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SUMMARY
This paper deals with the motion prediction and control of
the macro–micro parallel manipulator system for a 500-m-
aperture spherical radio telescope (FAST). Firstly, based on
principles of parallel mechanism, a decoupled tracking and
prediction algorithm to predict the position and orientation of
the movable macro parallel manipulator is presented in this
paper. Then, taken as the upper layer supervisory controller
in the joint space of the micro parallel manipulator, the
adaptive interaction PID controller utilizing the adaptive
interaction algorithm to adjust the parameters of a canonical
PID controller is discussed. In addition, the digital servo
filters with feedforward are employed in the linear actuators
as the lower layer controllers. Experimental results of a one-
tenth scale FAST field model validate the effectiveness of the
supervisory controller and the motion prediction algorithm.

KEYWORDS: Macro–micro parallel manipulator; Supervis-
ory control; Tracking and prediction; Adaptive interaction;
Forward position kinematics; Stewart platform.

1. Introduction
As one of the national major scientific infrastructures in
China, the 500-m-aperture spherical radio telescope (FAST)
is being built in the unique karst limestone depressions in
the southwest of China.1 FAST will be the largest single dish
reflector radio telescope. Consequently, it is hoped to reveal
the dawn of galaxy formation, as well as many other new
discoveries in all fields of astronomy. As a matter of fact,
constructing such a FAST is a challenging task, but this is
not the first attempt because a similar one exists: the Arecibo
observatory in Puerto Rico, with a diameter of 305 m.2,3 From
the viewpoint of engineering-oriented techniques, FAST
is not a simple copy of the Arecibo telescope but has
a number of innovations. The two prominent distinctions
are as follows. First, the active main spherical reflector,
obtained by deforming the illuminated area to a paraboloid
of revolution in real time, enables the realization of both
wide bandwidth and full polarization capability, while using
a conventional feed design. Second, the macro–micro parallel
manipulator system for feed source supporting, pointing,
and orientating – which integrates optical, mechanical, and
electronic technologies – effectively reduces the cost of the
supporting structure,4,5 as shown in Fig. 1.
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The six cables driven by servo motors and winches are
the limbs of the macro parallel manipulator, and the cabin
is its end-effector. The feed source (radio waves receiver)
of FAST is required to move along the preset trajectory
with a root-mean-square (RMS) error of 4 mm. As the
precision of the six-cable-driven parallel manipulator can not
satisfy the astronomical specification due to the flexibility
of cables, a rigid Stewart platform acting as the micro
parallel manipulator is mounted on the bottom of the cabin,
and the feed source is mounted on the mobile platform
(feed platform) of the Stewart platform to guarantee the
high precision of the feed source. A rigid (micro) robot
mounted serially to the tip of a flexible (macro) robot is often
used to increase reachable workspace, but flexibility in the
macro manipulator can make it susceptible to vibration.6,7

Therefore, when the dexterous Stewart platform is mounted
on the flexible cabin, it loses its accuracy and speed due to
the compliance of the cabin. In literature, such a system is
known under the name of underactuated system as well. This
system is characterized by the number of control actuators
being less than the number of state variables.8,9

The kinematics, dynamics, and motion control of a rigid
Stewart platform have been studied extensively in the case
when the base is fixed on the ground.10,11 However, cases
involving a large-span cable-driven parallel manipulator
are rarely investigated. Studies regarding macro–micro
manipulator systems have been conducted for many years,12

such as modeling and control of macro–micro manipulators.
Magee and Book13 used command filtering to prevent the
excitation of macro flexible modes, but their work focused
on the joint controller. Lew and Trudnowski14 adopted the
inertial forces of the high-bandwidth micro manipulator to
dampen the vibration of the macro manipulator. Yim and
Sahjendra15 used an inverse control law combined with
a predictive control law for a macro–micro manipulator.
Sharf16 employed a two-stage controller determining the
trajectory of the micro links to dampen the vibrations of
the macro manipulator and, subsequently, to bring the micro
part to a rest. Cheng and Patel17 used a stable feedforward
neural network to identify the macro–micro manipulator
dynamics online and two inverse dynamics controllers for
tracking and vibration suppression. Bassan et al.18 studied
macro–micro manipulators consisting of a rigid micro
manipulator mounted on a flexible macro manipulator. They
developed a control strategy consisting of a rigid body inverse
dynamics controller together with a neural network-based
strategy in order to dampen the oscillations caused by the
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Fig. 1. Macro–micro parallel manipulator system for FAST.

flexible base. Mannani and Talebi19 proposed a class of
model-free fuzzy controllers based on the Lyapunov-function
reasoning for a macro–micro manipulator system.

However, most macro–micro system consists of two
serially combined rigid serial manipulators. Such a macro–
micro manipulator system in this research is seldom studied.
Consequently, the control strategy of the micro manipulator
considering the vibrations of the macro manipulator is of
great significance. The vibration of the cabin is caused
by external wind disturbance and the internal dynamical
compliance of the Stewart platform and internal nonlinearity.
The essential issue is how to achieve the positioning and
orientating precision of the feed platform by making use of
the micro parallel manipulator.

This paper is organized as follows. The macro–micro
parallel manipulator system configuration for FAST is
introduced in Section 2, with an emphasis on the control
model. The measuring and motion predictions of the cabin
are presented in Section 3. Section 4 discusses real-time
forward position kinematics, a key component for three-
dimensional motion prediction. The controller design of the
Stewart platform is explored in Section 5, and experimental
results are given in Section 6. Finally, a few meaningful
conclusions are drawn in Section 7.

2. System Descriptions
The FAST 50 m feed supporting and tracking system
model is constructed according to a one-tenth proportion
of the FAST prototype. It is expected to verify the
mechanical model and software and to validate the control
and measurement strategy. Further, researchers hope to draw
rational conclusions regarding the FAST prototype from the
FAST 50 m model.

The macro parallel manipulator for coarse tuning is
driven by six large span steel cable servo systems, with the

semi-spherical cabin as the end-effector. The cabin has a
diameter of 1.0 m and a mass of 120.0 kg. Its center of gravity
lies at the point located 4.9 cm vertically from the center of
the bottom. Inside the cabin, there is a steel beam structure to
enhance the stiffness and to save space to hold the drive units
of the micro parallel manipulator. The semi-spherical steel
mask of the cabin can decrease the wind load. The extendable
driving system is comprised of an AC servomotor and drive
unit, cycloidal reducer (reduction ratio: 1:60), and bobbin.
The bobbin has a diameter of 0.4 m and can carry 20 turns
of the cable. The servomotor and driver used in this model
are the PANASONIC MHMA 502 AC servomotor, with an
incremental encoder (2500 P/Rev) and the matching MHDA
503 driver, respectively. The motor parameters are as follows:
rated power 5 kW, rated torque 23.8 N m, and rated speed
2000 rpm. The servo drive operates in the position mode
and receives modulated pulses from a pulse distribution card
developed by the authors. The card is embedded in the EISA
socket of the micro tuning computer. The number of pulses
indicates the motion value, and the frequency indicates the
speed of each motor. The six-cable towers symmetrically
standing on the same circle with a diameter of 50 m have
the same height of 21 m. The multistranded steel cable has
a radius of 0.521 cm and a linear density of 0.14 kg/m. The
ends of the six cables are connected to the feed cabin with
spherical joints. Finally, the location of the joints has been
optimized in order to meet the requirement of the orientation
of 60◦.20

The micro parallel manipulator is a Stewart platform,
which employs six identical precision linear actuators as
driving limbs, each of which is connected to the cabin through
a universal joint and connected to the platform (mobile
platform) through a spherical joint. The feed platform is
considered to be the end-effector of the micro manipulator.
The linear actuators used in the research are THOMSON
TN-series TN-BK23-10-5A-10 with an incremental encoder
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(8192 P/5 mm). The linear actuator has a basic length
of 146.1 mm and a stroke length of 254 mm. The main
parameters are as follows: maximum velocity 305 mm/s,
maximum acceleration 7.7 m/s2, maximum thrust 2670 N,
total mass 5.5 kg, and repeatability +/−0.013 mm.
The six drive units for the linear actuators are connected
one by one with an RJ-45 cable and then connected to the
MEI network motion controller, which is inserted in the
PCI socket of the micro tuning computer. The MEI XMP-
SynqNet-PCI motion controller is adopted here so that the
up to 100 m remote control of the Stewart platform can
be realized. The parameters of the motion controller are as
follows: DSP Analog Devices SHARC 32-bit floating point,
speed 40 MHz, update rate user programmable, velocity,
acceleration, and jerk 32-bit floating point. The Stewart
platform has a gross mass of 37.3 kg. The six universal
joints divided into three pairs are symmetrically distributed
on a circle with a diameter of 720 mm. The central angle for
each pair of joints is 87◦. The feed platform has a diameter
of 280 mm on which the spherical joints have a similar
distribution with the 31◦ central angle. The task space of
the Stewart platform is a sphere with a radius of 75 mm. The
initial height of the feed platform – i.e., the center of the task
space – is −630 mm in the cabin frame.

In view of the large workspace of the cabin, an API
(Automated Precision Instrument Inc.) Tracker 3–15 laser
tracker sensor is used to accomplish the noncontact laser
measurement. The main specifications are as follows: range
of measurements 30 m in diameter; angular range azimuth:
±320◦; elevation: +77◦/−60◦; angular resolution: ±0.018
arc s; angular accuracy: 3.5 μm/m; and maximum lateral tar-
get speed: >3 m/s (120◦/s). With the six-degree-of-freedom
target mounted on the cabin and the measurement program
written by the authors, the real-time position and orientation
of the cabin are obtained. The measuring data are updated at
a frequency of 330 Hz and are transferred via the LAN.

As shown in Fig. 2, there are four EVOC industrial
computers with Pentium IV-2.4 GHz in total in the
field model. The computers are connected to a LAN to
communicate with each other and to achieve the measuring
and control goals. The task distribution of the four computers
is as follows. The measuring computer deals with the
real-time measuring data and sends them to the main
control computer. The main control computer generates the
motion trajectory of the macro–micro parallel manipulator
system and then sends the trajectory data to the macro
tuning computer. The macro tuning computer conducts the
kinematic computation and feedback control of the macro
parallel manipulator with the pulse distribution card. The
micro tuning computer carries out the decoupled position
and orientation prediction, adaptive interaction PID (AIPID)
supervisory control, and kinematic computation of the
Stewart platform, and then, it sends the control values
of the six linear actuators to the SynqNet-PCI motion
controller. The precise execution level servo control of
the linear actuators is accomplished by the SynqNet-PCI
motion controller. Each computer has a graphical user
interface, which is used to display the status of the measuring
and control process and to input control commands and
parameters.

Laser tracker

Measuring
compter

Main control
computer

Macro tuning
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Fig. 2. Information flow of the measurement and control.

Fig. 3. Trajectory of the macro–micro parallel manipulator system.

The trajectory generation of the feed platform is the
precondition for the successful astronomical observation of
FAST, as shown in Fig. 3. The trajectory generation strategy
for the macro–micro manipulator can be described as follows.
The theoretical trajectory of the platform (fine trajectory) is
determined by the desired trajectory of the radio telescope.
In order to achieve the best receiving effect of the radio wave,
the z-axis of the feed platform must point to the radio source
to be observed all the time. Then, the theoretical trajectory
of the cabin (coarse trajectory) can be determined according
to the initial configuration of the Stewart platform. However,
in the control process, the desired orientation of the platform
depends on the real-time position and orientation of the
cabin.

The frame OXYZ in Fig. 3 is taken as the global frame.
The mobile frame O2X2Y2Z2 fixed on the cabin is used to
describe the position and orientation of the cabin. The frame
pxyz fixed on the feed platform describes the position and
orientation of the platform. The position of the feed source
at time t is determined by the astronomical law of the radio
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source. The feed source is realized with circular polarization;
therefore, the rotation of the feed source around its own
symmetrical axis (local z-axis) does not impact the observing
effect. For the observing purpose of FAST, only the pitch
angle (the included angle between the Z2- and Z-axes) of
the platform is of great importance. However, for robotic
control of the Stewart platform, the position and orientation
of the platform must be specified uniquely. So, we choose
the following equation:

wz = OO ′ − Op

‖OO ′ − Op‖ , (1)

where wz is the unit vector of the z-axis in the global frame.
Equation (1) makes the feed source point to the radio object.
The following Eq. (2) makes the Stewart platform tend to
keep the initial configuration so that the parallel manipulator
has high stiffness, precision, and servo bandwidth.21,22

{
wx = O2Y2 × O2Z2
wy = wz × wx.

(2)

The supervisory controller is often used in the control of
an underactuated system, such as the positioning control of
a manipulator mounted on an oscillatory base. The main
function of the supervisory controller is to use available
data to characterize the overall system’s current behavior,
potentially modifying the lower level controllers to ultimately
achieve the desired specification. Additionally, the supervisor
may be employed to integrate other information into the
control decision-making process. Given this information,
the supervisor can tune the supervised controller for better
performance. Consequently, in the control of a macro–micro
manipulator system, a supervisory controller is needed to
generate the planning level control value of the Stewart
platform according to the actual position and orientation
of the cabin. With the fine-tuning motion of the Stewart
platform, the impact of dynamical tracking error of the cabin
on the feed platform can be eliminated.

3. Measuring and Prediction of the Cabin
The response of the cabin induced by external excitation
is unknown. Thus, in the control process of the Stewart
platform, in order to overcome the influence of the flexibility
of the cabin and cable structure on the platform, it is desirable
to set the control value of the platform at the current moment t
as the function of both the theoretical position and orientation
of the platform and the actual position and orientation of the
cabin, at the t + �t (�t denotes the control period) moment.
The theoretical position and orientation of the platform
have mathematical expressions. The actual position and
orientation of the cabin at t + �t is the dynamical response
for the stochastic external disturbance and the dynamical
compliance between the cabin and Stewart platform. From
the engineering point of view, the prediction of the future
position and orientation of the cabin based on the current and
previous measuring data is a feasible solution. Therefore, the

control value is obtained by the following equations:

{
lab(t + �t) = G(G XPT(t + �t), G X̃BR(t + �t)),

�lab = fsc(lab(t + �t) − lab(t)),
(3)

where lab(t) is the six-dimensional vector consisting of
the length of the six legs, and G(·) represents the inverse
kinematic function of the Stewart platform. G XPT(t + �t)
denotes the position and orientation of the cabin at the
moment of t + �t, and fsc(·) represents the function of
the supervisory controller. G X̃BR(t + �t) represents the
predicted value of the position and orientation of the cabin at
the moment of t + �t, which is predicted according to the
following algorithm.

As a three-dimensional maneuvering object, the cabin
has six degrees of freedom. Here X, Y, and Z are used to
describe the position of the reference point, while the roll,
pitch, and yaw angle set consisting of φ, θ, and ψ is used
to describe the orientation of the cabin. The conventional
position and orientation prediction algorithm for a three-
dimensional maneuvering object is as follows:

(1) In each degree of freedom, the linear or angular velocity
is obtained from the measured position and orientation
data by using the numerical differential operation;

(2) According to the large inertia of the cabin, its movement
in each degree of freedom is assumed to be a uniformly
accelerated linear motion in each duration �t . Therefore,
the position and orientation of the cabin can be predicted
with the equation of the uniformly accelerated linear
motion.

However, there exist two shortcomings in this prediction
scheme:

(1) The motion of the cabin is decomposed into six degrees
of freedom artificially. As a result, the coupling property
of the cabin is broken;

(2) The measured data are quite noisy, and the conventional
numerical differential operation often amplifies the noise
signals. Moreover, a lesser value for �t leads to a more
significant amplification effect.

In order to overcome the first shortcoming mentioned
above, a new tracking and prediction algorithm based on the
theory of parallel mechanism is presented. In this algorithm,
the cabin is treated as the end-effector of a suppositional,
six degree-of-freedom, fully parallel manipulator. The
configuration parameters of the suppositional parallel
manipulator have been optimized so that it has well-
conditioned kinematic transmissivity. The suppositional end-
effector – i.e., the cabin – is measured with a noncontact
laser measurement, so at any moment t, the inverse
kinematics of the suppositional parallel manipulator can be
conducted. Therefore, the six suppositional leg lengths can be
determined. The parallel manipulator has a decoupled joint
space, so leg lengths are predicted in the joint space. The leg
lengths of the parallel manipulator in next moment can be
described as

L̃i(t + �t) = Li(t) + vli (t)�t + 0.5ali (t)�t2, (4)
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where i = 1, 2, . . . , 6, L̃i is the predicted value of the ith
leg of the suppositional parallel manipulator, vli (t) is the
length adjustable speed of the ith leg, and ali (t) is the length
adjustable acceleration of the ith leg. Ultimately, the future
position and orientation G X̃BR of the cabin are obtained with
the forward position kinematics of the suppositional parallel
manipulator.

From the kinematics point of view, there exists a linear
relation among the position, velocity, and acceleration of
a moving object. In the conventional prediction algorithm,
the numerical difference operation is employed to obtain the
velocity signal from the position signal and the acceleration
signal from the velocity signal. However, the canonical
numerical differential operation amplifies the noise signal. In
general, a low-pass filter should be utilized together with the
numerical difference for improvement. Simultaneously with
high-frequency noise signal suppression, the phase delay will
be introduced. The servo bandwidth of the system would
be narrowed; moreover, the stability of the system may be
destroyed. Hence, a nonlinear tracking differentiator with a
high-quality differential signal abstraction function is used in
this research in order to obtain the velocity and acceleration
of the legs from the leg length data.

The tracking differentiator is one of the key parts of active
disturbance rejection controller proposed by Han.12,23,24 It
achieves the goals of obtaining the differential signals from
discontinuous or noisy measuring signals in engineering
practice. This prediction algorithm must abstract the velocity
and acceleration signals from the leg length signals.

The second-order typical tracking differentiator has the
following discrete form:{

r1(k + 1) = r1(k) + h · r2(k),

r2(k + 1) = r2(k) + h · f han(r1(k) − r(k), r2(k), δ, h).
(5)

where h is the sampling step and δ is the velocity factor
that determines the transient process. The nonlinear function
f han(x1, x2, δ, h) is expressed by

f han(x1, x2, δ, h) =
{−δ · sgn(a), |a| > d,

−δ · a/d, |a| ≤ d,
(6)

where sgn(·) denotes the sign function. The parameters a and
d of the nonlinear function are defined as the following:

a =
⎧⎨
⎩x2 + a0 − d

2
sgn(y), |y| > d0,

x2 + y/2, |y| ≤ d0,

(7)

⎧⎨
⎩

d = hδ, d0 = hd,

y = x1 + hx2,

a0 =
√

d2 + 8δ |y|,
(8)

where d and d0 are switching thresholds of the function, y
is the combinatorial value of the state variables, and a and
a0 are the net increments of the state variable values of the
function.

For any limitary integrable function r(t), the two
signals r1(t) and r2(t) provided by Eq. (5) can track
r(t) and ṙ(t), respectively, i.e., limt→∞[r(t) − r1(t)] =

0, limt→∞[ṙ(t) − r2(t)] = 0. For the parameter δ =
25, 000, the initial condition is set as r1(0) = 0, r2(0) = 0.

In this algorithm, the second-order differential signal of the
leg length signal is required; consequently, two tracking
differentiators are used serially to achieve the goal.

4. Real-Time Forward Position Kinematics
Many researchers have studied the forward position
kinematics of the parallel manipulator.25 Aiming at the online
implementation, a real-time algorithm for forward position
kinematics of the fully parallel manipulators is proposed, in
which the steepest descent direction of the solution iteration
is constructed with a Jacobian matrix, with an initial position
for iteration arbitrarily chosen from the workspace. Under
the conditions of motion continuity of the end-effector,
the unique forward position kinematics solution can be
determined with this algorithm.

The Cartesian workspace of the parallel manipulator is
assumed to be singular-free. This is the case in practical
applications. For a moving process of the end-effector, P0

is the hypothetical initial point from which the parallel
manipulator starts this movement and reaches the unknown
present point Pd . The leg length vector is represented by Ld,

each component of which can be calculated by the feedback
reading of the driving mechanism – for instance, revolute or
linear optical encoders. In addition, P0 can be an arbitrary
point within the workspace. The role of forward position
kinematics here is to find the specified value of Pd by taking
advantage of P0 and Ld . For this purpose, the following
iteration algorithm on the basis of steepest descent principle
is developed:

Step 1: Given the initial position P0 and leg length vector
Ld , let ε > 0 be the convergence accuracy of the algorithm
and k = 0.

Step 2: The leg length vector of the parallel manipulator
at the present position and orientation should be solved by
the inverse position kinematics, i.e., Lk = InvKin(Pk). The
error vector of leg length between Ld and Lk – namely,
�Lk = Ld − Lk – is calculated.

Step 3: Calculate the negative increment of position and
orientation Sk = −J−1(Pk)�Lk. If ‖Sk‖ ≤ ε, the algorithm
will stop and Pd = Pk; otherwise, continue to Step 4.

Step 4: Obtain the new position and orientation Pk+1 =
Pk + Sk, and let k = k + 1, so go to Step 2.

Theorem (Convergence theorem). The algorithm afore-
mentioned will converge to Pd after finite iterations, and
inverse position kinematics of the resulting point is Ld .

Proof. The motions of a parallel manipulator between joint
space and task space are mapped nonlinearly. The inverse
kinematics model is used to change the position or the
velocity of the end-effector into the lengths and velocities
of the parallel limbs or legs. This is the base for the control
of parallel manipulators due to the fact that the control
instructions of driving components, motors, or hydraulic
actuators must be obtained from their lengths at different
times. The nonlinear mapping relationship between the end-
effector and the leg lengths of a parallel manipulator can
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generally be denoted as follows:

L = InvKin(P), (9)

where the vector P indicates the position and orientation
of the end-effector with six degrees of freedom, and L =
[L1, L2, . . . , L6]T is the leg length vector. The velocity
transformation from the task space to joint space is linear
by a celebrated matrix called the Jacobian. That is to say,

L̇ = J Ṗ, (10)

where Ṗ is indicative of the N-degree-of-freedom general
velocity, L̇ = [L̇1, L̇2, . . . , L̇6]T is the sliding velocity vector
of legs, and L̇i (i = 1, 2, . . . , 6) is the sliding velocity of the
ith leg. Equation (10) can be rewritten as

dL
dt

= J
dP
dt

.

By the definition of the differential, we have

�L = J�P, (11)

where �L and �P are the differentials of the leg length
vector L and P, respectively. As it is assumed that no
singularity in the workspace of the parallel manipulator has
been established, no singular phenomenon will occur in our
discussion. In the view of the Jacobian, that is to say,

|J | �= 0.

Corresponding to Eq. (11), the following relationship is
obtained:

�P = J−1�L. (12)

The scalar function of position and orientation error is defined
as follows:

f (P) = 1
2‖P − Pd‖2 = 1

2 (P − Pd )T(P − Pd ). (13)

The gradient of f (P) at point P is

∇f (P) = ∂f

∂ P
= P − Pd = J−1(P)�L.

Therefore, S = −J−1(P)�L in Step 3 of the algorithm
is in fact the steepest descent direction, i.e., negative
gradient direction, of f (P). According to the nonrestraint
optimization theories,26 a vector series of {Pk} generated by
this algorithm should converge to the only stationary point,
which is denoted as P∗. Furthermore, �Pk = ∇f (P∗) = 0.

Subsystem 1 Subsystem 2

Subsystem 3

Subsystem 4

...
...

Subsystem 5

c2

c1

c3
c4

Fig. 4. Subsystems and interactions.

This is in addition to the following:

f (P) = 1
2‖P − Pd‖2 ≥ 0.

Considering the movement continuation and small range
of the end-effector in the control process, f (P) has exactly
one minimum point Pd in the neighborhood of P0. Namely,
f (P∗) = f (P)min = f (Pd ) = 0 and P∗ = Pd hold, which
illustrates that the steepest descent algorithm can achieve the
desired position and orientation vector Pd associated with
leg length vector Ld . This is the end of the proof.

5. Controller Design
The adaptive interaction algorithm is based on the adaptive
interaction theory proposed by Brand and Lin.27,28 This
algorithm has found applications in neural network learning
and PID control parameter adjusting, as a result of its easy
implementation and good robustness. The adaptive interac-
tion theory divides a complicated system into N subsystems.
The input xi and output yi of each subsystem are both
integrable. The dynamics performance of each subsystem
can be expressed with a causal function, as follows:

yi(t) = (Fi ◦ xi)(t) = Fi[xi(t)], i = 1, 2, . . . , N, (14)

where ◦ denotes the function composition.
It is assumed that the derivative of Fi exists. Further, it is

assumed that each subsystem is a single-input and single-
output (SISO) system. The interaction between the two
subsystems consists of a functional dependence of the input
of one of the subsystems on the outputs of the others, and
it is mediated by information-carrying connections denoted
by ci . The set of all connections is denoted by C. A typical
system structure is shown in Fig. 4. Ii and Oi are defined as
the input and output of the ith subsystem, respectively. For
subsystem 2,

I2 = {c1, c3}, O2 = {c4}. (15)

For the simplicity of analysis, we simplify the problem.
It is assumed that only linear interactions exist among
subsystems. Note that the input of the ith subsystem can be
expressed by the linear combination of the outputs of other
subsystems

xi(t) = ui(t) +
∑
c∈Ii

αcyic(t), (16)
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where ui(t) is the external input signal of the ith subsystem,
αc is the connection coefficient, and yic(t) denotes the input
signal of ci connecting to the ith subsystem.

According to the linear interaction function, the dynamic
relation of the subsystems can be expressed by

yi(t) = Fi

[
ui(t) +

∑
c∈Ii

αcyic(t)

]
, i = 1, 2, . . . , N. (17)

The purpose of the adaptive interaction algorithm
is to minimize the given performance function E(y1,

y2, . . . , yN, u1,u2, . . . , uN ) by adjusting the connection
coefficients αc among subsystems adaptively.

The proof given by Lin28 shows that when the connection
coefficients in Eq. (17) vary according to Eq. (18), then Eq.
(19) is the only solution for Eq. (17), and the performance
function E decreases with time.

α̇c =
⎛
⎝ ∑

s∈Ooc

αsα̇s

dE
dyos

◦ F
′
os

dE
dyos

◦ F
′
os

◦ yoc

− γ
∂E

∂yoc

⎞
⎠ ◦ F

′
oc

◦ yoc
,

(18)

α̇c = −γ
dE

dαc

, (19)

where yoc
denotes the output signal of c connecting to

the subsystem. Ooc
is the output connection set of c, the

adaptive coefficient γ is selected according to the specific
characteristic, and γ is often a positive real number.

The PID control algorithm has found wide applications
in process control and servo control fields due to its simple
structure, good robustness, and high reliability. As a matter
of fact, the PID controller is linear. It controls the plant
by incorporating the proportional, integral, and differential
values of the error signal. A typical continuous PID control
algorithm is expressed by

u(t) = KP e(t) + KI

∫
e(t) dt + KD

de(t)

dt
, (20)

where u(t) is the control signal and e(t) is the error signal.
According to the adaptive interaction theory, a PID control
system can be divided into four loops (or subsystem): the
proportional loop, the integral loop, the differential loop, and
the plant loop.

The adaptive connection coefficient is αc =
(KP , KI , KD), and O4 = y4. The absolute error function
of the system is defined as the performance index, i.e.,
E = e2 = (u − y4)2. Then, Eq. (19) can be equivalent to the
following:

⎧⎪⎨
⎪⎩

K̇P = 2γ eF
′
4[x4] ◦ y1,

K̇I = 2γ eF
′
4[x4] ◦ y2,

K̇D = 2γ eF
′
4[x4] ◦ y3.

(21)

It is shown that the adaptive adjustment algorithms for
KP , KI , and KD have the same form.28 They all depend on
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Fig. 5. AIPID control system.

Table I. Parameters of PID filters for the legs.

No. kp ki kd

1 60.0 100.0 250.0
2 60.0 100.0 200.0
3 40.0 100.0 250.0
4 40.0 100.0 200.0
5 40.0 100.0 250.0
6 40.0 100.0 200.0

the error of the control system, the Frechet differential value
of F4[x4] and the output of the PID component yi, i = 1, 2, 3.

They are all independent of the substantial characteristic. In
most contexts, F ′

4[x4] ◦ y1, F
′
4[x4] ◦ y2 and F ′

4[x4] ◦ y3 can
be linearized as follows:

K̇P = 2γ ey1, K̇I = 2γ ey2, K̇D = 2γ ey3. (22)

As shown in Fig. 5, a typical PID controller incorporated
with the simplified adaptive interaction adjustment algorithm
is an AIPID controller. If the AIPID controller is employed
directly to control the plant G(s), then the AIPID is an
executive level controller (also called a compensator) and
receives feedback from outside the control loop. In this
research, the AIPID is a supervisory controller and does not
directly receive feedback values from the legs of the Stewart
platform. In addition, the supervisory controller deals with
the motion planning signals in the upper level.

The AIPID controller is SISO, so it should be utilized in the
decoupled joint space. The final AIPID supervisory control
block is shown in Fig. 6. The block of AIPID denotes the
six-channel AIPID supervisory control. LT is theoretical leg
length vector. LR is the practical leg length vector, and LC

is the leg length control value. G XPT is the practical position
and orientation of the platform in the global frame. G XBR and
G X̃BR are the practical and predicted position and orientation
of the cabin in the global frame, respectively.

The digital PID filters loop algorithms – with acceleration
and velocity feedforward – are used in the executive level
of the linear actuators. The controller parameters listed in
Table I are set when the motors are loaded.

6. Experimental Results
To validate the motion prediction algorithm and the
supervisory control strategy discussed above, a series of
experiments on the FAST 50 m model have been carried out.
Figure 7 shows a photo of the filed model experiment. The
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Fig. 7. Photo of the field model experiment.

position and orientation of the cabin were obtained with the
API laser tracker. The position and orientation of the feed
platform were calculated by the coordinate transformation
and the forward position kinematics of the Stewart platform,
according to the feedback values of the six legs.

The platform is desired to move along the astronomical
observation trajectory, which can be given by the following
equations. The desired linear velocity of the cabin and
platform is 0.5 cm/s.

⎧⎨
⎩

x = 0.533rc (sin ϕ cos σ cos Ht − cos ϕ sin σ ),
y = 0.533rc cos σ sin Ht,

z = rc − 0.533rc (cos ϕ cos σ cos Ht + sin ϕ sin σ ),
(23)

where rc = 35.35 m is the radius of curvature of the main
reflector, and ϕ = 25◦ is the geographical latitude of the
observation point. (σ, Ht ) is the coordinate of the radio
source in the astronomical coordinate system. σ = 30◦ is
the declination of the radio source. Ht is the hour angle
of the radio source, and here, −8◦ ≤ Ht ≤ 8◦. The wind
speed of the filed model is approximately 1.2 m/s. The
experimental results of the macro–micro parallel manipulator
are as follows.

According to the astronomical observation specifications,
the RMS of positioning error should be less than 4 mm,
and the pointing error should be less than 0.0667◦, when the
FAST 50 m model is running. Figure 8 shows the theoretical
and practical trajectories of the cabin and feed platform

Fig. 8. 1. Trajectory of the cabin (macro). 2. Trajectory of the
feed platform (micro). 3. Projection of curve 1. 4. Projection of
curve 2. Trajectories and projections of the macro–micro parallel
manipulator system.

Fig. 9. Cabin displacement in X.

and their projection on the XY plane. Figures 9, 10, and 11
show the theoretical and practical displacement of the cabin
in the X-, Y-, and Z-directions, respectively. As for the X-
displacement, between 100th and 450th s, the theoretical and
practical curves depart from each other obviously. Except
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Fig. 10. Cabin displacement in Y.

Fig. 11. Cabin displacement in Z.

during this time interval, the two curves almost coincide. In
the Y-direction, the cabin and feed platform follow a uniform
rectilinear motion, so the deviation between the theoretical
and practical curves is quite small. After the 200th s, the
position curves in the Z-direction depart from each other. This
phenomenon can be explained straightforwardly because the
macro parallel manipulator is driven by six flexible cables,
and it has less positioning precision.

For comparison, Figs. 12, 13, and 14 show the positioning
error of the cabin and platform in the Z-direction. It is shown
that as a result of the flexibility of the six large span cables,
the positioning error in the Z-direction of the cabin (macro
manipulator) is over 2 cm, while the positioning error of
the feed platform (macro manipulator) is limited to 2.5 mm.
The micro parallel manipulator reduced the positioning
error of the cabin in the Z-direction by 9/10. Furthermore,
the distribution of the platform errors is quite stationary.
The control effect satisfies the positioning specifications
completely.

As mentioned in Section 2, the pitch angle precision of
the platform will affect the observing result of the telescope,
so it should be addressed first. Figure 15 shows the pitch
angle error curves of the macro–micro parallel manipulator.
The maximum pitch angle error of the cabin is up to 0.8◦,

Fig. 12. Positioning error in X of the cabin and feed platform.

Fig. 13. Positioning error in Y of the cabin and feed platform.

Fig. 14. Positioning error in Z of the cabin and feed platform.

while the pitch angle error of the platform is restricted to
0.06◦. In addition, the pitch angle error of the platform is
quite uniform.

In order to validate the supervisory controller of the macro–
micro parallel manipulator system, astronomical trajectory
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Fig. 15. Pitch angle error of the cabin and feed platform.

Fig. 16. Positioning error of the platform with supervisory control.

Fig. 17. Positioning error of the platform without supervisory
control.

tracking experiments without an AIPID supervisory
controller were conducted. Figures 16 and 17 show the curves
of the X-, Y-, and Z-directions, with integrated positioning
error δ = √

δX2 + δY 2 + δZ2. This shows that the Stewart
platform responses for the positioning and orientation error
of the cabin dramatically without the planning control of

the supervisory controller. The stronger reacting forces of
the Stewart platform tend to induce the dynamical coupling
phenomenon, so the positioning error of the platform is larger
and up to 4.5 mm. The supervisory controller results in
better performance compared with that case. By revising
the planning control value substantially, the RMS of the
positioning error of the platform is reduced by 35.7%.

7. Conclusions
The feed supporting, positioning, and tracking system
for FAST is a macro–micro parallel manipulator. The
measurement, control, and experiment of the macro–micro
parallel manipulator have been investigated in this paper. The
conclusions are drawn as follows:

(1) In order to overcome the shortcomings of the
conventional prediction algorithm, a new tracking and
prediction algorithm based on the theory of parallel
mechanism is presented. By applying the nonlinear
tracking differentiator and real-time steepest descent
algorithm for forward position kinematics, this algorithm
achieves the precise future position and orientation of the
cabin.

(2) The simplified model of the linearized adaptive
interaction algorithm is utilized to adjust the parameters
of PID controllers, which constitute the AIPID controller.
In order to overcome the control difficulty of the macro–
micro parallel manipulator system, the AIPID controller
is devised as the supervisory controller in the joint space
of the micro parallel manipulator.

(3) The experimental results of the FAST50 m field model
validate the effectiveness of the adaptive PID supervisory
controller, accompanied by the motion predication of the
cabin. The feed supporting, pointing, and tracking system
could meet the demands of positioning and orientating
precision with the desired tracking velocity.
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