~ Equation 6), and solve the differential equation to
The essence of integration measurement is state eSt'mGét the position vectors, they are as follows:

tion. The Kalman filter is a set of mathematical equations

that provides an efficient computational means to estimate 7 _ 1 v, A= sec L Vi, h=Vy. (14)
the state of a process, and minimizes the root mean squared Ry +h Ry +h ™ '

error of that stateWelch & Bishop 2001 The state vec- Take the derivatives of Equation14), and get
tor of the Kalman filter is 15 dimensions in the integration gquations {5)—(17):

measurement system, which is described as follows:

X =[¢E, on, 90U, 0VE, VN, 0Vy @) .
SL,6X, 8h, 20, 2y,22, Ve, Vy, Va7 0A =0Ve/ (Rn + h)sec L
+ dLtan Lsec LVg/ (Rn + h) (16)

6L = 6Vn/ (Ry + h) — 0hVn/ (Rar + h)*,  (15)

where E, N andU are, respectively, east, north and up.
The last six terms are the gyro zero drift error and the ac- — ShVgsec L/ (Ry +h)*,
celerometer sensor error, which are repeatability errbrs o Sh = 6V 17)
inertial devices that have great impact on the accuracy of '
the system. The first nine terms are,respectively, attjtudavhereL is latitude, ) is longitude, is height. K is the
velocity, and position error vectors, which can be deriveddyro scale coefficient errof is the gyro installation error.
from Equations4) to (6). K 4 is the accelerometer scale coefficient ertéris the

The derivation of attitude error vectors is as follows: accelerometerinstallation errdt,,; andR y are constants.

In integration measurement system, the measurement
error is often used as a state vector. Because the Kalman

Substitute Equations] and @) into Equation 4) and use filter is a linear filter, the prediction equation of the mea-

the attitude quaternion method, and obtain the attitude egurement error is linear. Generally, the measurement error
ror vector Equationg): is relatively small, its higher order items can be ignored

. . to simplify the prediction equation of the measurement er-
¢ = ¢ X wiy, + 0wy, — Cff ([6Ka] + [6G]) wi, —€™. (9)  ror (Yan 2007. The Kalman filter equation includes state
equation and measurement equation, which are as follows:

b b b
Whp = Wip — Wiy - (8)

The derivation of velocity error vectors is as follows:
Equation b) is the ideal velocity equation, and the actual

. o Xy =FXp1+Wi_1, (18)
velocity equation is as follows:

< ~ . . Zy = HXk + Vi, 19
V= Cpft— (200 +an,) x V' 4 g". (10) (19)

. . where subscript — 1 is the last timek is the current

Subtract Equationl() from Equation §) time. F is the state transition matri¥/ is the measure-

SV = [(I — px)CP (f° + 6f°) — Cp Y] ment matrix IV is the system noisé/ is the measuremen-

. . . . t noise,Z is a measurement vector, in the integration of

- { 2 (wie + dwit) + (we,, + dwey, )] an GPS and SINS, the form of measurement vedter s is

X (V4 5V™) — (22 4wl X V"} as EquationZ0), and in the integration of TS and SINS,
e the form of measurement vectdr-_ s is as EquationZ1):
+ dg".
Zg-s = |Vag — Vsg,Van — Vsn, Vou — Vsu,

Expand Equation 1(1) and omit the second order s- N (20)
mall quantities of the error, the velocity error vectors La —Ls;Ag = As,ha — hs]
Equation (2): Zr-s = Vrg — Vsg,Vrn — Vsn, Vv — Vsu, (21)
SV == " x f" + Cf (6K a] + [64)) f* Ly — Lg,A\r — As, hy — hs]T .
+ V™ x (2wl + W) (12)

In practice, due to the strong observability of position
+ V" x (20w, + dwl,) + V™. and velocity vector, the initial value of state vector and
corresponding root mean square error matrix is allowed

The derivation of position error vectors is as follows: ) ; X i
to be relatively large, and they will converge rapidly with

- R}é’ih the update of filtering. Secondly, the smaller the variance
wh= inh . (13)  matrix of system noise is, the lower the utilization rate of

inh tan L the measurement vector is. However, the utilization rate of
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measurement vector is higher when the variance matrix o
measurement noise is smaller, and vice ve¥sa (2019.

The Kalman filter automatically adjusts the utilizatiorerat S
of state information and measurement information accord- 15 : : : : : :
. . . . . 100 200 300 400 500 600
ing to the size of state noise and measurement noise, whic s ‘ ‘ time(s)
makes the most reasonable estimation of the current statt e e
In the process of filtering, the optimal estimation value of 2y T e
state vector is continuously used to modify the SINS cal- 275
culation value, to make it close to the real position and at-
titude value. The feedback of Kalman filter is helpful to
keep the measurement error equation linear.

Y(m)

100 200 300 400 500 600
-155 time(s)

E 156 ]

-157

4 DATA ANALYSIS 100 200 300 460 560 660

time(s)

The experiment has been conducted on FAST, in Guizhogiy 4 |ntegrated position of the feed cabin while tracking
province, China, to evaluate the integration measuremefihe source.

system. In the experiment, the total stations and the astro-
nomical observation trajectory were used as the references

to evaluate the accuracy of the integration measurement sc 5
lution. The experiment was carried out when the weather
conditions is available without rain, fog and strong sun-
shine, which ensures stable operation of TS. The telescop -~ - o s = s
changesthe source in first 180 seconds of the experimentt time(s)

lock onto the observed objects, followed by about 600 sec-
onds of tracking the objects. Because the integration mea ‘ ‘ ‘ ‘ ‘ ‘
surement’s accuracy of the tracking source is the main fo- 100 200 300 400 500 600
cus, the analyzing of tracking source is described in detail p——
The analyzing process of changing source is similar to the vl

tracking source, so only Tabkis used to show the in-

tegration measurement’s accuracy in the changing sourc

state. The experiment’s source is 0029+349, the observa-

tion time is from 15:32:10 to 15:45:02 on 2020 FebruaryFig- 5 Integrated attitude of the feed cabin while tracking
25. The right ascension of this source is 00:29:14.24, itEhe source.
s declination is 3956'32.2". In tracking state, the zenith

angle is [11.3, 12.9], the azimuth is [319.4 326.67]. Table 4 The Error between GPS/SINS and TS in
Tracking

;
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4.1 Verifying the Accuracy of the GPS/SINS Results

Feed cabin X Y Z yaw pitch roll
The GPS/SINS measurement scheme is used for the feettacking Ave —0.11mm 0.27mm 2.84mm —0.2750.002 —0.00P
cabin. The measurement data of total station can be used 4&cking Rms 5.58mm_4.05mm 5.62mm _0.0180.095° 0.09%
a reference. The total station’s attitude measurementaccu
racy is 0.5, the position measurement accuracy is 5mm,

which are all superior to the measurement requirement N
of the feed cabin. At the outermost edge of the feed cabépS/S”\IS result are shown in Figurésinds, the error

in, there are six optical targets. The total station cark’[racreSUItS between GPS/SINS data and TS data are shown in

these six targets to work out the real-time position and atl_zlguresﬁ and7.

titude of the feed cabin, which can be used as a reference From Table4, the maximum root mean squared error
value to verify the accuracy of GPS/SINS results. of the angle is 0.095 the maximum root mean squared

In the accuracy experiment of GPS/SINS, because therror of the position is 5.62 mm. These values are less than
difference between TS data and GPS/SINS integrated d45 mm and 0.1 as the precision for measuring the feed
ta is a very small value compared with the experimentatabin, so the position and attitude accuracy of integrated
data range, TS data and GPS/SINS integrated data can®PS/SINS can meet the measurement requirements of the
be differentiated in a figure. Therefore, only the integilate feed cabin.
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Fig.7 Attitude error between GPS/SINS and TS while Fig.9 Position of planned trajectory and TS/SINS while
tracking the source. tracking the source.

ry (X-Y-Z) of Stewart manipulator in the FAST coordi-
nate system can be derived, then the planned attitude tra-
The TS/SINS measurement scheme is used for the Stewgeictory (yaw-pitch-roll) of Stewart manipulator can be-cal
manipulator. According to the design requirements, the poeulated according to the deformation strategy of the tele-
sition measurement accuracy of the Stewart manipulator iscope. By comparing the error between the planned tra-
3 mm. However, in a scale of 206 meters and a height ofectory of the Stewart manipulator and the TS/SINS inte-
140m, there is no measurement equipment with a highgrated measurement, we can verify accuracy of TS/SINS
er precision than 3mm. No specific measuring equipmenResults. The planned trajectory of the Stewart manipula-
can be found as a reference. From the perspective of prater and the integrated TS/SINS result of tracking source
tical application, the main task of the Stewart manipulatorare shown in Figure8 and 10. In Figure9, the red line
is making telescope receivers to accurately accept the radis the planned position trajectory of the Stewart manip-
source signal. Therefore, the astronomical observat#n tr ulator and the blue line is the TS/SINS integrated posi-
jectory is used as areference for the measurementaccuratign. In Figurel0, there is the red line is the planned at-
of the Stewart manipulator. titude trajectory of the Stewart manipulator and the blue
The astronomical observation trajectory (azimuth andine is TS/SINS integrated attitude. The error results be-
zenith angle) in the horizontal coordinate system can béveen the planned trajectory and TS/SINS data are shown
calculated according to the right ascension, declinatioin Figureslland12
and observation time of the source 0029+349, as shown From Tableb, the maximum root mean squared error
in Figure8. With this value, the planned position trajecto- of the angle is 0.093 the maximum root mean squared er-

4.2 Verifying the Accuracy of the TS/SINS Results
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Table 5 The Error between Planned Trajectory and TS/SINS in Tragkin

Stewart manipulator X Y Z yaw pitch roll
Tracking Ave -2.82mm -1.00mm 2.48mm 0.210 -0.00# -0.00F
Tracking Rms 2.62mm 1.91mm 2.76mm 0.027 0.078 0.092

Table 6 The Error between Reference and Measuring in Changing 8ourc

various error X Y Z yaw pitch roll
Feed cabin Ave —0.96 mm 6.72mm 2.90mm -0120-0.14P -0.137
Feed cabin Rms 14.56 mm 6.43mm  6.12mm 0°088 0.094 0.061°
Stewart manipulator Ave  -0.62mm  -0.13mm  4.26 mm 02078 0.0066 -0.172

Stewart manipulator Rms 2.99mm

248 mm  2.99mm (2049 0.092 0.073
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Fig.12 Attitude error between planned trajectory and

Fig. 10 Attitude of planned trajectory and TS/SINS while TS/SINS in tracking.
tracking the source.
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in in the changing source state, the maximum root mean
squared error of the angle is 0.094he maximum root
mean squared error of the position is 14.56 mm. For the
Stewart manipulator in the changing source state, the max-
imum root mean squared error of the angle is 0°093
the maximum root mean squared error of the position is
2.99 mm. Consequently, the position and attitude accuracy
of integrated measurement can meet the requirements of
the changing source state.

5 CONCLUSIONS

The integration measurement system can provide all-
weather dependability and higher precision for the mea-
surement of FAST's feed support system. A Kalman filter

Fig.11 Position error between planned trajectory and@lgorithm is used to integrate SINS data with GPS data
TS/SINS in tracking.

to generate the attitude and position solutions of the feed
cabin. Meanwhile, the algorithm fuses SINS data with TS

ror of the position is 2.76 mm. These values are less thadata to generate the attitude and position solutions of the
3mm and 0.1 as the precision for measuring the StewartStewart manipulator. To ensure a non-divergence and avail-
manipulator, so the position and attitude accuracy of inteable solution in the long term, the Kalman filter algorithm
grated TS/SINS can meet the measurement requiremergenstantly updates the estimation of measurement errors.
of the Stewart manipulator.
In Table 6, the errors between reference and meaerences to evaluate the accuracy of the integration mea-
suring in changing source are shown. For the feed calbsurement solution. The experimental results show that the

The TS and the astronomical trajectory are used as the ref-
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integration measurement system is stable and can correctiyrassidis, J. L., Markley, F. L. 1997, Journal of Guidancei@a
determine attitude and position of the feed support system. and Dynamics, 20, 891
Therefore, the RMS meets our precision requirements.  Gu, D., Elsheimy, N., Hassan, T., et al. 2008, 2008 IEEE/ION

. Position, Location & Navigation Symposium, 961, (IEEE)
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